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FOREWORD

This report was prepared by Southern Research institute under USAF
Contract No, AF 33-(615)-2266 on a program to evaluate the mechanical and
thermal properties of high-{emperature titanium alloys. This contract was
initiated under Project No. 7381, '"Materials Applications'', Task No. 738106,
""Materials Information Development', The work was administered by the Air
Force Materials Laboratory, Research and Technology Division, Air Force
Systems Command, Wright-Patterson Air Force Base, Ohio, Lt. D. C. LaGrone
and Mr, D, C., Watson ware the project engineers, The period covered by this
report is December 1, 1964, through August 31, 1966. The manuscript was re-
leased by the author in December, 1966, for publication as an RTD Technical
Report,

The mechanical-property evaluations were performed by the Metallurgy
Department of Southern Research Institute under the direction of Clifford L.
Dotson, Head of the Metals Evaluation Section. Assistance was provided by
P, C. Jenkins, P, G, Adams, O. V, Rogers, J. K. Legg and L. F. Ferguson
of the Metals Evaluation Section, The thermal property determinations were
performed by D. J. Thornburgh of the Thermodynamics Secticn under C. M.
Pyron, Head.

This technical report has been reviewed and is approved.

Mf——
D. A. Shinn
Chief, Materials Information Branch

Materials Application Division
AF Materials Laboratory
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ABSTRACT

The purpose of this program was to obtain preliminary mechanical-
and thermal-property design data on some of the newer %itanium alloys. Three
sheet alloys {Ti-5A1-5Sn-5Zr, Ti-5A1-5Sn-5Zr-1Mo-1V, and Ti-6A1-2Sn-4Zr-
2Mo) and twe bar ailoys (Ti-5A1-5Sn-5Zr and Ti-679) were studied. Tests were
performed to obtain data on the following properties: tensile, compression,
bearing, shear, thermal exposure, creep, axial fatigue, fracture toughness,
stress corrosion, impact, dynamic modulus, thermal conductivity, thermal
expansion, and specific heat. In general these properties were determined
over the temperature range from 70 to 1000° F, with most propertizs being
measured at 70, 400, 600, 800 and 1000° F,

Results of the tests show that the new Ti-6A1-2Sn-4Zr-2Mo sheet al-
loy has well-balanced properties; with short-time strength at all temperatures
comparable to or higher than those of other alpha-beta alloys and higher long-
time strength ‘creep) than other alpha-beta alloys to which it was compared.
The Ti-679 bar alloy also exhibited generally high strength over thc tempera-
ture range at which properties were studied.

This abstract is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made only with
prior approval of the AF Materials Laboratory (MAAM), Research and
Technology Division, Wright-~Patterson AFB, Ohio 45433.
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MECHANICAL AND THERMAL PROPERTIES OF
HIGH- TEMPERATURE TITANIUM ALLOYS

INTRODUCTION

Recent titanium-alloy development programs have resulted in several
alloys that seem to have superior properties at elevated temperatures to
other titanium alloys that have been commercially available in recent years,
The potential of these new alloys for airframe and engine applications needs
to be more thoroughly evaluated by determinations of mechanical and thermal
properties over the temperature range of potential applications, Such evalua-
tion programs will further establish the limiting time-temperature conditions
and provide design data for maximum utilization of the alloys. As a step to-
ward accomplishment of these objectives, the Air Force initiated a program
at Southern Research Institute to evaluate the mechanical and thermal proper-
ties uv» to 1000° F for three titanium alloys in sheet form and two alloys in bar
form,

SCOPE
The alloys that were selected for evaluation in sheet and bar form

are shown in Table 1, The considerations involved in the selection of each
of these alloys will be discussed in a subsequent section of this report.

Table 1

Alloys and Product Forms Evaluated

Bar Sheet
Ti-5A1-5Sn-5Zr  Ti-5Al1-5Sn-5Zr
Ti-679 Ti-5A1-55n-5Zr-1Mo-1V

Ti-6Al1-2Sn-4Zr-2Mo

The experimental program was designed for a comprehensive evaluation of
properties from one heat of each alloy-product form combination and for

1




evaluatior of the tensile properties from an additicnai heat of each alloy-
proauc: form, Tabie 2 summarizes the evaluations that were performed
on the sheet and bar forms of the alloys.

Table 2

Summary of Evaluations for Sheet and Bar

Property

Product Form

Temperatures, ° F

Tensile
Compressicn

Shear
Exposure-tensile
Exposure-shear
Over exposure-tensile
Creep

Axial fatigue
Dynamic modulus
Fracture toughness
Impact

Stress corrosion
Thermal conductivity
Thermal expansion
Specific heat

Sheet and Rar

Sheet and Bar
Sheet and Bar
Sheet and Har
Sheet

Sheet and Bar
Sheet and Bar
Sheet and Bar
Sheet and Bar
Sheet and Bar
Bar

Steet

Sheet and Bar
Sheet and Bar
Sheet and Bar

2T to 100G

RT to 1000

RT to 1000

€00, 800, 1000
600, 800, 1000
1100, 1150,a 1200
600 to 1050
RT, 400, 800

RT to 1000

RT, -119, 40C
'‘RT, 400, 600, 800
500 io 900

RT to 1000

RT to 1000

RT to 1000

a. Determined at different temperatures for different alloys.

_EEPAIS TS Rt

Tables 107 and 108, in Appendix IIl, give additional details of the me-
chanical-property evaluations for the sheet and bar alloys respectively, Table
109, also in Appendix III, shows a summary of the thermal properties that were
determined. These tables show the orientations evaluated, additional details
concerning the test conditions, and the number of specimens evaluated at dif-
ferent temperatures and under different conditions. .




EXPERIMENTAL ALLOYS -

Selection

Since the primary interest of this program was in titanium alloys for
applications at high temperatures, only the super-alpha alloys were considered
for the program., The original choice of alloys for evaluation was as follows:

(1) Ti-5Al-5Sn-5Zr

(2) Ti-5A1-5Sn-5Zr-1Mo-1V
- (3) Ti-679
with all three allov:: scheduled for evaluation in sheet form and the Ti-5Al-5Sn-
5Zr and Ti-679 a® ys additionally scheduled for evaluation in bar form.

Although the Ti-5Al-8Sn-3Zr alioy has been evaluated in previous in-
vestigations, there was a twofold purpose for including this alloy in the pre-
sent program, First, since the alloy is established as a good high-temperature
alloy, inclusion of the alloy in this program provided reference properties
against which the properties of the new alloys could be compared in the same
product form and under the same experimental conditions., Second, although
data have been obtained on the tensile and creep properties of the Ti-5A1-5Sn-
8Zr alloy, many of the other properties that were studied in this program had
not been determined for the alloy.

The third sheet alloy originally scheduled for evaluation was the
Ti-679 alloy. This alloy was introduced by Imperial Metal Industries, Ltd.,
in Britain as IMI 679, Its nominal composition is 2.2% Al, 119 Sn, 5% Zr,
1% Mo and 0. 2% Si. The microstructure contains a dispersion of titanium-
silicide particles after solution annealing at 1650° F and aging at 930° F, which
is thought to contribute to the high strength of the alloy. The principal use of
the alloy in Britain has been for forgings. Titaniura Metals Corporation of
America (TMCA) obtained a license for producing the alloy in this country and
have continued its development, Prelimina:y data showed that the alloy also
had good high-temperature strength in sheet form, which was the primary rea-
son for including it in the original selection of sheet alloys for this program.
Additicnal data that became available 2t the time the alloys were being
selected showed that the Ti-679 alloy had relatively poor fracture toughness
in sheet form. For this reason the Ti-679 sheet was eliminated from the
program. The alloy selected to replace the sheet form of Ti-679 was a very
new composition which TMCA suggested after a preliminary evaluation, The
nominal composition of the replacement alloy was Ti-6A1-2Sn-4Zr-2Mo. The
preliminary data showed that the Ti-6Al1-2Sn-4Zr-2Mo had comparable tensile
strength to the Ti-5Al1-5Sn-5Zr-1Mo-1V alloy from room temperature to
1000° F which, at all temperatures, is significantly higher than the tensile
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strength of the basic Ti-5Al-5Sn-5Zr composition. Also, from preliminary
tests the Ti-6A1-2Sn-4Zr-2Mo composition seemed to have creep strength
comparable to the high creep strength of the Ti-5A1-5Sn-5Zr alloy. Tensile
tests at room temperature on specimens which were exposed at 800, 1000,

and 1100° F for 150 hr in creep tests in the early evaluations suggested that
the alloy had good thermal stability.

In the original program schedule, experimental materials of each alloy
and product form were to be procured from two producers. However, most of
the alloys were not available from more than one producer except from small
ingots that would have to be produced especially for the program. After con-
sidering the cost for these sf)“ecial heats and the undesirability of using material

from small ingots in the program, we recommended that the material represent-

ing two heats of each alloy-form be procured from a single producer, Titanium
Metals Corporation of America.

Processing

The processing sequence for each experimental material is summarized
in the following paragraphs.

A. Ti-5A1-5Sn-5Zr Sheet (Heats D-8060 and D-1793)

1. Ingots were press forged 16-in, square from 2050° F and to 3 x 12-in.
sheet bars from 1950° F, The slabs were conditioned and ultrasonically
inspected.

2.

Sheet bars were cut and rolled to intermediate size from 1880 - 13800° F,
descaled, acid pickled, and the surfaces conditioned to remove defects,

3. The material was finish rolled from 1750° F, descaled and acid
pickled, anneal-flattened at 1350° F (8 hr), and rough ground.

4, Sheets were final annealed at 1650° F (1/2 hr) A.C., descaled, finish
ground, acid pickled, and tested as 0.040-in. gage.

B. Ti-5A1-55n-5Zr-1Mo-1V Sheet (Heats V-2957 and V-1991)

1. Ingots were press forged to 7 x 11-inch sections from 2050° F and to

3 x 12-inch slabs from 1950° F, conditioned, and ultrasonically in-
spected,

2. Sheet bars were cut and rolled to intermediate size from 1860° F, de-
scaled, acid pickled, and the surfaces conditioned toc remove defects,

4
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3. The material was finish rolled from 1700° F, descaled and acid
pickled, anneal-flattened at 1350° F (8 hr), and rough ground,

4, Sheets were annealed at 1550° F (1/2 hr) A.C,, descaled and rough
ground, annealed at 1400° F, (1/4 hr) A.C,, descaled, finish ground,
acid pickled, and tested at 0. 040-inch gage.

C. Ti-6A1-2Sn-4Zr-2Mo Sheet (Heats V-3016 and V-3076)

1. Ingots were press forged to 7 x 11-inch section (V-3016) or directly
to 3 x 12-inch slab (V-3076) from 2050° F, and in the case of V-3016
to 3 x 12-inch slab from 1950° F, conditioned, and ultrasonically in-
spected, )

2. Sheet bars were cut and rolled tn intermediate size from 1790 -
1800° F, descaled, acid pickled, and the surfaces conditioned to
remove defects.,

3. The material wzs finish rolled from 1750° F, descaled and acid
pickled, anneal-flattened at 1350° F (8 hr), and rough ground,

4, Sheets were annealed at 1650° F {(1/2 hr) A.C., descaled and rough
ground, annealed at 1450° F (1/4 hr), A. C., descaled, finish ground,
acid pickled, and tested at 0. 040-inch gage.

D. Ti-5A1-5Sn-5Zr Bar (Heats D-8060 and D-1793)

1. Ingots were press forged 16-inch square from 2050° F, and to 4-inch
square billets from 1950° F.

2. Billets were thoroughly conditioned and ultrasonically inspected,

3. Billets (4-inch square) re-cogged to 2-1/2-inch square from 1950° F
(2" x 6" x 16" pieces of D-1793 pressed slab were hammer forged to
2-1/2-inch square from 1950° F), conditioned, rolled to 1/2 x 1-1/8-
inch bars from 1925° F, and descaled.

4, Rolled bars were annealed-straightened at 1650° F, 2 hr, A.C.,
descaled, and tested.

E. Ti-679 Bar (Heats D-7274 and D-8427)

1. Billet stock (D-7274 - 8" round and D-8427 - 12" octagon) were
press forged to 4-inch square billets from 1675° F, conditioned,
and ultrasonically inspected.




2. Billets (4-inch square) were re-cogged to 2-1/2-inch square from
1675 - 1700° F, conditioned, rolled to 1/2 x 1-1/8-inch bars from
1675° F, and descaled.

3. Rolled bars were annealed-straigﬁened at 1650°F, 2 hr, A.C, +
930° F, 24 hr, A.C., descaled, and tested,

Heat Treatment

The selection of the final heat treating cycle for each sheet and bar alloy
was based primarily on récommendations by TMCA. These recommendations
were made on the basis of production experience with some of the alloys and on
preliminary laboratory data for other alloys. Table 3 shows a summary of the
final heat treatmerits for all the experimental materials,

Table 3

Summary of Heat Treatments for the Experimental Alloys

Alloy __ Form Heat Treatment
Ti-5A1-5Sn-5Zr Sheet 1650° F, 1/2 Hr, A.C.
Ti-5A1-5Sn-5Zr-1Mo-1V Sheet 1550° F, 1/2 Hr, A.C. + 1400° F, 1/4

Hr, A.C.
Ti-6A1-2Sn-4Zr-2Mo Sheet 1650° F, 1/2 Hr, A.C. + 1450° F, 1/4
Hr, A.C.
Ti-bAl1-5Sn-5Zr Bar 1650° F, 2 Hr, A.C,.
Ti-679 Bar 1650° F, 2 Hr, A.C. + 930° F

As this table shows, the all-alpha alloy, Ti-5Al1-5Sn-5Zr, was evaluated
in the solution-annealed condition. Of the alpha-beta alloys, the two sheet ma-
terials were solution-annealed and then held for 1/4 hr at 1400° F (Ti-5A1-5Sn-
5Zr-1Mo-1V) or 1450° F (Ti-6A1-2Sn-4Zr-2Mo). This final treatment was to
simulate the hot-sizing operation that is usually used in forming titanium-alloy-
sheet-parts to achieve the final dimensions of the part. it is recognized that
higher strength could be achieved by aging the Ti-5/41-5Sn-5Zr-1Mo-1V and
Ti-6Al-2Sn-4Zr-2Mo alloys at about 1100° F after either the solution-anneal or
after the hot-sizing thermal treatments (1/4 hr at 1400-1450° F), as may be
seen from nreliminary data supplied by TMCA?® and shown in Figures 1 and 2.
The two alpha-beta alloy sheet materials were evaluated in the annealed + hot
sizing treated condition because it was &nticipated that this would be the condi-
tion in which most of the sheet would be: used.

1 . . . .
Superscript figures indicate references.
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The Ti-679 siloy was evaluated in the solution-treated-plus-aged condi-
tion which is normally used for the alloy.

Properties of As-Received Materials

The quantity and icentification of the sheet and bar alloys that were pro-
cured for the program is shown in Table 4, As mentioned previously, material
from two heats was procured for each sheet and bar ailoy in sufficient quanti-
ties for the determination of ail properties frem one heat (A) and for deterri-
natior of only the tensile properties from the secondary heat (B). The Ti-5Al-
5Sn-5Zr alloy sheet and bar were from the same heat, Table 5 shows the com-
position (furnished by TMCA) for all the experimental alloys.

The results of tensile tests performed by TMCA on each alloy are
given in Table 6, The strength and ductility properties as given in this table
for each heat are in reasonable agreement with results we obtained in tensile
tests at room temperature,

The hardness of each bar and sheet were checked, for which results
are given in Tables 7 and 8. On the bar alloys the hardness was checked at
cne end of each as-received length of the bars, and on the sheets the hardness
was checked at locations shown in Table 8. The hardness of the bar and sheet
were found to be uniform within normal limits of variation. In addition to the
hardness measurements, the microstructures were examined of each as-
received length of the bar materials and each sheet at the five locations where
hardness measurements were made, Figures 3 and 4 show typical micro-
structures for each bar and sheet alloy. The microstructure was found to be
uniform at all locations for both product foerms,
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Table 4

Quantity and Identification of Materials
Procured for the Program

Primary or
Item Secondar;{

No, Heat Description Heat No.

1 A Ti-541-5Sn-5Zr, 2 pcs 36 in. x 96 in, D-8060
x 0.040 in, sheet

2 B Ti-5A1-5Sn-5Zr, 1 pc, 36 in, x 48 in, x D-1793
0.040 in, sheet

3 A Ti-5A1-5Sn-5Zr-1Mce-1V, 2 pecs, 36 in,
x 96 in, x 0,040 in, sheet Vv-2957

4 B Ti-541-55n-5Zr-1Mo-1V, 1 pc 36 in, Vv-199i
x 48 in, x 0,040 in, sheet

5 A Ti-6A1-23n-4Zr-2Mo, 2 pes. 36 in, v-3016
x 96 in, x 0,040 in. sheet ;

6 B Ti-6A1-2Sn-4Zr-2Mo, 1 pc, 36 in, v-3076
x 48 in, x 0, 040 in, sheet

7 A Ti-5A1-5Sn-5Zr, 70 linft, 1/2 in, x D-8060
1-1/8 in, bar

8 B Ti-5A1-58n-5Zr, 16 lin ft, 1/2 in. x D-1793
1-1/8 in., bar

9 A Ti-679, 701linft, 1/2 in, x 1-1/8 in, D-7274
bar

10 B Ti-679, 16 lin ft, 1/2 in. x 1-1/8 in, D-8427
bar .

A and B denote primary heat (all evaluations) and secondary heat
{tensile evaluations only) respectively of each alloy.
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Heat No, D-8427
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Heat No. D-8085 Heat No, D-1793

Ti-5A1-9Sn-5Zr Alloy
I'igure 3. Microstructures of the Two Bar Alloys.

E-rhant: 1 mlHF + 2 ml HNO, + 98 ml H,0
Magnification: 250X
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Heat No. D-8060 Heat No. D-1793

Ti-5A1-5Sn-5Zr Alloy

Lo’ A0 f : \,\.'

Heat No. V-2957 Heat No. V-1991

Ti-5A1-581-5Zr-1Mo-1V Alloy

Heat No, V-3016 Heat No. V-3076

Ti-6Al-2Sn-4Zr-2Mo Alloy

Figure 4., Microstructure of the Three Sheet Allovs,
Etchant: 1 ml HF + 2 ml HNO, + 98 mi H,0
Magnification: 250X
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EQUIPMENT AND PROCEDURES

Tensile, Compression, Bearing and Shear

Except for the tensile tests on notched specimens, all the tensile, com-
pression, bearing and shear evaluations as well as tensile tests on thermal-
exposure, stress-corrosion, and fracture-toughness specirnens wzre performed
on 1208, 000-psi capacity universal testing machines, These machines have dif-
ferent load ranges from 0 - 3000 up to their full capacity. The calibration of
each load range is checked and, if necessary, adjusted to bring the indicated

error to within 1% on a 12-month-interval schedule. Both machines are equipped

with differential-transformer strain sensing and recording equipment capable of
strain magnifications of 100X to 10C0X, depending upon the extensometer used
with the system., Extensometers were used to record load-strain curves in the
tensile tests and load-deformation curves in the bearing tests., In the elevated-
temperature tensile tests the extensometers were used with a frame which ex-
tended into the furnace and was attached to the gage points of the specimen,

A split muffle furnace, which was heated by Nichrome elements, was
usea for all of the elevated-temperature tensile, bearing, and shear evalua-
tions, Because of their size, the bar and sheet fracture-toughness specimens
tested at 400 F were heated by quartz-tube, tungsten-element radiation lamps.
The fracwre-toughness specimens tested at -110° F were cooled in a cryostat
by gaseous nitrogen which was cooled by passage through a copper coil that
was submerged in liquid nitrogen, The flow of gaseous nitrogen was regulated
to maintain the specimen at -110° ¥, Chromei-alumel thermocouples and a
direct-reading milivolt potentiometer were used to measure and control the
temperature of the specimens at all elevated and low temperatures, Speci-
mens were heated to temperature in approximately 15 min and held at tempera-
ture 15 min before starting the tests, In these tests the indicated temperature
was normally maintained within 5° F of the nominal test temperature,

Figures 5 - 8 show the specimens that were used for the tensile,
compression, bearing, and shear evaluations respectively. Except for the
compression and bearing tests and the shear iests on the bar alloys, conven-
tional pin-and-clevis or threaded grips were used for sheet and bar specimens,

The notched tensile tests, which were not scheduled in the original
scope of the program, were performed by the Air Force Materials Laboratory
to obtain data for use in the constant life fatigue diagrams, All of these tests
except the elevated-temperature tests on the bar alloys, were performed with
a Model TT-C Instron testing machine. A Baldwin FGT machine was used
tc test the bar samples at elevated temperatures, During the tests the cross-
head rate was controlled at 0,02 in, /min, The temperature of the notched
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specimens was measured by calibrated chromel-alumel thermocouples which
were wired to the specimen at the notch and at positions 0.5 in. above and be-
low the notch, The maximum femperature gradient measured in these tests
was less than 1+ 3° F of the nominal control temperature. Smooth tensile
specimens, shown in Figure 5§, were notched for these tests to produce a
stress concentration factor, K; = 3. The sheet specimens were notched 45°
to a minimum width of 0, 375 in, and root radius of 0,025 in. The bar speci-
mens were notched 45° to a minimum diameter of 0, 187 in. and & root radius

of 0,010 in.

Special fixtures were used for the compression and bearing tests
and for the shear tests on the bar alloys as shown in Figures 9 - 12, The
subpress for the compression tests on sheet and bar specimens, shown in
Figures 9 and 10, was designed to the requirements of ASTM Specification
E 9-61, The specimen is deformed by round (for bar) or flat (for si:cet)
platens th i extend into the nickel-support blocks which provide bending re-
straint for the specimens and serve to conduct heat to the specimen from
the cartridge heaters. Strain was sensed at the platens by opposite strain-
gage extensometers that were located outside the furnace. The signal
from the extensometer was recorded against that from a strain-gage load
cell (after suitable amplification) on an X-Y recorder to obtair the usual
load-deformation curve, The bearing fixture, which meets the general re-
quirements of ASTM E 228-64T, is shown in Figure 11, Deformation of the
bearing hole was sensed by the differential-transformer extensometer and
recorded against load with a conventional autographic recorder. The special
finture for the shear tests on specimens of the bar alloys is shown in Figure 12,
With this fixture, the specimen is sheared by tool-steel inserts in the fixture,

Tensile tests were performed at a strain rate of approximately 0. 005
min~* to about 0. 6%-offset and at 0.05 min~" to failure. In the compression
tests, specimens were strained at approximately 0. 005 min~* to 0. 6%-offset,
at which point the tests were discontinued. Bearing and shear tests were per-

formed at a crosshead rate of approximately 0. 065 in. min™?,

22

e s




—— Upper platen

Subpress

— Furnace

— Extensometer

— Lower platen

Figure 9, Compression-Test Fixture

23




AN

Push Rod

Tool-Steel Push
Spade

Steel Contatner

Thermocouple
Wells

Ineulation

BNy

Specimen

Nicke! Support
Blocks

Cartridge
Heatera
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Creep

The creep tests were performed with Satec creep machines of 6000,
12000, or 18000 1b capacity. These machines are equipped with 3-zone m Ifie
furnaces by means of which temperature gracients in the specimens can be mini-
mized. Chromel-alumel thermocouples were used to control and monitor the
temperature of the specimens, Besides the control thermocouple for the fur-
nace, monitoring couplez were attached at top, middle, and botfom locations of
the specimen gage length, A direct reading milivolt potentiometer was used to
measure temperatures periodically drring each test, Specimens were heated
to temperature and equalized in 2 to hr before application of load, The indi-
cated temperature was normally maintained within 5° F of the nominal test
temperature., In all tests of 100-hr or longer anticipated duration, and in all
tests on sheet specimens, strain was measgured either by platinum-sirip ex-
tensometers and a 50X filar micrescope or by an extensometer frame and a
dial gage. When the articipated duration of tests on bar-alloy specimens was
less than 100 hr, or when the anticipated deformatio.: was large, strain was
sensed from the pull rods with dial gages.

Axial Fatigue

Axial fatigue apparatus of the resonating beam type was used in the
evaluation of the fatigue properties and to fatigue crack the fracture-tocughness
specimens from the sheet alloys. Figure 13 is a schematic drawing of the
equipment and Figure 14 shows a general view of the two machines, and re-
lated apparatus, used in the program, With this equipment a sinusoidal cyclic
stress is applied to the specimeu by the adjustable eccentric flywheel that is
attached to one side of the resonating H-frame, The amplitude of the cyclic
siress is controlled by the speed and eccentricity of the flywheel, The mean
axial load is applied by the load bar and springs located near the top of the
resonating frame, A strain-gage load cell, which is in series with the speci-
men, is used to measure the mean and cyclic stresses, A nul-balance poten-
tiometric instrument-.is used in conjunction with the load cell to set the mean
stress, and an oscilloscope is usea to set and moniter the alternating stress,

The equipment can be used to obtain fatigue data under most mean-to-
alternating-stress relationships that are of interest to designers., Completely
reversed loading (A =w or R = -1)" can be achieved or combined stress loading
can be achieved under conditions where the magnitude of the alternating load
does not exceed the mean load (A = 1 or less, or R = 0 or greater) .

a . Alternating Stress R . Minimum Stress
Mean S.cess Maximum Stress
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Figure 12 shows the design of the bar- and sheet-1ype specimens to
which a1l specimens were machined early in the program., The notched ends of
the bar specitnens were taachined to fit grips that had been used previously with
the fatigue #quipment for other materials, In early tests in this program numerous
failures occurred in the reduced section of the shoulders which necessitated a
change in the metaod of gripping the bar specimen., The method adapted was a
simple friction grip which was clamped to the cylindrical shoulder surfaces of
the spacimens., For beth the sneet and bar specimens, aluminum shims were
used between the grio surfaces and the specimens to prevent tfretting-corrosion
and failure near the grip-specimen iaterface, After the shoulder-failure problem
was encountered, the scope of the program was revised to us¢ half of the avail
able fatigue specimens to determine the fatigue properties of the alloys at a stress
concentration, K¢, of 3, Noiches, as shown in Figure 16, were machined in
approximately half of the unnotched specimens for these evaluations,

The methed of gripping and heating the bar and sheet specimens is illus-
trated in Figures 17 and 18, For the evaluations at 400 and 800° F, temperature
was measured and controlled by thermocouples that were held in contact with
tne surface ot the specimens by a spring clamp. Two variable transforraiers
and a controller were used {o achieve partial on-off control of the temperature.
With this system the indicaied temperaiure was controlled to within 5° F of the
nominal test temperaiure, =iresses were selected to establish S-N curves
fro.. 10*to 107 cycles. Tests in which the specimen did not fracture within
107 cycles were discontinued.

mnpect

A Sonntag impact machine with range capacities of 0-25, 0-60, 0-100,
and U-240 f:-1b was used for the impact tests. Figure 19 shows the dimen-
sious of the standard Charpy V-notch specimen that was used, For evaluations
at 400, 600, anu 800° F specimens were heated in a small electric muffle fur-
nace, They were heated to 10° F above the desired temperature at impact to
compensate for the decrease in temperature during transfer from the furnace
to the testing machine, which required less than 5 seconds.

Fracture Toughness

Fracture-iocughness was determined for the sheet alloys from center-
notched, fatigue-cracked specimens, shown in Figure 20, and for the bar alloys
frora edge-notched, fatigue-cracked specimens, shown in Figure 21, An axial-
fatigue michine, described previously in this report, was used to fatigue crack
the sheet specimens, The bar specimens were fatigue cracked by a motor-
driven eccentric cam that flexed the free end of the specimen, The specimen
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Figure 15, Unnotched Fatigue Specimens for Bar (above) and
Sheet (below) Materials
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Figure 16, Notched Section of Fatigue Specimens for
Sheet (above) and Bar (below) Materials,
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Figure 19, Charpy V-Notch Impact Specimen,
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was supported as a cantilever beam such that the notched edge of the specimen
was loaded in tensicn as the free end Jwas deflected. A universal testing machine,
suitably instrumented, was used to perform the fracture-toughness tests. Quartz-
tube, tungsten-element lamps were used to heat the specimens for tests at 400°F
For the tests at -110° F, the specimens were cooled in a gas cryostat by gaseous
nitrogen that was refrigerated by passage through a copper coil immersed in a
flask of liquid nitrogen. The gaseous nitrogen was metered into the cryostat
through a solenoid valve that was actuated by the signal from a thermocouple in
contact with the specimen at the notch,

A compliance gage, which has been described in detail in another reports,
was used with both sheet and bar specimens to determine the load at which crack
extension occurred. Figure 20 shows the compiiance gage attached to a sheet
specimen, The sensitive elements of the compliance gage are resistance strain
gages which were bonded to the flexure spring of the compliance gage. The
signal from the compliance gage was recorded against load on an X-Y recorder.
An acoustical pick-up was attached to the specimen near the crack in an attempt
to detect "pop-in." The signal from this pick-up was recorded against deforma-
tion on another X-Y recorder., Figure 22 is a reproduciion of a load-extension
curve for a sheet specimen on which the quantities measured for calculation of
the fracture toughness are noted.

The plane-strain fracture toughness of the bar and sheet alloys and the
plane-stress fracture toughness for the sheet alloys were calculated from formulae
which are discussed in the literature®*?, The symbols in these formulae are given

on pages xxix and xxx of this report,

2 1/w[ .59 a/w - 32 (a/w)® + 117 (a/w)?]

(Bar alloys) Kic (or Kpe) =:‘/(P/B)

-t
+ aSP 139 (a/w) - 221 (a/w)2 + 783 (a/w)® (1)
Bwd/z
(Sheet Alloys) Kic (or Kp.) E/G 2N tain-n:g/w (2)
(Sheet Alloys) K, =\”<;"2“w tan 7 a/w (3)

Stress-Corrosion

The stress-corrosion work on the sheet alloys was performed in two
stages: A, to determine ithe minimum susceptibility for stress-corrosion of
each sheet alloy and, B, to determine the degradation in tensile properties of
the sheet allcys after exposure of dry-salt-coated specimens at different
time-temperature-stress parameters. The self-stressed specimen developed
by NASA? was selected for the preliminary tests., Figure 23 shows the details
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of the specimens, The bend angle of the ends of the strip wue selected to pro-
duce a nominal ma.imum stress of 100, 000 psi at room temperature, After
coating the center one inch of each strip specimen with a super-saturatad sciu-
tion of NaCl in water, the specimens were dried and exposed at selected tempera-
tures for different times, The criterion for emnbrittlement was the locss of bend
ductility, which was determined by compressing the spacimen aleng its lengitu-
dinal axis and measuring the relative displacement of the ends at fracture, If

the specimen fractured before the ends were compressed intc contact, the speci-
men was judged to have ! een embrittled by stress-corrosion,

In the second pihase of the stress-corrosion work, thz gage section of
tensile specimens (Figure 5) was coated with NaCl, by the procedure given
earlier, and stressed at 40, 60, and 80% of the tensile 0. 2%-cf{set yield strength
for 10 to 1000 hours at four different temperaiures for each allcy, The ex-
posure temperatures were from 500 to 9CC° ¥, Tensile tests were performed
on the exposed specimens to determine the effect of expusure under different
stress-time-temperature parameters or the residuai propescties, The speci-
mens were exposed under etress in cresp machines. The microstructures of
selected specimens were examined after testing to determine the severity of
corrosion,

Elastic-Moduli

The dynamic moduli of elasticity of the sheet and bar alloys were de-
termined at 70, 400, 600, 800 and 1000° ¥, and the static moduli were determined
at room temperature,

Resistance sirain gages were emplcyed t0 measure strain in tests to de-
termine the moduli under static conditions, The specimens were loaded *o dif-
ferent stress levels by calibrated weights acting thrcugh a 20:1 lever sysiem of
a creep frame, Strain at stresses through approximately 6000 psi were read
from which the modulus of elasticity was calculated by Hooke's law:

E =

mlm

(4)

The determination of the elastic modulus under dynamic conditions was
accomplished by the vibrating-reed technique in which the natural frequency is
used to calculate the dynamic modulus from -

4p 1442
e ;g—B; (5)

The symbols in this expression are identified on pages xxix and xxx, The end
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correction factor, B, was 0.597. ‘The {ixed end of the 0, 250-in, -wide x 6-in, -
long reed was clamgped in a massive iron block and the reed was plucked to
excite it ot its natural frequency., A strcuoscope was used to determine the
frequency, For the evaluations nt elevated temperatures the block-and-reed
assembly was heated in a split-tube furnace, The end of the reed was iliumi-
nated by the stroboscope through a pyrex window in ore end of the furnace,
Three thermocouples that were flash welded to the surface of an extra speci-
men, clamped in the block parallel to the {est specimen, provided reference
for conirol of the temperature level and uniformity by manwval adjustment of
variable transformers,

The apparatus used to determine the dynamic modulus of elasticity of
the bar alloys was of the elecirostatiz type in which the specimen is driven into
longitudinal resonance by a variabie voltage acting across an air gap between
one end of the specimen and a flat electrode of the apparatus. Figures 24 and
25 show two views of the apparatus. The variable voitage is applied by a
signal generator and a power amplifier, The other end of the specimen and a
plate serve to indicate resonance in the specimen by maxima in the alternating
voltage between these elements at the resonating frequency., An oscilloscope
is used to detect resonance and to observe the wave form, The resonant fre-
quency is read from a frequency counter, The modulus of elasticity was
calculated from -

2 -2
E . 41°p 1 (6)

gn?

where ''n' is the number of half wave lengths in the bar and the other netation

is the same as in Equation 5, Three 20-gage iron-vs-constantan thermocouples,
pesitioned near each end and the middle of the specimen, were used as termpera-
ture references for manual adjustment of the power to the three zones of the

ﬁ furnace for control of the level and uniformity of the temperature of the specimen,

Thermal Conductivity

The thermal conductivities of the alloys were measured using a com-
parative rod apparatus with AISI 316 steel conductivity references. The de-
termination of thermal conductivity was accomplisiied by measuring both the
heat flux density flowing axially through the cylindrical specimen and the
temperature gradieat along a known axial gage length, The heat rlux densiiy
' was determined with two heat meters or references of known conductivity
placed coaxially at the top and bettom of the specimen, and the temperature
gradient was measured by thermocouples installed in the specimens. Radial
losses were carefully controlled with guard heaters, The uncertainty for this
equipment is about +5%. This apparatuc is described and discussed fully in
Technical Report No. AFML-TR-65-133°, '
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The conductivities were mecasured transverse to the rolling direction of
the bar materials and parallel to the rolling direction of the sheet. The speci-
men configurations are suown in Figure 26. To make the sheet specimens,
squares of 0.040-inch-thick sheets were tightly clamped together to form small
cubes. Single welds perpendicular to the sheets were made at opposite ends of
the cubes using an inert-gas arc welder, The specimens were then machined
as shown in Figure 26, Most of the weld area was removed in machining, and
the thermocouple holes were placed outside the heat-affected zone of the veld,
Three thermocouples were placed in small holes on the periphery of the speci-
men to detect any nonuniform temperature distribution,

Thermal Expansion

The thermal expansions of the alloeys were determined using a quartz-
tube dilatometer with mechanical dial gages graduated in 0, 0001 in. divisicns.
Specimens machined from bar stock were 1/2 in, x 5/8 in. x 3 inches long.
Specimens from the sheet stock were made by rolling the sheet into cylinders
of about 3/4 in, diameter x 3 inches long and tack welding the joint in two
places, The specimens were fitted with end caps made from Ti-5A1-5Sn-5Zr
bar stock. These end caps added only about 1/8 inch to the total length of the
specimen, The thermal expansions measured for the sheet alloys included those
of both the specimen and end caps, The data were corrected for the expansion
of the end caps, but this correction was rot significant since the expansions of
the specimen and end caps were almost identical, and the total length of the end
caps was only ¥ the length of the specimen, The data were also corrected
for the expansion of the quartz dilatometer, Thermocoup!2s were flash welded
to the specimen surfaces to monitor temperature, At least two thermocouples,
and usually three, were located at different points along the axis of the speci-
men to detect any gradients,

The dilatometers and the experimental procedures are fully described
in Technical Report No, AFML-TR-65-133°%,

Heat Capacity

The heat capacities of the alloys were determined using an adiabatic
calorimeter, With this apparatus the heated specimen was dropped into a
thermally guarded, calibrated cup, and specimen enthalpy was measured as a
function of the increase in temperature of the cup., Specimens from the bar
stock were one-half~-inch cubes, anc the sheet specimens consisted of about
three or four small pieces, The heat capacities were determined from the slopes
of the enthalpy versus temperature curves, Heat capacity was determined
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graphically and also by using the least squares method to {it the enthalpy data
to an equation of the form

hys = aT +bT> +cT }+d (7)

The derivative of this equation was adjusted to agree with the graphically de-
termined heat capacity at 150° F to obtain an equation for heat capacity

HC - a+2bT - c* T2 (8)
This apparatus and the procedures used are also fully discussed in Technica!l

Report No. AFML-TR-65-133%. The overall uncertainty of this apparatus was
established at + 5%.
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RESULTS OF MECHANICAL-PROPERTY TESTS

Sheet A110y§

Tensile

Results of tensile tests on ‘he sheet alloys may be found in the following
figures and tables:

a
Alloy Figures Tables

(i-BA1-95Sn-5Zr 27, 28, 29, 36, 37, 38 9, 12, 13, 36, 317, 42
Ti-5A1-5Sn-5Zr-iMa-1v 30, 31, 32, 36, 37, 38 10, 12, 13, 38,739,742
Ti-6A1-2Sn-4Zr-2Mo 33, 34, 35, 36, 37, 38 11, 12, 13, 70, 41, 42

Tables with numbers underlined are in Appendix I.

Tabulated tensile-property data in Tables 9, 10, and 11 and plotted data in
Figures 27 - 35 represent averages of ten determinations at each temperature and
orientation. No significant differences were detected in the tensile properties be-
tween the two heats of each sheet alloy, Likewise, there was not a significant dif-
ference in the tensile properties between the longitudinal and transverse orienta-
tions for the sheet alloys, with the exception of the possible lower strength of
Heat No, V-3076 with respect to Heat V-3016 of the Ti-6Al1-2Sn-4Zr-2Mo alloy
as shown in Table 11,

Results of the precision-modulus of elasticity determinations on the sheet
alloys are given in Table 12, The modulus-of-elasticity data obtained in the won-
ventional tensile tests are in good agreement with these data, except the value
for the modulus of elasticity in the longitudinal direction of the Ti-5Al1-5Sn-5Zr-
1Mc-1V alloy from Heat V-2957 in ihe tensile tests was low relative tc the value
obtained from the measurements with the resistance strain gages.

Figures 36 - 38 show the tensile properties of the three .heet alloys
evaluated in this investig~tion relative to each other and relative to the properties
of one all-alpha alloy (Ti-5A1-2. 5Sn) and ore alpha-beta alloy (Ti-6A1-4V), for
which data were available as referenced in the figures. Averaged properties for
the two heats and two orientations.for the three alloys evaluated in this program
are shown in these figures. As these figures show, the tensile strength properties
of the two alpha-beta alloys, Ti-5Al-5Sn-5Zr-1Mo-1V and Ti-6Al-23n-4Zr-2Mo,
were higher at ali test temperatures than the properties of the Ti-6Al1-4V alpha-
beta alloy. The rate of decrease of tensile strength with respect to temperature
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Table 9
Summary of Averages and Standard Deviations for the
Tensile Properties of the T1 5A1 5Sn-5Zr Alloy Sheet
at Different Temperatures ' e

Heat No. D-5300

Temp Fiy, ksi F,., ksi e, % Ey, 108 psi
°F  Orientation Avg,. N Avg. 8 Avg. s Avg. s
70 L i18.6 1.0 128.5 0.8 14.1 1.0 16,1 0.5
400 L 79.2 0.6 97.5 0.5 18.4 0.9 13.9 0.7
600 L 66.3 0.7 89.6 0.7 18.4 1.3 12,2 i.1
800 L 61.1 2,2 83.5 1.1 23.1 1.6 12.1 1.4
1000 L 59.0 1.1 79.4 0.8 21,2 1.1 11,1 1.6
70 T 118.5 0.1 127.0 0.7 14,9 0.6 16.6 0.7
400 T 78.6 0.6 93.3 0.2 29.2 0.6 14.4 1.3
600 T 65.5 0.4 85.0 0.6 26.2 1.1 13.5 1.1
800 T 60.1 0.8 79.6 0.9 26,6 2.4 12.8 1.2
1000 T 57.9 0.4 75.1 0.%6 24,3 1.1 11.9 n.8

Heat No., D-1793

Te.un Ftv: ksi 4y, ksi e, % iy, 10° psi
°F  OQOrientation A 8 _Avg. s Avg., s Avg, s
T0 L 116.2 0.8 124.5 0.6 17.2 1.3 15.4 0.6
400 L 80.8 2.2 96.9 1.2 18.6 0.8 13.8 1.5
600 L 68.3 3.3 91.0 0.6 23.17 1.4 12.9 1.0
800 L 62.6 1.0 84.7 0.7 23.4 0.8 12.1 0.6
1000 L 62,4 0.4 82.1 0.7 23.8 1.1 10.5 0.5
70 T 115.4 0.6 122.1 0.7 17.9 0.6 15.5 0.5
400 T 79.9 0.9 92.8 0.9 20.2 0.2 13.4 c.8
600 T 67.9 0.8 86.4 0.8 24.5 1.6 13.6 0.4
800 T 62.5 9.9 81.3 0.6 26. 4 1.0 13.4 6.9
1000 T 61.5 0.1 78.1 0.6 25,3 1.5 11,3 0.8

a  Averages and standard deviations are based on 10 evaluadons at each tempera-
ture for each orientation,

b  Heat treaimeat: 1650° F, 1/2 hr, A, C.

¢ Sheet thiclness: 40 mils,
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Table 10

Summary of Averages and Standard Deviaticns for the
Tensile Properties of the Ti-5A1-%Sn-5Zr-1Mo-1V Alloy
Sheet at Different Temperaturesa‘ '€

Heat No, V-2957

Temp Fiy, ksi Fiy, ksi e, % E;, 10° psi

F Orientation Avg, 8 Avg. 8 Avg, 8 Avg. 8

70 L 138.8 1.1 146.8 1.2 10,6 0.7 14,6 0.2
400 L 105.9 1.3 123.1 1.5 9.5 0.4 13.2 0.5
600 L 97.6 0.6 120.2 1.0 9.8 0.6 12,3 0.5
800 L 92.8 0.9 120.2 1.4 12,3 0.7 12.2 0.5
1000 L 83.3 0.5 108.2 1.1 12,5 1,0 12,0 0.6

70 T 137.9 1.% 147,0 0.7 10,2 1.1 15.8 0.5
400 T 109.6 1.6 122.6 1.7 8.3 0.4 13.9 0.5
600 T 101.5 1.1 117.8 0.7 8.0 0.4 13.4 0.5
800 T 95.8 0.7 117.3 1.1 11,7 0.8 13.3 0.6
1000 ~ T 87.3 1.3 107.5 0.8 10.8 0.9 12,2 0.7

Heat No, V-1991

Temp Fi,, ksi e, % Et, Wpsi

°F Orientation Avg. 8 Avg. 8 Avg. B Avg, 8

70 L 138,1 1.9 149.5 1.8 12,3 0.7 15.3 0.6
400 L 106.6 1,3 124,2 0,7 11.0 1.6 13.4 0.7
600 L 86.6 0©.8 119.8 1.2 11.0 0.8 12,7 1.0
800 L 92.8 0.5 117.6 0.9 12.0 0.7 12,0 0.5
1000 L 81.6 2.7 104.9 1.6 12.5 1.0 11,3 0.7

70 T 138.1 1,9 146,8 2.1 11.7 0.8 16.1 0.5
400 T 109.1 1.2 122,0 1.5 8.6 0.5 14.4 0.5
600 T 99.9 1.6 115.4 1.6 9.4 0.7 12.3 0.6
800 T 94.8 1.3 114,0 1.4 12,7 1.2 12,7 0.8
1000 T 84.6 1,7 102.3 . 1.8 11.5 0.8 11.4 0.4

a  Averages and standard deviations are based on 10 evaluations at each tempera-

ture for each orientation.

b  Heat treatment: 1550°F, 1/2 hr, A.C, + 1400° F, 1/4 hr, A.C.
¢ Sheet thickness: 40 mils
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Table 11

Summary of Averages and Standard Deviations for the
Tensile Properties of the Ti—6A1-ZSnc-4Zr-2Mo Alloy
Sheet at Different Temperaturesa' ,

Heat No, V-3016
Temp Fiy, ksi Fg,, ksi e, % E;, 100 psi

F_ Orientation Avg, s Avg, s Avg. s Avg, s
70 L 142,2 2.7 147,71 3.3 12,2 1.3 16.2 0.4
400 L 106.9 2.5 121.2 3.3 11.1 0.9 14.4 0.9
600 L 95.9 1.8 115.0 2.2 9.1 1.5 13.3 1.1
800 L 91.7 3.1 113.8 3.6 11.2 1.8 137 1.1
1000 L 85.0 2,9 105.8 3.8 13.1 2.0 11.5 0.9
70 iE 139.1 1.2 144.4 1.6 11.6 2.1 15.9 0.3
400 T 104.6 1.6 118.2 2.6 11.4 1.3 14.8 1.2
609 T 93.2 1.8 112,0 2.3 10.2 0.8 13.17 0.8
800 ar 88.7 1.6 111,3 1.6 11,8 1.4 12,3 0.7
1000 0 83.7 2.1 105.1 2.3 13.% 0.9 11.5 0.8
Heat No, V-3076

Temp F.,, ksi Fi,, ksi e, % E;, 108 psi
°F_ Orientation Avg. s Avg, s Avg. s Avg. s
70 L 141,¢ 1,9 151,1 3.0 10.8 0.6 16.6 0.4
400 L 109.7 1,7 126.2 1.8 9.8 0.8 14,5 0.6
600 L 93.9 2.1 119.3 2.3 7.6 0.7 14.7 0.8
800 L 93.7 1.9 116.6 2.5 8.8 0.9 13.7 1.3
1060 L 3.5 2.1 108,0 3.2 13,3 2.2 13,2 0.9
70 T 134.7 1.0 145,5 1.4 11.4 0.7 15.6 0.4
400 T 102.&8 0.6 120,9 0.8 10.9 0.8 14.4 1.7
600 T 92.4 0.6 115.5 0.6 9.1 0.1 13.2 0.8
800 T §7.8 0.8 113.8 0.9 10.8 1.0 12,5 0.8
1000 T 79.8 1.3 103.2 0.9 13.8 1.8 1.1 0.3

a  Averages and standard deviaticns are based on 1) evaluations at each tempera-
tur 2 for each orientation.

b  Heat treatment: 1650°F, 1/2 hr, A.C, + 1450° F, 1/4 hr, A, C,

¢ She=t thickness: 40 mils,
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Figure 34, The Percent Elongation and Modulus of Elasticity in Tension

of Ti-8A1-2Sn-4Zr-2Mo Alloy Sheet at Different Temperatures.

Sheet thickness: 40 mils

., 1450°F, 1/4hr, A,C,

Heat treatment: 1650° F, 1/2 hr, A.C
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Table 12

Precision Modulus of Elasticity of the Sheet Alloys gx
ine Longimidinal Direction at Room Temperaturea’ =

Modulus of
Elasticity,
Alloy . 10° psi
Ti-5A1-5Sn-5Zr 15. 929
Ti-5A1-5Sn-5Zr-1Mo-1V 16, 080
Ti-6A1-2Sn-4Zr-2Mo 16. 295

a Sheet thickness: 40 mil
b Heat Nos: Ti-b5Al-5Sn-5Zr, D-8060
Ti-5Al1-5Sn-5Zr-1Mo-1V, V-2957
Ti-6A1-2Sn-4Zr-2Mo, V-3016
¢ Heat treatments: '
Ti-5A1-5Sn-4Zr, 1650° F, 1/2 hr, A.C.
Ti-5Al1-5Sn-5Zr-1Mo-1v, 1550°F, 1/2 hr, A.C.
+1400°F, 1/4 hr, A.C.
Ti-6A1-25n-4Zr-2Mc, 1650° F, 1/2 hr, A.C, +
1450°F, 1/4 hr, A.C, . — 7
//
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Table 13

Summary of Averaged Notched ’gens'éle
Strength of the Sheet Alloys s C,

Temperature, ° F

62

Alloy 70 _400 800
Ti-5A1-5Sn-5Zr 166. 8 i21,1 105. 4
Ti-5A1-5Sn-5Zr- IMo-1v 165, 4 131.5 130, 9
Ti-6A1-25n-4zr-2Mo 170.1 137. 17 132, 5
a  Thickness: 40 mil
b Heat treatment:
Ti-5A1-SSn-SZr, 1650° F, 1/2 hr, A,C.
Ti- 5A1-58n-52r-1M0—1V, 1550° F, 1/2hr, A, C. +
1400° F, 1/4 hr, A.C,.
Ti-6A1-2$n-4Zr-2Mo, 1650° ¥, 1/2 hr, A.C. +
1450° F, 1/4 hr, A,C,.
¢ Notched 45°, 0,025 in, radius, 0, 375 minimum width to
produce K = 3, '
d All tests in longitudinal direction,
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above 800° F was also lower for the Ti-5A1-5Sn-5Zr-1Mo-1V and Ti-€Al-2Sn-
4Zr-2Mo ailoys tran for the Ti-6A1-4V alloy. The yield strengin of the Ti-5Al-
58n-5Zr all-alpha alloy was compzrable to that of the Ti-5Al-2, 5Sn alloy at all
tost temperatures, but ihe tensile strength of the Ti-5A1-5Sn-5Zr alloy was
higher at the elevated iemperatures than for the Ti-5A1-2,5 Sn alloy. Figure 38
snows that the elongztion of the higher-streagth alpha-beta alloys was generally
lower than that of the all-alpha alloys.

Compression

All data for the compression tects are given in the following tables and
figures:

Alloy Figures ‘Tablesa
Ti-5A1-58n-5Zr 39, 40,45 14, 43
Ti-5Al1- 55n-5Zr-1Mo-1V 41, 42, 45 14, 44
Ti-6A1-2Sn-4Zr-2Mo 43, 44, 45 14, 45

a Takles with numbers underlined are in. Appendix I,

Results of the compressien tests in Table 14 ard Figures 39 - 44 repre-
sent averages of five deterianinations for each temperaturz and orientatior of
the major heat of the sheet alloys, A: most temiperatures the compressive yv'eld
strength wae approximately equal to the teusile yield sirength for each alloy.
The modulus of elasticity in compression was generally slightly lower than the
medaulus in tension, which is probabply due to very slight bending of the compres-
sion test specimens even though thiey were restrained by a special fixture in
tecting.

Figure 4. shows the comparative yield strength and modulus of elasti-
city in compression ior the three sheet alloys evaloated ir this program, and
similar data for an all-algha alloy, 71i-5A'-2, 5Sn, and an zipha-bheta alloy,
Ti-6A1-4V. The compressive yield strengih of the alpha-beta allcys (Ti-5Al-
5Sn-5Zr-iMo-1V and Ti-6A1-2Sn-4Zr-2Mo) was highsr than the compressive
strength of the Ti-6A1-4V alloy selected for comparison., The compressive
yield strength of the all-alpha Ti-5A1-95Sn-5Zr alloy was slightly lower than
that for the Ti-5A1-2, 5Sn alloy. The comparative modulus-of-elasticity data
in Figure 45 shows that the values for the three sheet alloys cvaiuated in this
prograr were lower wan {ov the reference alluys. However, since MIL-HDBK-
3%, from which the referenced data were obtained, does not differentiate between
tensile and compressive moduli, the comparative curves in Fig. 48 would be in
closer agreement ii a2n average value of the tensile and compressive mocduli were
shown instead of only the mcodulus in compression,
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Table 14
Summary of Averages and Standard Deviations for the

Compression Properties at Different Temperatures of
Three Titanium Alloys in the Form of Forty-Mil Sheet

Ti-BA1-6Sn-5Zr (Heat No. D-8060)

Log&it'udinal Transverse

Temp Fey, ksi Ec,1U°, psi Fey, ksi Ec, 10° psi
°F Avg. _8_ _Avg, 8 Avg, 8 Avg, 8
70 119.0 1.9 14,4 0,3 125.8 1,6 15.1 0.2
400 g80.2 0,5 12.6 0,3 82,3 0,5 12.8 0.1
6800 66.7 1.2 10,9 0.8 8.4 0.8 12.1 0.3
800 60.3 1,2 10.8 0.3 62.8 0.4 11,6 0,3
1000 58.0 0,8 9.7 0.2 59.8 0,9 10.3 0.2

Heat wreatment: 1860° ¥, 2 hr, A,C,

Ti-5A1-£3n-5Zr-1Mo-1V (Heat No., V-295T)

_ Longitudinal Transverse
Temp Few, ksi EC,IN psi Feoy, ksi Eq, 10° psi

°F Avg, 8 Avg, 8 Avg. s Avg. s
70 141.9 2.3 14,3 0,3 154.1 2.4 15.3 0,2
400 103.7 &.5 12,7 0,1 113.7 1,2 13.3 0.5
500 7.8 2.8 11,6 0.3 103.3 1.1 12.2 0.3
800 93.3 1.8 11,1 0,1 9.2 2.1 1.9 0.3
1000 83.8 1.8 10,1 0,3 88.9 1.4 10.6 0.2
Heat treatment: 1550°F, 1/2 hr, A.C. + 1400° F, 1/4 hr, A.C,
Ti-6A1-2Sn-4Zr-2Mo (Heat No. V-3016)
_ Longitudinal Transverse
Temp Foy, ksl Ec, 10° psi Fey, ksi Eg, 10° psi
°F Avg, 8 Avg, 8 Avg, 8 Avg, 8_
70 149,6 4.5 14.3 0.6 144.4 4.7 14,5 0.3
400 111.3 4.2 12,7 0.3 105.9 2.3 12.5 0,3
600 92,7 3.9 12,1 0.2 95,5 4.1 11,4 0.2
800 96.5 5.9 11,3 0.6 88,0 2.6 11.0 0.3
1000 85.3 4.4 10.6 0.5 82.3 3.2 10.2 0,2

Heat treatment: 1650° F, 1/2 hr, A,C, + 1450°F, 1/4 hr, A,C,
67
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Heat treatment: 1650°F, 1/2 nr. A. C. + 1450°F, 1/4hr, A, C.
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Bearing

Results of bearing tests on the sheet alloys are given in the following
tables and figures:

Alloy Figures Tables
Ti-5A1-5Sn-5Zr 46, 47, 52, 53 15, 46
Ti-5A1-55n-5Zr-1Mo-1V 48, 49, 52, 53 18, ﬂ
Ti-6A1-25n-4Zr-2Mo 50, 51, 52, 53 17, 48

Tables with numbers underlined are .in Appendix I,

The dat~ tabulated in Tables 15 - 17 and plotted in Figures 46 - 51 repre-
sent averages of three determinations for each temperature, orientation and e/D
ratio combination, The bearing yield strength in the longitudinal and transverse
orientations were generally comparable at each =/D ratio strength level. However,
the bearing ultimate strength was generally higher in the transverse directicn than
in the longitudinal direction for the Ti-5A1-5Sn-5Zr and the Ti-5A1-5Sn-5Zr-1Mo-1V
alloys and equal in both orientations for the Ti-6Al1-2Sn-4Zr-2Mo alloy.

Comparative plots of the bearing properties for the three sheet alloys
and the Ti-5Al1-2, 5Sn and Ti-6A1-4V alloys are shown in Figures 52 and 53 in
which the bearing strength of the three alloys evaluated in this program is re-
presented by the average for the two orientations. At both e/D ratios the bear-
ing strength of the Ti~5A1-55n-5Zr-1Mo-1V and the Ti-6A1-2Sn-4Zr-2Mo alloys
are comparable at all test temperatures and exceed the bearing strength of the
comparative alloy, Ti-6A1-4V. The bearing strength of the Ti-5A1-5Sn-5Zr
is greater at all temperatures than for the Ti-5A1-2, 5Sn all-alpha alloy and
approximately equal to the Ti-6A1-4V alloy.

Shear

Data for all the shear tests on the sheetalloysappear i.. the following
tables anu figures:

Alloy Figures Tables
Ti-5A1-55n-5Zr 54, 57, 58 18, 49
Ti-5A1-5Sn-5Zr-1Mo-1Vv 55, 57, 58 18, 50
Ti-6A1-25n-4Zr-2Mo 56, 57, 58 18, 51

Tables with numbers underlined are in Appendix I,
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Table 15

Averaged Bearing Properties of the Ti-5A1-5Sn-5Zr
Alloy Sheet at Different Temperatureg® b, ¢, d

Temp, E/D ® 1.5 E/D =, 2.0
°F Orientation Fy, ksi Fyp., ksi Fhy, ksi  F} ., ksl
70 L 180.3 202,2 205, 3 251, 4
400 L 132.5 156.5 156, 2 196.8
600 L 115, 9 140.9 142,71 180. 7
800 L 107.2 133.5 127,17 171.3
1000 L 102. 4 128,3 119, 2 163.9
70 T 184,3 218.3 215, 9 272,0
400 T 135, 2 167.4 162.8 217.4
600 T 118.5 152, 0 142.4 198, 0
800 T 108,9. 143.2 134.1 188, 6
1000 T 106, 0 137.1 1271 176,17
a Average of triplicate tests,
b Heat treatment: 1650° F, 1/2hr, A, C,
C. Sheet thickness: 40 mils
d Heat No. D-8060
Table 16
o Averaged Bearing Properties of the Ti-5A1-58g-52r.-1Mo-1V
R Alloy Sheet at Different Temperatureg®s b» ¢, d -
“Temp, e/D = 1,5 e/D - 2.0
"F__ Orientation T kel Fpo, ksl Fhy, ks1  Fro, Kol
70 L 202, 8 220,3 243.1 280.5
400 L 165,17 185, 5 193.5 234, 9
600 L 160, 3 178, 4 190.0 221.8
800 L 157,5 171.2 184,1 209.¢
1000 L 150, 7 173.0 171,17 201.4
70 T 209.7 235. 2 270.8 2817.2
400 T 171.1 202, 2 207.9 233.4
500 T 164.5 195.3 194,6 213,71
800 T 156, 9 186,3 194, 4 202,17
1000 T 183.1 179.9 183.5 201.4
a Average of triplicate tests,
b Heat treatinent: 1550° F, 1/2 hr, A.C + 1400° F, 1/4hr, A.C,

¢ Sheet thickness: 40 mils
d Heat No, V-2957
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Table 17

Averaged Bearing Properties of the Ti- ﬁAl-?gn-QZé- -ZMo
Alloy Sheet at Different Temperatures®’
Temp, e/D « 1.5 e/D - 2,0
°F Orientation Fhe, ksi  Fy,,., ksi Fhy, kst Fp, ksi
70 L 200, 8 234.1 236.9 292.4
400 L 157.9 187.8 193. 6 243.3
300 L 146.8 179.3 176.9 225. 4
800 L 142.6 174.2 177.3 217.2
1000 L 141.5 165.1 169.2 211.4
70 T 198.6 232.1 237.5 287.8
400 T 160, 3 189.8 189.5 240.7
600 T 142.3 172.6 172.3 225.5
800 T 145.5 174.6 171.8 204, 4
1000 T 140,8 164.5 167.1 205. 1

!
a Average of triplicate tests,

b Heat treatment: 1650° F, 1/2 hr, A,C. + l450° F. 1/4hr, A.C.

¢ Sheet thickness: 40 mils
d Heat No., V-3016
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Tabie 18

Summary of Averages and Standard Deviations
for the Ultimate Shear Strength at Different

Temperaturee of Three Titanium Alloys in the
Form of Forty-Mil Sheet.

Ti-5A1-5Sn-5Zr

Longitudinal Transverse
Temp, Foys ksi F_,, ksi
°F Avg, & Avg. _s_
70 87.1 0.9 94,2 1.4
400 68.1 1.2 72.9 2.1
609 62.4 1.1 67.0 1.2
800 59.6 1.6 66.2 1.2
1000 56,2 1.0 62.8 0.8
Heat treatment: 1650° F, 1/2 hr, A.C.
Ti-5A1-5Sn-5Zr-1Mo-1V
! Longitudinal Transverse
Temp. Fans ksi FE!!' ksi
°F Avg, s Avg. LB
70 105.1 1.5 109.8 1.2
400 85.6 2.1 90,6 1.4
600 82,4 1.1 86.17 1.2
800 81.5 1.0 85.2 1.6
1000 72,9 1.8 7.6 0.8

Heat treatment: 1550°F, 1/2 hr, A,C, + 1400° F,
1/4hr, A,.C.

Ti-68A1-2Sn-4Zr-2Mo

Longitudinal Transverse

Temp. Fay, ksi Fgy, ksi
°F Avg, s Avg. 8
70 97.8 3.0 95.5 1.9
400 31.8 1.9 78. 6 1,3
600 79.1 2.5 5.5 2.0
800 76.5 2,7 2.6 2.0
1000 68,9 2.0 67.2 1.5

Heat treatment: 1650° F, 1/2 hr, A.C., + 1450° F,
1/4 hr, A.C.
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Figure 58, The Ultimate Shear Strength of Ti-8A1-2Sn-4Zr-2M0 Alloy

Sheet at Different Temperatures.

Heat No, v-3016
Sheet thickness: 40 milg

Heat treatment. 1650° 7, 1/2 hr, A.C, + 1450° F, 1/4 hr, A.C.
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The shrar strength of the Ti-5A1-5Sn-5Zr and Ti-5A1-8Sn-5Zr-1Mo-1V
alloys was slightly higher in the transverse direction than in the longitudinal di-
rection, and spproximately equal for both directions of the Ti-6Al-2Sn-4Zr-2Mo
sheet, The shear strength for all the sheet alloys was 0. 65 to 0. 70 of the re-
spective tensile strength at comparable temperatures, which is normal for most
materiale. The cumparative data plotted in Figure 58 shows that the shear s:rength
of the Ti-5A1-5Sn-5Zr -1Mo-1V alloy is higher at all test temperatures than the
other alpha-beta ailoy (Ti-6A1-2Sn-4Zr-2Mo) evaluated in the program as well as
the comparative alloy, Ti{-6A1-4V, The shear strength of the Ti-5A1-55n-5Zr
sheet was greater than the comparative all-alpha alloy (Ti-5A1-2, 5Sn) and the
Ti-6A1-4V alloy at all test temperatures,

Thermal-Exposure

The results of mechanical-property tests on longitudinally oriented speci-
mens of the shee! alloys after thermal exposure from 600 to 1200° F for times fron.
10 to 1000 hr are given in the following tables and figures:

Alloy Figures Tables
Ti-5A1-5Sn-5Zr 59, 62 52, 53, 58
Ti-5A1-5Sn-5Zr-1Mo-1V 60, 63 54, 55, 58
Ti-8A1-25Sn-4Zr-2Mo 61, 64 E, ﬁ, E

Tables with numbers underlined are in Appendix I

Figures 59 - 61 and 62 - 64 show the tensile and shear strength proper-
ties of the sheet alloys after thermal exposure, The top graph of each figure
shows the strength property at room temperature as a function of the exposure
temperature; the bottom graph of each figure shows the property at the expo-
sure temperature as a function of the exposure temperature, Thermal expcsure
had no deleterious effect on the strength of the alloys. The curves of shear
strength and tensile strength at room temperature as functions of exposure
temperature show a promounced increase in strength of the Ti-5A1-5Sn-5Zr-1Mo-
1V and Ti-6A1-2Sn-4Zr-2Mo alpha-beta alloys after exposure to 600, 800, and
1000° F; however this increase in strength is probably due to aging. Above 800°F
over-aging occurred in long-time exposure, which caused a decrease in the strength
properties,
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Heat No, D-8060
Sheet thickness: 40 mil
Heat treatment; 1869° F, 1/2 hr, A.C.
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Effect of Thermal Exposure on the Tensile-Strength Proper-
ture (above) and at the Exposure Temperature (below),

Figure 60,
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Figure 62, The Effect of Thermal Exposure on the Ultimate Shear Strength

of Ti-5A1-58n-5Zr Alloy Sheet at Room Temperature {above)
and at the Exposure Temperature (below).

Heat No. D-8060
Sheet thickness: 40 mil
Heat treatment: 16850° F, 1/4 hr, A.C,
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Creep

Creep strain data for the longitudinal orientation of the sheet alloys are
shown in the following tables and figures:

Alloy Figures Tables
Ti-5A1-5Sn-5Zr 65, 96, 67, 68, 78, 79 59
Ti-5A1-5Sn-5Zr-1Mo-1V 69, 70, 71, 72, 73, 18, 19 @
Ti-6A1-2Sn-4Z.r-2Mo 74, 75, 76, 77, 78, 79 61

Tables with numbers-underlined are in Appendix 1.

The comparative creep sirength of the three sheet alloys evaluated in
this program with two other titanium alloys for which data were available is shown
in Figures 78 and 79, The basis for comparison is the stress for 0, 1% creep
strain (Figure 78) and 0. 5% creep strain (Figure 79) as a function of the iarson-
Miller time-temperature parameter, As these figures show, the Ti-5A1-5Sn-5Zr
alloy has higher creep strength than the alpha-beta alloys, particularly at higher
temperatures, The Ti-6A1-2Sn-4Zr-2Mo alloy had higher creep strength than the
Ti-5A1-5Sn-5Zr-1Mo-1V alloy. Both the alpha-beta alloys and the all-alpha alloy
evaluated in this program exhibited higher creep strength than the respective com-
parative alpha-beta (Ti-6A1-4V) and the all-alpha (Ti-5A1-2, 5Sn) alloys.

Fatigue

Data on the fatigue properties of the three sheet alloys in the longitudinal
orientation may be found in the following figures and tables:

Alloy Figures Tables
Ti-5A1-5Sn-5Zr 80, 81, 82, 83, 84 62
Ti-5A1-55n-5Zr-1Mo-1V 85, 86, 87, 88, 89 63
Ti-6A1-2Sn-4Zr-2Mo 90, 91, 92, 93, 94 [

Tables with numbers underlined are in Appendix I.

The eftect of temperature on the fatigue strength at 107 cycles was not as
great as might be expected from the tensile properties of the alloys. In some in-
stances the maximum-stress for 107 cycle endurance was greater at 400° F than
at 70° F. In general, the order of de.reasing fatigue strength of the sheet alloys
in the unnotched condition was (a) Ti-6A1-2Sn-4Zr-2Mo, (b) Ti-5A1-5Sn-5Zr-1Mo-
1v, and (c) Ti-5A1-5Sn-5Zr,
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Figure 78 Comparison of Creep Strength at 0. 1% Creep Deformation of Titanium
Sheet Alloys Evaluated in this Program with Data from the Literature
for Other Titanium Alloys,

Referenced Data

a - Aerospace Hdbk, Vel I, Code 3701, p 13
Properties of Ti-8A1-4Vv, TMCA

b - Aerospace Hdbk, Vol lI, Code 3706, p T
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Figure 79, Comparison of Creep Strength at 0, 5% Cvreep Deformation of Titanium
Sheet Alloys Evaluated in this Program with Data from the Literature
for Other Titanium Alloys.

Referenced Data

a - Aerospace Hdbk, Vol II, Code 3707, p 13
Properties of Ti-6A1-4v, TMCA

b - Aerospace Hdbk, Vol II, Code 3706, p 7
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Figure 80, S-N Curves for the Ti-5A1-5Sn-5Zr Alloy Sheet at 7T0°F in the
Notched and Unnotched Conditions.

Heat No, D-8060

Sheet thickness; 40 mils

Heat treatment: 1650°F, 1/2 hr, A. C.
Alternating Stress

Mean Stress
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es for the Ti-5A1-5Sn-5Zr Alloy Sheet at 400°F in the

Notched and Unnotched Conditions .

Figure 81, S-N Curv

Heat No. D-8060

Sheet thickness:

40 mils

1650°F, i/2 hr, A. C.

Heat treatment:
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S-N Curves for the Ti-5A1-5Sn-5Zr Alloy Sheei at 830°F in the

Notched and Unnctched Conditions

Figure 82,

Heat No. D-8060

Sheet thickness
Heat treatment

40 mils
1650°F, 1/2 hr, A, C.

Alternating Stress
Mean Stress

A
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Maximum Stress, ksi
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Figure 85, S-N Curves for the Ti-5A1 -58n-5Zr-1V-1Mo Alloy Sheet at 7T0°F
in the Notched and Unnotched Conditions

Heat No, V-2957
Sheet thickness: 40 mils
Heat treatment: 1550°F, 1/2 hr, A, C. + 1400°F, 1/4 hr, A, C.
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Figure 86, S-N Curves for the Ti-5A1-55n-5Zr-1Mo-1V Alloy Sheet at 400°F in

Cycles to Fracture

the Notched and Unnotched Conditions ,

Heat No, V-2857

Sheet thickness: 40 mil

S

Heat treatment: 1550°F, 1/2 hr, A. C, + 14005, 1/4 hr, A. C.
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the Notched and Unnotched Conditions,

Heat No. V-2957
Sheet thickness:

40 mils

Heat treatment: 1550°F, 1/2 hr, A, C. + 140C°F, 1/4 hr, A, C.
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Figure 87, S-N Curves for the Ti-5A1-55n 5Zr-1Mo-1V Alloy Sheet at 800°F in
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Figure 90. S-N Curves for the Ti-8A1-25n-4Zr-2Mo Alloy Sheet at 70°F in the
Notched and Unnotched Conditions,

Heat No. V-3016

Sheet thickness:

40 mils

Heat treatment: 1850°F, 1/2 hr, A. C. + 1450°F, 1/4 hr. A, C.
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Figure 91, S-N Curves of the Ti-8A1-25n-4Zr-2Mo Alloy Sheet at 400°F in the
Notched and Unnotched Conditions ,

Heat No., V-3016
Sheet thickness: 40 mils
H eat treatment: 1650°F, 1/2 hr, A. C, + 1450°F, 1/4 hr, A, C.
Alternating Stress
Mean Stress
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~
* e

ractures
-4Zr-2Mo Alloy Sheet at 800°F in

F
the Notched and Unnotched Conditions
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Alternating Stress
Mean Stress

Heat No, V-3016
Sheet thickness

Figure 92, S-N Curves for the Ti-6A1-25n
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Fracture Toughness

Fracture-toughness data for the sheet alloys are given in the following
tables:

Alloy Tables
Ti-5A1-5Sn-5Zr 19, 65, 66
Ti-5A1-5Sn-5Zr-1Mo-1V 19, €5, 66
Ti-6A1-25n-4Zr-2Mo 19, 65, 66

Tables with numbers underiined are in Appendix I

In most of the tests on the titaniurn sheet alloys, gross yieliing occurred
across the supporting section of the specimen in advance of the extension of the
crack, Calculation of the fracture toughness para-ieters—K, or K;:~-in such
instances leads to invalid results in that the values obtained from these caiculza-
tions consideraklly underestimate the true fracture toughness of the materiat,
This is so because the crack-tip plastic zone size is actually much larger than
that provided for in the calculation for the fracture toughness parameters, A
plastic zone correction term, which would not appreciably alter the results ob-
tained, was not included in the equations for calculation of the fracture tough-
ness. One criterion that has been used to judge the validity of fracture tough-
ness measurements is the ratio of the net stress (calculated from the load used
in the fracture toughness calculation) to the yield strength, ® According to this
criterion, the ratio ((7 net/Fty) should not exceed 0, § for the calculated factor

to be valid. As shown in Tables 65 and 66 the ratio was generally greater than
0. 8 for the sheet a™"oys.

Stress-Corrosion

Data relating to the stress corrosion of the sheet alloys may be found
in the following tables and figures:

Alloy ."igures Tables
Ti-5A1-5Sn-5Zr 95, 96, 97 20, 67
Ti-5A1-5Sn-5Zr-1Mo-1V 98, 99, 100 20, 68
Ti-6A1-2Sn-4Zr-2Mo 101, 102, 103 20, @

Tables with numbers underlined are in Appendix I

Results of the preliminary stress-corrosion tests to determine the mini-
mum temperature at which stress corrrsion would occur are summarized in
Table 20, As this table shows, the lowest temperature at which stress-corrosicn
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Table 19
Summary of Apparent Fracture Toughness of the Sheet Alloys

Notice: Gross yielding cccurred in tests at 400 and 70° F,
and to some extent at -110° F, such that the true
fracture toughness is not represented by data given
in this table,

Orien- Temp., Kpc® ch
Alloy tation °F ksi in, ksi Jin.

Ti-5Al1-55n-5Zr L 400 35.9 x
Ti-5A1-5Sn-5Zr L 70 51,3 x
Ti-5A1-5Sn-5Zr L -110 61.5 118, 2
Ti-5A1-5Sn-5Zr T 400 35. 17 <
Ti-5A1-5Sn-5Zr T 70 48.9 x
Ti-5A1-55n-5Zr T -110 60.6 125,17
Ti-5A1-55n-5Zr-1Mo-1V L 400 44,5 x
Ti-5A1-55n-5Zr-1Mo-1V L 70 57.2 97.5
Ti-5A1-5Sn-5Zr-1Mo-1V L -110 64. 8 109.0
Ti-5A1-55n-5Zr-1Mo-1Vv T 400 46. 3 x
Ti-5A1-5Sn-5Zr-1Mo-1Vv T 70 56.0 95.6
Ti-5A1-5Sn-5Zr-1Mo-1V T -110 52,7 107. 9
Ti-6A1-2Sn-4Zr-2Mo R 400 48.6 x
Ti-6A1-2Sn-4Zr-2Mo L 70 59,1 106.5
Ti-6A1-2Sn-4Zr-2Mo ; 5 -110 63.3 114, 3
Ti-6A1-2Sn-4Zr-2Mo T 400 41,5 x
Ti-6A1-2Sn-4Zr-2Mo T 70 95,8 99,7
Ti-6A1-2Sn-4Zr-2Mo T -110 62.6 107.9

a  Stress intensity factor reported as K., rather than as K., be-
cause pop-in was not observed and calculation was based on load
deviation from linearity.

b "x'" denotes that K. could not be calculated because of gross slow
crack extension of the specimen,
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embrittlement occurred was 500° F for the Ti-5A1-5Sn-5Zr-1Mo-1V and Ti-
6Al1-2Sn-4Zr-2Mo alloys and 600° F for the Ti-5Al1-5Sn-5Zr alloy.

The residual yield and tensile strength of the Ti-5A1-ESn-8Zr-1Mo-1V
and Ti-6A1-25n-4Zr-2Mo alpha-beta alloys are summarized in Figures 28 and
101, where these properties are shown as a function of the time-temperature
parameter, T(20 + log t110-%, in which T is the expusure temperature in degrees
Rankine and t is the exposure time in hours, This parameter was srbitrarily
chosen for presentation of the data on the logic that stress-corrosion is a
temperature-time rate phenomenor:,, As these figures show, the strength pro-
perties of these allcys did not decrease as a direct function of the severity of
the stress-corrosion environment (time-iemperaturej except in those instances
(shovr: by shaded data points on the graphs) where the stress-corrosgion attack
was so severe that fracture in thetensile tests occurred at very low deforma-
tion levels, The data in Figures 98 a.d 101 indicate that the residual yield
strength of the Ti~-5A1-5Sn~-5Zr-1Mo-1V and Ti-6A1-2S1-4Zr-2Mo alloys decreased
as a function of the exposure siress, In contrast, both the yield und tensile
strengths of the all-alpha alloy decreased appreciably with the more severe
exposure conditions and there was no apparent relationship between the residval
strength and the exposure stress, as may be seen in Figure 95, As Figures 96,
99, and 102 show, the residual tensile ductility decreased as the stress-corrosion
time and temperature increased. The photomicrographs in Figures 97, 100
and 103 show representative examples of the corrosive attack on each alloy at
different stress-corrcsion conditions, Photomicrographs were not obtained for
conditions where visible evidence of corrosion was not found in microscopic
examination of samples.

Dynamic Mcdulus

Figure 104 and Table 21 show the average dynamic moduli for
longitudinal and transverse directions of the sheet alloys as functions of
temperature. The dynamic moduli decreased with temperature to about
the same level observed in the tensile tests (11 x 10° psi to 12 x 10° psi
at 1000° ).
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Figure 99, Ductility of Ti-5A1-5Sn-5Zr-1Mo-1V Alloy Sheet after Stress-
* Corrosion Exposure at Different Times, Temperatures, and
Stresses to Dry Sait,

Heat No. V-2057
Sheet thickness: 40 mils
Heat treatment; 1550° F, 1/2 hr, A,C, + 1400° F, 1/4 hr, A.C,
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Figure 102, Ductility of the Ti-6Al-2Sn-4Zr-2Mo Alloy Sheet After Stress-
Corrosion Exposure at Different Times, Temperatures, and
Stresses to Dry Salt,

Heat No, V-3016
Sheet thickness: 40 mils
Heat treatmenti; 1653° F, 1/2 hr, A.C. + 1\450" ¥, /4 hr, A, C,
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700° F, 100 hr, 609 Fiy 800° F, 100 hr, 607 Fiy

Figure 103, Stress-Corrosion Damage to the Ti-6AI-2Sn-4Zr-2Mo Alloy Sheet
after Exposure to Different Temperature-Time-Stress Conditions

Heat No, V-3016
Sheet thickness: 40 mils
Heat treatment: 1650° F, 1/2hr, A,C, + 1450° F, 1/4hr, A,C,
All specimens etched in 1 ml Hf + 2 m] HNO, + 98 ml H,0
and photographed at 750X,
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The Dynamic Moduli of Elasticity at Different Temperatures
of Three Titanium Alloys in the Form of Forty-Mil Sheet

Alloy

Ti-5Ai-5Sn-5Zr2

Table 21

Ti-5A1-55n-5Zr-1Mo-1v® 14,52  13.16

- Ti-8A1-2Sn-4Zr-2Mo®

b

® Heat No, D-8080, ijcat treatment: 1650° F,
Heat No, V-2957, Heat treatment: 1550° F,

€ Heat No. V-3016, Heat treatmeat: 1650° F,
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— E, 10° psi
70° F 400° F 300°F = B00° F 1000°F
14,45 13.25 13.22 11,76 10, 92
12,42 11,86 11.07
15, 4% 14. 39 13.75 13.14 12,58
1/2 hr, A.C.
1/¢ hr, A.C, +
1400° F, /4 hr, A.C.
1/2 hr, A.C. +
1450° F, 1/4 hr, A.C.
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Bar Alloxs

Tensile

The following tables and figures show results of tensile tests on the
bar alloys:

Alloy Figures Tablee

Ti-5A1-5Sn-5Zr 105, 106, 107, 111, 112, 113 22, 24, 25, %0, 71, T4
Ti-679 108, 109, 110, 111, 112, 113 23, 24, 25, T3, 73, W

Tables with numbers underlined are in Appendix I

As Figures 111 and 112 show, the tensile strength properties of the alpha-
beta Ti-679 alloy are considerably higher than those of the all-alpha Ti-5Al-5Sn-
5Zr alloy bar up to 10U0° F, The strength properties of the Ti-679 alloy were also
greater than those of the comparative alpha-beta alloy (Ti-6A1-4V), and the Ti-5Al-
5Sn-5Zr alloy bar had higher strength than the comparative all-alpha alloy {Ti-
5A1-2, 5Sn).

Table 24 shows the results of the precision-modulus-of-elasticity mea-
surements on the bar alloys at room temperature, The results of these tests
and the modulus of elasticity as measured fron the recorded stress-strain curves
in the tensile tests indicate that the modulus of eiasticity of the Ti-679 alloy at
room temperature may be slightly higher than that of the Ti-5A1-5Sn-5Zr alloy.

Results of notched tensile tests on the bar alloys are given in
Table 25,

Compression

The tables and figures listed below show deta on the compression properties
of the two bar alloys:

Alloy Figures Tables

Ti-5A1-5Sn-5Zr 114, 115, 117 26, 75
Ti-679 114, 116, 117 25, E

Tables with numbers underlined are in Appendix I

Compressicn dala given in Figure 117 for the two bar alloys evaluated in
this program show that the Ti-879 bar has higher compressive sirength than the
Ti-6A1-4V alloy selected for comparison,

144




Table 22

Summary of the Averages and Standard Deviations for the
Tensile Properties of the Ti-5A1-5Sn-5Zr Alloy Bar at
Different Temperaturesa’ b. ¢

Heat No, D-8060

Temp. Fiv, ksi Fiy, ksi e, % R.A., % Ey, 10° psi
°F_ Avg. 8 Avg. 8 Avg. s Avg. 8 Avg. 5
70 122.¢ 0.9 130.1 1.4 16.0 0.9 38.8 2.4 16.5 ¢.5
409 80.4 0.7 94.86 0.9 20.5 1,6 44,6 1.8 15.4 0.9
600 7.8 1.6 86.2 0.9 21.1 2.1 46.8 2.3 14,6 1.6
800 59.8 1.9 79.9 0.9  28.4 1,5 51.1 1.7 13.3 0.8
1000 58.1 1.6 75.8 0.8 22,8 1.1 51.2 1.5 11,9 0.6

Heat No, D-1793

Temp, Fi,, ksi Fy,,, ksi e, % R.A., % E;, 108 psi
°F _ Avg. _8  _Avg, s Avg, B Avg. a5 Avg, S
70 116.5 1.4 122.7 1.2 17.1 1.2 40,1 1.0 16.6 0.2
400 81.3 0.8 5.5 0.3 21,3 0.5 45,8 0.8 16.7 1.5
600 67.7 0.6 87.8 0.6  23.3 0.5 49,1 0.7 14.5 i.1
800 61,6 0.4 81.4 0.5 27,3 0.5 52,2 0.8 14.5 1.1
1000 59.9 0.5 7.7 0.4 22,7 0.7 25 0.9 12.1 1.0

|
]
i

a Averages and standard deviations are based on 10 evaluations at each temperature,
b Heat treatment: 1650° F, 2 hr, A.C.
c Section size: 1/2 in, x 1-1/8 in,
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Table 23

O

Summary of the Averages and Standard Deviations for

the Tensilv Properties of the Ti-879 Alloy Bar at Di!-
a2,b,c

ferent Temperatures

Heat No. D-T274

Temp.,  Fyy, K&l Fy.,, ksl e, % R.A., % _E;, 108 pai
*F Avg. 8 Avg., 8 Avg, 8 _ Avg. 8 Avg, 8
70 138,86 2.4 148.6 1.9 14.4 0.5 42,9 2.4 15.2 0.3
400 100.3 2.4 12¢,5 2,3 15,17 1.2 48.8 1.9 14.6 0.8
60C 89.8 1.7 114,1 1.9 13.9 0.7 48.9 3.4 13.7 0.6
800 83.1 1.8 108.8 1.7 15.4 0.9 49,2 2.1 13.3 0.4
1000 7.4 2.0 99.7 1.9 17.3 0,7 56.5 4,: 12,3 0.7

Heat No, D-8427

Temp, Fiy, ksi Fi,. ksi e, % R.A., % E;, 10° psi
_'_E_ Avg, & Avg, 8 Avg, 8 Avg. 3 Avg, 8
70 131.0 1.9 142,98 1.5 12,2 V.4 42.4 2.5 15.3 0.1
400 06.5 2.4 116.7 1.6 13.8 0.6 48,7 2.4 14,0 0.9
600 85,7 2.2 108,3 1.7 13.1 0.6 48,2 3.1 13.9 0.6
800 81.5 2.1 104,6 1.8 14,3 1.2 50,3 3.5 13.0 0.4
1000 4.0 1.9 97.2 1.1 15.5 0.7 54,3 3.0 12,3 0.9

a Averages and standard deviations are based on 10 evaluations at each temperature,
b Heat treatment: 1650° F, 2 hr, A.C, +930° F, 24 hr, A.C.
¢ Section size: 1/2 in, x 1-1/8 in,
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of Titanium Bar Alloys Evaluated in this Program with Data
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Feferenced Data
a - MILHDBK 5,
b - MILHDBK 5,
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Table 24

Precision Mcdulus of Elasticity of the

Bar Alloys at Roorn Temperature?: b, ¢
Mecdulus of
Elasticity,
Alloy 10° psi
Ti-5Al-85n-5Zr 16, 563
Ti-679 15, 806

a  Section size: 1/2in, x 1-1/8 in,

o) Heat Nos,

Ti-5A1-5Sn-5Zr: D-8080
1T1-579: D-7274

o Heat treatment:

Ti-5A1-5Sn-5Zr: 1650° F, 2 hr, A.C.
Ti-679: 1650° F, 2 hr, A.C, +
930° ¥, 24 hr, A.C.
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Table 25

Summary of Averaged Notched ’gensile
Strength of the Bar Alloysa’ »©

Temperature, ° F

i) 500
“Ti-5A1-5Sn-5Zr 199.0  140.6  115.€
Ti-679 218,7  175.6  164.3

r

a Section size: 1/2 in, x 1-1/8 in.

b Heat treatment:
Ti-5A1-5Sn-5Zr, 1650 F, 2 hr, A.C.
Ti-679, 1650°F, 2 hr, A.C. +
930°F, 24 hr, A.C,

¢ Notched 45°, 0,010 in, radius, 0, 187 in.
minimum dizameter to produce K, = 3.
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Table 26

Summary of Averages and Standard Deviations for the
Compression Properties at Different Temperatures %f
the Ti-5A1-5Sn-52r and Ti-879 Alloys in Bar Form

Ti-85A1-5Sn-3Zr (Heat No, D-8060)

Fgy, ksi E., 10° psi

Temp, * F Avg. 8 Avg. _8_
70 126.9 3.1 12.4 0.3
400 86.9 3.5 14,2 0.1
600 73.5 2.8 13.3 0.2
800 64.8 3.0 12,6 0.2
1000 64.3 2.5 11,8 0.2

Heat treatment: 1850° F, 2 hr, A.C.

Ti-678 (Heat No. D-7274)

Fey, kai Eg, 10° psi
Temp, * F Avg, 8 Avg. 8
70 140.2 1.7 14,5 0.2
40C 104.4 3.8 13.8 0.2
600 93.3 1.0 12,9 0.2
800 87.90 1.5 12,0 0.1
1000 80.2 i,1 1.5 0.2

Heat treatment: 1650°F, 2 hr, A.C, + 930° F, 24
hr, A.C.

® Section size: 1/2 in. x 1-1/8 in,
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Figure 117, Comparison of the Compressive Properties of Titanium Alloy




Shear

Data on the shear strength of the Ti-679 and Ti-5A1-5Sn-5Zr bar al-

loys are given in tables and figures as shown below:

Allgl Figures Tables
Ti-5A1-5Sn-5Zr 118, 120, 121 27, 17
Ti-679 119, 120, 121 27 '_73

Tables with numbers underlined are in Appendix I

The ultimate shear strengths of the bar alloys were about 0.7 to
0. 8 of their respective tensile strengths at room and elevated temperatures.

Thermal Exposure

Data for tensile and hardness tests subsequent to thermal exposure
are given in tables and figures as shown belcw:

Alloy Figure Tables
Ti-5A1-55n-5Zr 122 79, 80
Ti-679 123 7, 81

Tables with numbers underlined are in Appendix I

No significant change in tensile properties was observed, either in
tests at room temperature or at the exposure temperature, which indicates
that the tensile properties of th2 bar alloys were not adversely affected by
thermal exposure,
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Table 27

Summary of Averages and Standard Deviations for the

Ultimate Shear Strength at Differetg Temperatures of
Two Titanium Alloys, Bar Form?:

Ti-5A1-55n-52r Ti-679

Temp, Fgu, ksi Foy, ksi
°F Avg. 5 Avg, S
70 i02.9 3.9 106, 5 3.8
400 76.7 1.7 85.6 3.8
600 70, 2 2,86 80.8 1.5
800 65,3 1.3 17.4 1.6
1000 61.5 9.3 72,3 2.6

a Section size: 1-1/8 in, x 1/2 in,
b Heat treatments:
Ti-5A1-5Sn-5Zr, 1650° F, 2hr, A.C,
Ti-679, 1650° =, 2 hr, A, C, + 930° F, 24 hr, A.C.
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Creep

.he results cfcrecp tests on the bar alloys are given in the tables and
figures as shown belocw:

Alloy Figures Tables
Ti-9A1-55n-5Zr 124, 125, iz, 127, 132, 133 82
Ti-679 128, 129, 130, 131, 132, 133 83

Tabhles shewn are in Appendix I

Comparative creep data at the 0, 1% and 0, 5% deformation, in Figures
132 and 133 respectively, show that the creep strength of the Ti-679 alloy is
superior to that of the Ti-5A1-5Sn-5Zr alloy at low parameter values, but the
relative creep strength of the two alloys reversed for higher values of the
time-temperature parameter., Both bar alloys evaluated in this program had

higher creep strength than the comparative alloys for which data are shown
in Figures 132 and 133,

Impac*

Data for the impact tests on the two bar alloys are given in Tables 28
and 29 and Figure 134, The results of individual tests are shown in Tables 84
and 85 in Appendix I, The impact strength of the alloys was comparable at
room temnerature, but at elevated temperatures the Ti-5A1-5Sn-5Zr had
higher impact strength than the Ti-679 alloy.

Fatigue

Results of the fatigue tests on unnotched and notched specimerns of the
two bar alloys are shown in the following tables and figures:

Alloy Figures Tables
Ti-5A1-5Sn-5Zr 135, 136, 137, 138, 139 86
Ti-679 140, 141, 142, 143, 144 87

Tables are in Appendix I
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Figure 132, Comparison of Creep Strength at 0, 1% Creep Deformation of Titanium

Bar Alloys Evaluated in this Program with Data from the Literature
for Other Titanium Alloys

Referenced Data

a - Aerospace Hdbk, Vol I, Code 3707, p 13
Properties of Ti-8A1-4V, TMCA

b - Aerospace Hdbk, Vol II, Code 3706, p 7
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Stress, ksi
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Figure 133, Comparison of Creep Strength at 0, 5% Creep Deformation of Titanium
Bar Alloys Evaluated in: this Program with Data from the Literature
for Other Titanium Alloys

Referenced Data

a - Aerospace Hdbk, Vol II, Code 3707, p 13
Properties of Ti-8A1-4V, TMCA

b - Aerospace Hdbk, Vol II, Code 3706, p 7
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Table 28

Averaged Impact Strength for lghe
Ti-5A1-55n-52r Bar Alloy 2P ¢

Impact

Temp., Strength
°F ft-1b
70 11.5
400 21.7
600 30. 8
800 42,7

a Heat No, D-8060
b Section size: 1/2 in, x 1-1/8 in,
C  Heat treatment: 1650° F, 2hr, A.C,
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Table 29

Averaged Impact Strength for
the Ti-679 Bar Alloy & b, ¢

Impact

Temp, , Strength
°F ft-1b
70 14,3
400 17.6
600 24.5
800 30. 1

R U

a Heat No, D-7274

b Eaction size: 1/2in, x 1-1/8 in,

¢ Heat treatment: 1650° F, 2 hr, A,C.
+930° F, 24 hr, A,C,
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Figure 134, The Effect of Tewnperature on the Impact Strength
of the Ti-5A1-55n-5Zr and Ti-679 Bar Alloys

Heat treatment and heat number
Ti-3A-55n-5Zr: 1650°F, 2 hr, A. C., D-8060
Ti-679: 1850°F, 2 hr, A. C. + 930°F + 24 hr,

A.C., D-T274
Section: 1/2in. x11/8 in,

183




$S3J1§ Ued |
§$3115 BunjeuIAY

=V

‘D 'Y 'ay g ‘de0591 jusunieady (23
‘ur Z/1X “uy g/1 I :STIS UOHIIAG
0908-C 'ON e3H

SUOIIPUOD PRYdI0UU[) PUE PAYDIION
3yl Ul Jq,0L 3 Jeg AO[iv I7Z¢-uSG- TVG-1L 2 10} $3AIND N-S ‘SET 3anfryg

aanioea q 03 Sa[24D

(114

001

o1t

ISY ‘SSaJIS WnWiIXe|y

184




T T : T
EE F r. 3 == = = = ..m
(R ES i T = e SEEsn=ass
= EERET E 2 |. Il‘ln.u.l - - L= 3 - — — - I||—.
g SEEEEEEESEEIRSSEES FEESSSESSSS=SS = i RES RS 2E
3 = = - Jw. == == = === ....|||H..v. = s : -+ e
PR R e e e R e 52 22
S Wi ol S il 54 28 G A D 0 - 3311 RIS AT T T ]
e i 4 704 2 et 2 . o D ¢ = o 15 0 6 2 2 o0 G . 26 i +
r i =X b =4 = =
a3 4 EE=E 4t =
.m. I,M.l 1+ EEE== .n"m :H.l..r..a
w. 1 SXESE = = o B
1 gs: 2 gzziss
3 b o e o i o
SERE R n S a H
++++4-+4-+ + - . < =
L€ .o B 4D i ) B
K £ -
o = 8
28 8 5 SEE .
- 3 0- A
2% T F =
+H = 2 < = = = = = =
§8R5EEaz501 5 S5 A
w,... PP T 3
3t~ SEFSSss= =
41 e - 3 3
— LY = -
4 umH - 11 3 1 1
K e o 3 w: -
L o -
- = = = =
ESE = 2555588
) St RS REEnEasiin e nn
g < I.L.‘. ! -CEE=SECES==E= ==EES= Z=
: = =
i =SESSSZEESE E=EEaEREE i
o 0 o 53 D O 0
11 B i R S T

100

sy

3438 WNWIXeN

30

10

10° 107 i0°
Cycles o Fracture

10°

10*

Figure 136, S-N Curves for the Ti-5A1-55n-5Zr Alloy Bar at 400° F in the Notched and

Unnotcked Conditions
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Cycles to Fracture

Figure 140, S-N Curves for the Ti-679 Alloy Bar at 70° F in the Notched and Unnotched Conditions.

Heat No. D-7274

Section size: 1-1/8 in, x 1/2 in,

1650°F, 2hr, A.C, +930°F, 24 hr, A.C.

Alternating Stress

Ao
Py

Heat treatmen

A .

Mean Stress

189




140

T . i T T i
"I i 1 :
I: o1 ! : 1 Ji "
120 - ;Iff: —+ 'I !
] i o H
T i B u
N : { I W 3
100 ||. i 1
TI | i o . ! A= 0. ﬂ'!" Kt = 1 i
ki i war 2
il ! 1 T 1 "
E i ; [ 1 H 1
| Ey g ot
80 —I"-t, : : ' .‘
V; i) I 1 1 g 7 !
5’2 } siBil 4 I l' :‘ I ) ik \ i “:“
& e il I .
1%} i i A
1 1 ) 1 i [
gf’" f AL L A -, K- 1 '
ann 1 i R ) - )
4 i i i 2
= f 11
1 i |n| i K 11 'K
40 I = : A=0.67, Ky = 3 -'
I 4 t A . " o R
i ‘ 4 I I 11 .
I ) 11
i ' : i 1 i
i t i A= 00, Kt = 3 L ‘:
20 ; it
I
i T
; I ‘“ t
0
104 108 10° 107 108

Cycles to Fracture

Figure 141, S-N Curves for the Ti-679 Alloy Bar at 400° F in the Notched and Unnotched Conditions,

Heat No, D-7274
Section size: 1-1/8 in, x 1/2 in,

Heat treatment: 1650°F, 2 hr, A.C, + 930° F, 24 hr, A.C.

A i Alternatingﬁtress
Mean Stress
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Tigure 142, S-N Curves for the Ti-678 Alloy Bar at 800° F in the Notched and Unnotched Conditions.

Heat No. D-T274

Section size: {-1/81in, x 1/2 in,
Heat treatment: 1650°F, 2 hr, A,C, + 930° F, 24 hr, A.C,
A . Alternati&g Stress

Mean Stress
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The constant-life fatigue diagrams (Figures 135 and 140) show that the
Ti-679 alloy had higher fatigue strength than the Ti-5A1-5Sn-5Zr alloy in the
unnotched conditicn, Figures 136 and 141 show that the fatigue strength of the
Ti-679 bar was aiso slightly higher than that of the Ti-5A1-5Sn-5Zr bar in the
notched condition,

Fracture Toughness

Values of the apparent fracture toughness for the bar alloys are given in
Table 30 and Table 88 (Appendix I). As was the case for the sheet alloys, gross
plastic yielding in advance of the crack occurred, whkich prevented calculation of
the true fracture toughness, Tables 30 ard 88 are clearly marked to indicate
that the calculated values represented only the apparent fracture toughness., The
criterion® that has been used to judge the validity of the calculated plane-strain
fracture toughness for a single-edge-notched specimen is that the nominal stress
at the crack tip (0 nom) should not exceed the yield strength, As Table 88 shows,
o nom/Fty was generaily greater than 1.0, indicating that the calculated values
are not representative of the true fracture toughness of the bar alloys.

Dynamic Modulus of Elasticity

The dynamic moduli of elasticity of the bar alloys is shown by data in
Table 31 and Figure 145,

These data are in agreement with the precision modulus of elasticity de-
terminations and the moduli as deteirmined from the tensile stress-strain curves,
in that the modulus of the Ti-679 allcy appears to be slightly lower than that of
the Ti-5A1-5Sn-5Zr bar at most temperatures.
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Table 30
Summary of Apparent Fracture-Toughness of the Bar Alloys

Notice: Gross yielding occurred in tests at 400 and 70° F,

and to some c¢xtent at -110° F, such that the true

fracture toughness is not represented by data given

ndiisiable.
a

Temp., Kne __

Alloy °F ksi \fin,
Ti- 5Al1-55n-52r 400 49.4
Ti-5A1-5Sn-5Zr 70 69. 1
Ti-5A1-55n-5Zr -110 55.7
Ti-679 400 54. 8
Ti-879 70 60. 8
Ti- 679 -110 52.17

a Stress intensity factor reported as K,c» rather
than Kjc, because pop-in was not observed and

calculation was based on load deviation from
linearity.
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Table 31

The Dynamic Moduli of Elasticity at Different Temperatuges
of the Ti-5A1-55n-5Zr and Ti-879 Alloys in Bar Form

E, 10° pai
Alloy T° F 400" F 800" F B0 F 1000 F

Ti-5A1-5Sn-5Zr®  16.88  15.56 14. 65 13.75  12.75

Ti-679° 15.37  14.09 13.47 12.64 11,91

8 gection size: 1/2 in, x 1-1/8 in.
b Heat treatments:
Ti-5A1-5Sn-5Zr;: 1650° F, 2 hr, A.C,
Ti-679: 1650° F, 2 hr, A.C, + 930° F, 24 hr, A.C.
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RYESULTS OF THERMAL-PROPERTY TESTS

Thermal Conductivity

The thermal conductivities of the titanium alloys are showr 'n Figurer
146 through 150; the data are given in Tables 89 through 93 in App=-dix II, and
the conductivities of all the alloys are shown in a composite plot in Figure 151,
The conductivities increased with increased temperature from about 52 to 57
Btu/hr /ft?/° F /in, at 100° F to from 88 to 93 Btu/hr /ft?3/° F /in, at 1000° F.
The conductivity of Ti-679, as seen in Figure 150, agrees well above &£00° F ‘
with a curve from the Titanium Metals Corporation of America Liwerature but
is higher ati the lower temperatures. Also shown in Figure 151 is the range |
of data for seven titanium alloys containing from 4% ¢o 8% aluminum pluc
small percentages of various other elements as compiled by the Armour Ra-
search Foundation and reported in WADC-TR-58-476. The conductivities of
these four alloys were within the range shown except at above 900° F, where {

|

they were siightly lower, There was no difference in the conductivity of the
Ti-5A1-5Sn-5Zr in bar and sheet form,

Thermal Expansion

The thermal expansions of the alloys are shown in Figures 152 through
159 and the data are given in Tables 94 through 101 in Appendix II, No dif-
ferences in thermal ¢ <pansion were detected between the alloy Ti-5A1-5Sn-5Zr
in bar form and in sheet form, and no differences were detected in the ex-
pansions parallel and transverse to the rolling direction of the sheet materials,
The total thermal expansion of all the materials from room icmperature to
1000° F was about 5 x 1073 in, /in. and the coefficients of thermal expansion
near 700° F were from 5.5 to 5.8 x 107 in, /in. /° F. A composite plot of
the thermal expansions of the four allovs is given in Figure 160,

Literature values for the coefficients of thermal expansion from room

temperature to about 500° F of similar alloys range generally from 5 to 5.7
x 10~% in, /in, /° F.
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Heat No, V-2957
Sheet thickness: 40 mil
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Heat No, D-7274
Section size: 1/2 in, x 1-1/2 in,
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Figure 160, The Thermal Expansions of Four Titanium Alloys.
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Specific Heat

The enthalpies and heat capacities of the four alloys are given in
Figures 161 through 164 and the data are given in Tables 102 through 106
in Appendix II. A composite plot of the heat capacities is given in Figure
165. The heat capacities of the four alloys ranged from about 0.12 to 0, 13
Btu/1b/° F from 100° F to 500° F, increasing slightly above 300° F. At
1000° F the heat capacity of the Ti-679, Ti-5A1-5Sn-5Zr, and Ti-5Al1-5Sn-
9Zr-1Mo-1V ranged from 0, 14 to 0, 15 Btu/lb/° F and the heat capacity of
the Ti-5A1-2Sn-4Zr-2Mo was about 0, 17 Btu/1b/° F.

The heat capacities at room temperature for the four alloys as calcu-
lated from heat capacities and the weight percentages of the alloying elements
agreea well with the measured values, The calculated heat capacities were
as follows: Ti-679, 0,115 Btu/1b/° F; Ti-5A1-5Sn-5Zr, 0.122 Btu/1b/° F;
Ti-9Al1-3Sn-5Zr-1Mo-1V, 0,122 Btu/1b/° F; Ti-6A1-2Sn-4Zr-2Mo, 0.125
Btu/lb/° F. These values all fall in the range of measured heat capacities
from 0,12 to 0.13 Btu/1b/° F.

The enthalpy and heat capacity curves shown represent the best fit of
the data by the graphical and least squares methods, The equations for the
four alloys are given below,

1. Alloy: Ti-679

hgs = 117 x 1073T + 71,8 x 107772 + 30,8 x 102T"* - 71.8
HC = 117x 10-3+ 142.6 x 107°T - 22,9 x 10272

2.. Alloy: Ti-5A1-58n-5Zr

1.46 x 10737 + 501 x 10-7T® - 285 x 10T ' + 36. 4
1.46 x 1073 + 1002 x 10" "T + 251 x 10T 2

higg
HC

3. Alloy: Ti-5A1-55n-5Zr-1Mo-1V

hgs = -T1.8& x 10T + 732 x 1077T* - 488 x 10°T "' + 107
HC - -71.8 x 107% + 1464 x 107"T + 426 x 1027

4, Ailoy: Ti-6A1-2Sn-4Zr-2Mo

hgs = -143 x 10"3T + 1078 x 10°"T2 - 575 x 102T"" + 151
HC - -143 x 107 + 2156 x 10~"T + 519 x 102T"
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Figure 161, The Enthalpy and Heat Capacity of the Titanium Alloy Ti-5A1-55n-57r in Bar
and Sheet Form

Heat No., D-8060
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Sheet thickness: 40 mil

Heat treatment: .
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Bar - 1650° F, 2 hr, A.C,
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Heat No. D-7274
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The temperatures (T) in these €quations are in degrees Rankine, and the
equations are limited to a temperatare range from about 150° F to about
900° F, The enthalpies and heat capacities calculated using these equations
are also plotted in Figures 161 through 164 at Several temperatures,
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CONCLUSIONS

The data developed in this investigation were analyzed by the normal
statistical techniques used to establish mechanical-property design allowakbles
for MIL-HDBK 5% and the results of these computations are given in tables
32 - 35 for the different alloys. It is recognized that the numbers of tests and
heats upon which these computations are based is not sufficient for inclusion of
these data sheets in MIL-HDBK 5 and these values may change as additional
data become available, These values are intended to serve as a means for

comparing these alloys with competitive alloys presently in MIL-HDBK 5 on
the most realistic basis possible,

In all of the mechanical strength properties for which data are given
in Tables 32 - 35, the strength of the alpha-beta sheet alloys (Ti-5A1-5Sn-5Zr-
1Mo-1V and Ti-6A1-2Sn-4Zr-2Mo) are, as expected, highker than those of the
all-alpha alloy (Ti-5A1-5Sn-5Zr). The derived design allcwable for the ulti-
mate bearing strength at e/D = 1,5 of the Ti-5A1-5Sn-5Zr alluy - ieet is,
however, comparable to the two alpha-be‘*a alloys. In general, the apnarent
design allowables of the Ti-5A1-5Sn-5Zr-1Mo-1V sheet were slightly higher
than those of the Ti-0Al-2Sn-4Zr-2Mo,

Among the other properties not included in Tables 32 - 35 for which
significant differences in the sheet were noted were creep, axial fatigue, and
stress corrosion., The all-alpha alloy sheet, Ti-5A1-5Sn-5Zr, had superior
creep strength to the two alpha-beta alloys, However, the creep strength of
the Ti-6Al1-2Sn-4Zr-2Mo alloy was high relative to the Ti-5Al-5Sn-5Zr-1Mo-
1V alloy. The fatigue strength of the Ti-6A1-2Sn-4Zr-2Mo alloy was, in
general, slightly higher than for the other alloys. In stress-corrosion the
preliminary tests indicated that the susceptibility temperature for stress-
corrosion of the Ti-5Al1-5Sn-5Zr alloy (500° F) was about 100° F higher than
for the alpha-beta alloys (500° F), However, results of residual tensile tests
on the sheet alloys showed that the tensile strength properties of the Ti-5Al-
9Sn-5Zr alloys were depreciated to a greater extent by stress-corrosion ex-
posure than were the properties of the alpha-beta alloys.

Of the bar alloys, the Ti-679 alpha-beta alloy had generally higher
properties, as shown in Tables 32 and 35, than the Ti- 5A1-5Sn-5Zr bar.

However, at high temperatures the creep strength of the Ti-5A1-5Sn-5Zr
bar was higher than that of the Ti-679 alloy.

There were no significant differences in the thermal properties

(thermal conductivity, thermal expansion, and specific heat) of the four
titanium alloys evaluated.
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Table 32

Design Mcchanical and Physical Properties for Ti-5A1-55n-5Zr

i 'm Sheet and bar
Condition Solution annealeclEl
Thickness or dia, ia. 0. 040 1/2x 1-1/8
Rasis AP 8" AP BP
Mechanical properties:
Ftu’ ksi
L 124 125 122 124
T 122 123
Fty' ksi
L 115 116 116 117
T 115 116
Fey, ksi
L 110 111 117 11%
T 115 116
F_.., ksi
ki I 84 85 86 87
T 90 91
F ksi
b s
Eiv: 1.5 L 188 189
T 201 203
(e/D:2.0) L 200 202
T 214 216
F, _, ksi
%p . 1.5) L 148 149
T 164 185
(e/D=2.0) L 189 171
T 192 194
e, per cent
In 2 in, L 12 13
T 14
E, 10°® psi 16,1
Eq, 108 psi 15.0

Physical properties:

C, Btu/(b) (" F)
K, Btu/[(hr)(ft3)(°¥)/fy
a, 107%in, /in, /°F

0.12 between 100 - 500° F
4,6 at 100° F
5.6 between 200 and 1000° F

a Hcat treatment: Sheet, 1650° ¥, 1/2 hr, A.C.

Bar, 1630°F, 2hr, A.C.
b Tentative A and B values not apprcved for MIL-HDBK-5, For compari-

son purposes only..
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Table 33

Design Mechanical ard Physical Properties for Ti-5A1-5Sn-5Zr-1Mo-1V

Form Sheet
Condition Solution-annealed and hot—sizeda
Trickness or dia, in, 0. 040
Basis A 2 Bb
Mechanical properties:
F, , ksi
e L 143 145
T 141 144
F, , ksi
= L 132 134
1y 132 134
Fcy' ksi L 131 133
T 135 141 .-
Fgy, ksi L 102 193
T 104 106
Fb , ksi |
e/D - 1.5 L 208 211
T 213 216
(e/D-2,0) L 198 | 202
T 249 254
Fb"'y' ksi
/D =15 L 186 | 152 .
T 180 | 184 I
i
(e/D=2,0) L 143 1 146 |
20 | z14 i
! 1
e, per cent | |
In 2 in, L 9 ! |
T 8 I |
E. 10° psi 15.0 I
Ee» 10° osi 14.8 ;

Physical properties:

C, Btu/(1b)(°F)
K, Btufp (tr){f£%)(° F)/ft)
e, 10°%in, /in. /°F

U. 12 between 1060 ond 500° F

4,3 at 100° ¥

5.7 between 200 and 1000° F

e, i om

-

s T

AR W ek

a Heat treatment: 1550°F, 1/2 hr, A.C. + 1400° F, 1/4 hr, A,C.
b Tlentative A and B values not approved ‘or MIL- HDBK-5. For compari-
gon purpases cnly.
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Tabhle 34

Desigr. Mechanical and Physical Properties for Ti-641-25n-4Zr-2Mo

Form T~ | Sheet
Condition Solution-annealed and hot-sizeda
Thickness or dia, in. 0,040
Basis Ab Bb
Mechanical properties:
Ftu, ksi
L 139 143
T 140 142
i ksi L 134 137
L4 T 133 135
F_.., ksi
2 L 127 130
T 117 132
Fgu» ksi
L 85 817
T 85 817
F ksi
b »
eiD- 1.5 L 193 200
T 192 195
{e/D=20) L 253 262
T 225 229
Fb , ksi
/p-1.5 L 174 178
T 148 150
(e/D=20) L 201 206
i 206 209
e, per cent
In 2 in, L _ 8
T 6
E, 10° psi 18,1
E., 10° psi 14,4

Physical properties:

C, Btu/(b)(°F)
K, Btu/[ (he){(()(°F)/1t)
a, 107%in, /in, I°F

i
|

0.1% between 100 and 500° F
4,7 at 100”17
5.5 between 200 and 1000°

a Heat treatment: 1650° F, 1/2 hr, A.C. + 1450° F, i,4 ar, A.C.
b Tentative A and B values not approved for MIL-HDR2K-3. For compari-

son purposes only.
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Table 35

a
Design Mecharical and Physical Properties for Ti-679

Form Bar
Caondition Seolution-annealed and aged
Thickness or dia, in. 1/2x1-1/8
L
Basis A® B¢
Mechanical properties:
FtU’ ksi
L 140 142
F._, ksi
v L 128 133
ov? ksi
J i, 124 129
F_. ., ksi
A L 88 89
e, per cent
In 2 in, 12
E, 108 psi 15,2
E., 10° psi 14,5
Pliysical properties:
C, Btu/(Ib)(°F) 0. 12 between 100 and 500° F
K, Btu![ (hr)(f83)(° F) /f1) 4,7 atl00°F
a, 107 in, /in, /°F 5/9 between 200 and 1000° F

a Nominal composition: 2-1/4% Al, 11% Sn, 5% Zr, 1% Mo, 0.20% Si

¢ Heat treatment: 1850° ¥, 2 hr, A,C, + 930° F, 24 hr, A.C,

¢ Tentative A and B values not approved for MIL-HDBK-5. For com-
parison purposes only,
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APPENDIX 1

Mechanical Property Test Data

(Tables No, 36 - 88)
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bSpecimen
No.

JA-1L

SA-6L

9A-11L
9A-161L
9A-21L
SA-26L
5A-31L
SA-36L
SA-41L
9A-461,

SA-1T

SA-8T

SA-1iT
SA-16T
SA-21T
5A-26T
SA-31T
S5A-36T
SA-41T
SA-46T

9A-2L

S5A-TL

SA-121,
SA-17L
SA-22L
DA-27L
bA-32L
SA-37L
SA-42L
HA-4TL

6A-2T

SA-TT

0A-12T
SA-17T
8A-22T
SA-21T
5A-32T
3..-37T
SA-42T
5A-47T

Tensile Properties of Ti-5A1-5Sn-5Zr Alloy Sheet from

Table 36

Heat No. D-8060 at Different Temperatures®’

Temp.,
°F

Orientation

70
70
70
70
70
70
70
70
70
70

70
70
70
70
70
70
70
70
70
70

400
460
400
400
400
400
400
400
400
400

400
400
400
400
400
400
400
400
400
400

pal el (ol sl o ol ol

N ol ol ol ol ol ol o Sl T I I I RN H 3 M

HAEAESS e

bﬂty
ksi

120.1
118.8
116.
118.
118.
119.
118.
118.
119.
118.

119.
119.
118.
118.
118.
118.
117.
117.
119.
118.

80.
79.
78.
79.
79.
78.
78.
79.
78.
78.

78.
78.
1.
79.
78.
78.
79.

~
td.

78.

MO ODWUL O WL i b OO O WL = =30 W

BN =J Wi WL i CODJOCOW=TJ-0M
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Flu

ksi

1217.
128.
127.
127.
128.
129.
128.
128.
129.
128.

127.
127.
128.
126.
126.
126.
126.
125.
127.
127.

98.
97.
96.
97.
98.
97.
97.
96.
97.
97.

93.
93.
92.
93.
93.
93.
93.
93.
82,
93.

1
4
3
7
7
8
0
9
0
8
4
4
8
9
8
3
7
3
9
3
7
6

%

14
12
14
14
14
14
16
14
15
14

14
14
15
15
16
15
15
15
15
15

17
18
id
20
19
18
18
19
13
18

20
21
20
20
19
20
21
20
21
20

. SRR ritliolio s




Specimen
No.

5A-3L

5A-8L

S5A-13L
5A-18L
5A-23L
9A-28L
5A-33L
5A-38L
5A-43L
9A-48L

SA-3T

2A-8T

S5A-13T
5A-18T
9A-23T
5A-28T
5A-33T
5A-38T
9A-43T
nA-48T

SA-4L

SA-9L

SA-14L
S5A-19L
5A-24L,
5A-29L
5A-34L
S5A-39L
9A-44L
S5A-49L

SA-471

5A-9T

5A-14T
SA-19T
S5A-24T
5A-29T
5A-54T
S5A-56T
SA-44T
SA-49T

Temp.,

°F

Table 38 (Continued}

Orientation

600
600
600
600
600
600
600
600
600
600

600
600
600
600
600
600
660
600
800
600

800
800
800
800
€00
800
S00
800
800
800

800
800
800
800
800
800
800
800
800
800

S e ol o

el N e I T I R R el ol ol sl sl sle e NN T
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F}y

ksi
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TN TIM
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Fru

18
18
17
17
i9
21
19
20
18
17

21

20
20
20
21
20
18

21

24
22
24
22
23
25
24
25
22
20

24
27
30
26
29
28
29
25
25
23

NN O DD N
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Table 36 (Continued)

Specimen Temp. , Fty

No. °F Orientation __ksi
S9A-5L, 1000 L 60.0
5A-10L 1000 L 58.0
SA-15L 1000 L 98.2
5A-20L 1000 L 60.6
9A-25L 1000 L 60. 2
94-30L 1000 L 57.8
SA-174L, 1000 L 60.0
9A-40L 1000 L 58.6
SA-45L 1000 L 58.6
SA-50L 1,30 L 58.0
5A-5T 1000 T 97.9
5A-10T 1000 T 58.6
S5A-15T 1000 T 97.2
9A-20T 1000 T 98.2
SA-05T 1000 T 57.8
5A-30T 1000 T 57.6
SA-35T 1000 T 97.4
S5A-40T 1000 T 57.8
SA-45T 1000 T 58.2
SA-50T 1000 T 58.2

EThickness: 40 mils

Heat treatment: 1650°F, 1/2 hr, A.C.
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Tensile Properties of Ti-5A1-5Sn-5Zr Alloy Sheet
Heat No. D-1793 at Different Temperatures”’

Table 37

Specimen Temp., Fty Ftu
No. °F Orientation ksi ksi
53-1L 70 L 115.6 123.9
5B-6L 70 L 115.3 124.3
5B-11L 70 L 116.6 124.5
5B-16L 70 L 117.2 126.1
5B-21L 70 L 117.0 124.6
SB-261L 70 L 118.9 124.3
5B-31L 70 L 115.5 124.6
5B-36L 70 L 117.0 124.5
5B-41L 70 L 116.3 124.6
5B-46L 70 L 115.2 123.8
5B-1T 70 T 116.5 122.8
5B-6T 70 T 115.4 122.5
5B-11T 70 T 116. 2 i22.5
5B-16T 70 T 115.1 122.3
5B-21T 70 T 114.8 121.6
5B-26T 70 T 115.8 122.6
5B-31T 79 T 115.8 122.4
5B-36T 70 T 115.5 121.8
5B-41T 70 T 114. 4 120.6
5B-46T 70 T 115.0 121.8
5B-2L 400 L 78.1 96.3
5B-TL 400 L 78.2 96.4
5B-12L 400 L 82.0 98.5
5B-17L 400 L 81.0 97. 7
5B-22L 400 L 79.5 95.8
5B-2TL 400 L 80.2 96. 8
5B-32L 400 L 84.8 94.8
5B-37L 400 L 8.7 98.6
5B-42L 400 ¥ 79.4 96.3
5B-47L 400 L 81.4 97.17
5B-2T 400 T 80.6 93.6
5B-1T 400 T 80.9 93.9
5B-12T 400 T 80.7 93.8
5B-11T 400 T 80.3 92.9
5B-22T 400 T 79.8 92.8
5B-27T 400 T 78.4 91.1
5B-32T 400 T 78.8 91.5
5B-37T 400 T 79.6 92.7
5B-47T 400 T 79.4 92.4
5B-5TT 400 T 80.17 93.1
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Table 37 (Continued)

Specimen Temp., Fty
No. °F Orientation ksi
5B-3L 600 L 68.4
5B-8L 600 L 67.9
5B-13L 600 & 68.6
5B-18L 600 L 68.6
5B-23L 600 L 68.1
5B-281, 600 L 69.0
9B-33L 600 L 68.4
95B-38L 600 L 68.0
5B-43L 600 L 68. 1
oB-48L 600 L €8.1
5B-3T 600 T 7.8
5B-8T 600 T 68.0
9B-13T 600 T 67.4
9B-18T 600 T 67.4
5B-23T 600 T 67.5
9B-28T 600 T 68.9
SB-33T 600 T 68.6
oB-38T 600 T 69.0
5B-43T 600 T 68. 4
oB-48T 600 T 66.3
5B-4L 800 L 64.2
9B-9L 800 L 63.4
9B-14L 800 L 62.4
9B-19L 800 L 62.3
9B-24L 800 L 62.0
5B-29L 800 L 62.1
5B-34L 800 L 63.3
SB-39L 800 L 61.7
5B-44L 800 L 61.0
9B-491, 800 L 64.0
9B-4T 800 T 62.3
9B-97 800 T 63.2
9B-14T 800 i 63.1
9B-19T 800 L 62.7
SB-24T 300 T 63.5
5B-29T 800 T 62.4
"RB-34T 800 iy 62.8
5 -39T 800 T 62.9
S5E-44T 800 T 61.1
5B-49T 800 T 60.8
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91.
90.
91.
91.
90.
91.
90.
91.
30.
91.

86.
81.
86.
86.
85.
81.
86.
6.
86.
84.

84.
85.
84.
83.
83.
84.
84.
85.
84.
85.

81.
81.
81.
81.
81.
81.
81.
81.
80.
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26
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24
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25
25
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27
27
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26
27
28
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10° psi

13.
13.
12.
15.
13.
12.
11.
12.
11.
13.

13.
13.
13.
13.
13.
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13.
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13.
13.

12.
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12.
12.
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12.
11.
12.
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12.
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13.
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Table 37 {Continued)

Specimen Temp., Fty Ftu e Ey

__No. °F Orientation x8i ksi % 10° psi
5B-5L 1360 L 62.3 82.8 22 11.6
5B-10L 2000 L 62.4 2.5 24 10.9
53-15L 1000 L 62.7 83.0 24 10.5
5B-20L 1000 L 62.3 80.8 24 10.4
5B-25L 1000 L 61.4 81.3 23 10.2
5B-30L 1000 L 62.4 81.7 25 10.6
5B-35L 1090 L 62.2 82.0 24 10.1
5B-40L 1000 L €2.8 82.2 23 10.5
5B-45L 1000 L 62.5 82.3 23 10.7
5B-50L 1000 L 62.6 82.0 28 9.8
S5B-3T 1000 T 61.3 78.3 25 11.8
5B-10T 1000 T 61.3 78.8 26 10.9
5B-15T 1600 T 61.3 73.0 26 10. 8
5B-20T 1000 T 61.7 79.2 25 12.3
5B-25T 1000 T 63.4 77.8 25 11.3
5B-30T 1000 T 61.3 77.9 27 11.0
5B-35T 1000 T 61.7 78. 2 24 10.5
5B-40T 1000 T 61.4 771.5 22 11.7
5B-45T 1000 T 61.2 76.2 26 10.4
5B-50T 1000 T 60. 8 77.0 27 12.0

aThickness: 40 mils.
Heat treatment: 1650°F, 1/2 hr, A.C.
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Table 3§

Tensile Properties of Ti-541]- 551 -5Zr-1Mo-1v Alloy Sheet from
Heat No. V-2957 at Different Temperatures@. b

Specimen Temp., Fty Fiu e Et
No. °F Orientation _ksi ksi % 10° psi
1A-1L, 70 L 137.5 148.1 11 15.0
1A-61L, 70 L 135.3 148.6 11 14.5
1a-11L 70 L 156.3 145. 4 10 14.5
14-16L 70 L 137.1 146.5 R | 14. 8
1A-21L 70 L 138.1 145. 4 12 14.5
1A-261, 70 L 137.9 149.0 10 i4.5
1A-31L 70 L 135.2 146. 6 10 14.5
1A-36L 70 L 136.2 146. 5 11 i4.5
1A-411, 70 L 136.1 146.1 11 14. 4
1A-46L 70 L 138.3 148.1 11 14.5
1A-1T 70 T 138.4 146. 4 8 15.5
1A-6T 70 T 137.8 147.1 10 16.0
1A-11T - 70 T 140.5 147.6 11 16.0
1A-167T 70 T 138.2 145.9 11 15.7
1A-21T° 70 T 140.0 148.0 10 14.5
1A-26T 70 ay 137.5 i48.0 10 16.3
1A-31T 70 T 136.4 147. 4 i2 15.8
14-38T 70 T 139.2 146. 8 10 15.7
1A-417 70 T 136.2 147. 1 11 15.9
1A-46T 70 T 134.9 146. 4 11 16.2
1A-21, 400 L 105.3 123.3 10 13.4
1A-7L 400 L 106.8 124.5 11 13.1
1A-12L, 400 ¥ 105.5 123.1 10 14.3
1A-17L 400 L 104.8 120. 4 9 12.8
1A-221, 400 L 105.2 122.5 10 13.4
1A-27L 400 L 108.5 125.4 10 12.5
1A-321, 400 L 106.9 124.1 9 13.3
14-37L 400 L 106.5 123.1 10 13.3
1A-421, 400 L 104.1 121.0 10 12. 6
1A-471, 400 L 106.3 123.1 10 13.1
1A-2T 400 T 111.3 123.8 8 13.4
1A-7T 400 i 108.3 121.8 9 14.0
1A-12T 400 i& 108.9 120.7 9 13.6
1A-17T 400 T 108.4 121.5 9 14.8
1A-22T 400 T 107.2 119.6 8 14.7
1A-277 400 L 111.1 122.9 8 14.3
1A-32T 400 T 111.0 123.3 8 13.9
1A-371 400 T 107.8 119.6 8 13.8
1A-42T 400 ar 110.6 123.5 9 13.1
1A-47T 400 T 111.2 123.3 9 14.0
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Specimen

NG

1A-3L

1A-8L

1A-13L
1A-18L
1A-23L
1A-176
1A-33L
1A-381.
1A-431,
1A-481.,

1A-37T

1A-8T

1A-13T
1A-18T
1A-23T
1a-28T
1A-33T
1A-38T
1A-43T
1A-487

1A-4L

1A-9L

1A-14L
1A-19L
1A-24L,
1A-29L,
1A-34L,
1A-39L,
1A-441,
1A-491L,

1A-4T

1A-9T

1A-14T1
1A-19T
1A-24T
1A-29T
1A-34T
1A-397
1A-44T
1A-49T

Tab’e 38(Continued)
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Temp., Fty

°F Orientation ksi

800 L 97.2
600 L 97.6
600 L. 98.1
600 L 97.5
600 L 96.5
600 L 98.4
600 L 98.2
600 L 97.9
600 L 97.3
6900 L 97.8
600 T 100.7
600 T 101.0
600 T 100.0
600 T 101.5
600 T 100. 2
600 T 103.1
600 T 103.0
600 T 101.2
600 T 101.5
600 T 132.5
800 L 91.7
800 L 92.3
800 L 93.3
800 L 93.3
800 L 92.8
800 L 93.9
800 L 93.3
800 L 91.9
800 L 91.5
800 L 93.8
800 T 95.0
800 T 96.4
800 T 95.0
800 T 35.5
800 T 95.9
800 T 95.8
800 T 95.8
800 T 95.2
800 T 98.4
800 T 97.3
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Specimen
No,

14-5L

1A-10L
1A-15L
1A-20L
1A-251,
1A-30L
1A-35L
1A-40L
1A-451,
1A-50L

1A-5T

1A-10T
1A-15T
1A-20T
1A-25T
1A-30T
1A-35T
1A-407
1A-457
1A-50T

Temp.,

°F

Tabl= 38 (Continued)

Orientation

a
Thickress: 40 mils.
Heat treatment: 1550°F, 1/2 hr, A. . + 1400°

1000
1000
1000
1000
1000
1060
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

el R N I I W I R el W lolalcls
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F}y
_ksi

81.
81.
83.
81.
83.
84.
81.
83.
85.
85.

85.
88.
817.
8a.
88.
817.
88.

85

86.

86

3
9
9
2
2
6

8
7
4
0
8

3
8
.9
0
.4

Fiy
ksi

106.
107.
107.
109.
108.
109.
107.
108.
106.
110.

107.
108.
107.
108.
108.
106.
1086.
107.
106.
107.

O’)C‘DOD»J-‘-@*QOH»&CD

= w3 DO WU O D) OO T -3

%

14
12
14
12
11
12
13

‘
4

12
13

13
10
11
10
10
11
11
11
10
11

F, 1/4 hr, A. C.

£5
L

10° psi
11,
12,
11.
18.
11.
11.
12.
11.
15,
12.

11.
12.
12.
12.
11.
13.
11.
12
12.
12.
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Specimen
No.

1B-1L

1B-6L

1B-11L
1B-16L
1B-21L
1B-26L
1B-31L
1B-36L
1B-41L
1B-46L

I1B-1T

1B-6T

1B-11T
1B-16T
1B-21T
1B8-26T
1B-31T
1B-36T
18-41T
1B-467T

1B-21,

1B-7L

1B-121,
1B-171,
1B-221,
1B-27L,
1B-32i,
1B-37L
1B-421,
1B-471,

1B-2T

1R-7T

18-12T
1B-17B
1B-22T
1B-27T
1B-32T1
1B-42T
1B-47T
1B- 56T

Tensile Properties of Ti-5

Heat No.

Temp. ,
°F

70
70
70
70
70
70
70
70
70
70

70
70
70
70
70
70
70
70
70
70

400
400
400
400
400
400
400
400
400
400

400
400
400
400
400
400
400
400
400
400

Table 39

Orientation

ksi

L

L
L
L
L
L
L
L
L
L
T
T
T
1]
T
T
T
T
T
T
L
L
L
L
L
L
L
L
L
L
T
T
T
T
T
T
i

== e

Fty

ksi

149.
149,
149.
148.
14¢.
151.
150.
150.
149.
149.

147,
147.
147.
146.
147.
147,
148.
141.
148.
148.

123.
125.
125.
124,
124,
124,

123.5
123.¢
124.¢
123.

iz21.
121.
122
122.
120.
122,
120.
122.
125.
121.

2
5
5

0
0
0
0
0
5
0
0
8
0
0
0
0
5
5
0
0
0
0
0

5
2
2
7]
9
q
7
7
8
6
5
0
3
3
0
T

6

Al-58n-5Zr-1Mo-1v Alloy Sheet from
V-1991 at Different Temperatures?:

€

%

12
13
13
13
13
13
12
13
12
13

12
12
11
11
13
13
13
11
11
11

11

9
12
10
11
11
11
11
10
15

[y
CDCDCDG)CDOCDCDO)@

Et

10° psi

14.
14.
14.
15.

15.

15
14.

16.
15.
15.

15.
17.

18.
16.
16.
16.
16.
15,
16.
16.

13.
13.
13.
12.
13.

13.

13.
14.
14,

15.
14.
14,
14.
14.
13.
14.
13.
14.
14.

14.

7
9
6
0
7
3
8

5
9
4
3
0
6
2
2
0
6]
9
0
0

8
6
5
3

6
0
4
6
1
6
0
9
4
6
2
6
3
7
6
6




Table 39 (Continued)

Specimen Temp., Fty Fiy
No. °F Orientation ksi ksi
1B-3L 6006 L 97.2 121.1
1B-8L 300 I& 98 3 121.4
1B-13L 30C L 96. & 118.0
1B-18L 600 L 97.2 120.6
1B3-23L 600 L 95.5 120.4
1B-28L 600 L 96.8 119.8
1B-43L 600 L 95.8 117.9
1B-38L 600 L 97.8 120.7
18-43L 600 L 97.0 119.3
15-48L 600 L 96.5 118.3
T 2 600 T 98.3 114.0
1B-0T 600 T 99.3 114.3
1B-13T 600 T 101.9 117.2
15-18T 600 T 102.2 117. 4
13-23T 600 T 99.9 114.1
13-28T 600 T 100.0 114.7
1B-33T 600 T 1G0.9 117.5
1RB-38T 600 T 100. 8 116.1
1B-43T 600 T 98.38 115.3
1R-48T 600 T 97.3 113.2
1B-9L 800 L 92.7 118.3
1B-141, 800 L 93.4 118.4
1B-19L 800 L 92.8 117.6
1B-24L 800 L 92.0 117.0
1B-29L 800 L 92.6 117.9
1B-34L 800 L 93.6 117.2
1B-39L 800 L 92.8 116.2
1B-44L 800 L 92.8 116.2
1B-49L 800 L 92.4 118.3
1B-58L 800 L 93.2 118.8
1B-4T 800 T 93.17 113.6
1B-9T 800 T 94.8 113.8
1B-14T 800 T 96. 4 116.4
1B-19T 800 T 92.4 113.3
1B-24T 800 T 94.7 114.9
1B-29T 800 T 94.2 i11.6
1B-34T 800 T 96.7 113.9
iB-39T 800 T 95.8 115.2
1B-44T 800 T 95.6 114.6
1B-49T 800 T 94.0 112. 4
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Specimen Temp.,

No. °F Orientatioq
1B-151, 1000 L
1B-201 1600 L
iB-25L, 1000 L
1B-30L 1000 L
1B-35L 1000 L
1B-40L 1000 L
1B-45L 1000 L
1B-50L 1069 L
1B-52L, 1000 L
1B-53L 1009 L
1B-5T 1000 T
1B-10T 1000 T
1B-15T 1000 T
1B-20T 1000 T
1B-25T 1000 T
1B-30T 1000 T
iB-35T 1000 T
1B-40T 1000 T
1B-45T 1000 T
1B-507T 1000 T

Table 39 (Continued)

aThickness: 40 mils,

ksi

e —

79.

Heat treatment: 1550°F, 1/2 hr, A. C. + 1400°
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Fiu
ksi

102.
105.
103.
108.
107.
102.
105.
104.
104.
1086.

104.
101.
192.
102.
101.
105.
103.
101,
101.

99.

3
9

NH»&C):&-"JU‘I»&-CDU’& DO = =-JO DL

%

12
12
11
12
14
12
13
13
13

12
11
12
12
12
13
10
12
12
12

F, 1/4 hr, A. C.

10° psi

11.2
11.
12.
11.
12.
11.
10.
10.
12.
10.

=D 00 DD DO

11.
11.
11.
11.
10.
10.
11.
11.
11.
11.
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Table 40

Tensile Prooerties of Ti-6A1-2Sn-4Zr-2Mo Alley Sheet from
Heat No. V-3016 at Different Temperatures®”

Specimen Temp., Fty Fru e Ey
No. °F Orientation ksi ksi % 108 psa
2A-1L 70 L 143.0 150. 3 12 16.1
2A-61. 70 L 143.6 149.6 11 16.6
2A-11L 70 L 146. 2 152. 2 13 16.2
2A-16L 70 I 144.7 148. 4 11 16.7
2A-21L 70 L 143.8 149.2 12 17.7
2A-261. 70 L 141.8 145.9 13 15.0
2A-31", 70 L 142.6 148.9 11 16.1
24 -36L 70 L 138.5 142.5 15 16. G
2h-411L 70 L 137.3 142. 2 11 15.7
2A-46L 70 L 140.6 147.5 13 15.9
2A-1T 70 T 137.8 144.5 12 i5.9
2A-6T 70 T 139.5 143.5 13 15.9
2A-11T 70 T 138.0 147 6 12 15.5
2A-16T 70 T 138.0 144.6 13 16. 1
2A-21T 70 T 140.2 146. 5 6. 16.5
2A-26T 70 T 141.2 144.6 12 16.1
2A-317 70 T 139.5 145.5 12 16.0
2A-30T 70 T 138.0 141. 4 13 15.4
2A-411 70 T 138. 4 142. 3 11 15.7
2A-46T 79 T 140. 4 145.4 12 15.8
2A-27. 400 L 109.8 124.6 11 15.1
2A-TL 400 L 108. 2 122.8 11 15.3
2A-12L 400 L 110. 2 124. 6 11 14.7
2A-17L 400 L 109. 8 125.3 11 14.6
2A-22L 400 L 107.7 122. 8 10 15.4
2A-27L 430 = 103.9 116.6 11 14,0
2A-32L 400 L 105. 2 121.1 10 14.4
2A-37L 400 L 104.5 117.0 13 13.1
24-42L 400 L 104.5 117.5 12 15.1
2A-47L 400 L 104. 9 120.0 11 12. 6
2A-2T 400 T 105.9 119.5 12 16.0
2A-TT 400 98 102.9 115.0 12 16.2
2A-12T 400 ) 106.8 121.8 11 14. 9
2A-17T 40C T 106.0 120.5 11 161 &
2A-22T 400 T 107.0 120.0 8 14.5
2A-21T <00 T 103. 4 116.6 12 15.0
2A-32T7 400 ) 104.0 118.5 11 15.2
2A-37TT 400 T 2.1 113.8 13 12.6
2A-42T 400 ) 104. 5 11€.0 12 14.1
2A-417T 400 T 104.0 119.5 12 13.3
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Specimen
No.

2A-3L

2A-8L

2A-13L
2A-18L
2A-23L
2A-28L
2A-331,
2A-38L
2A-43L
2A-48L

2A-3T

2A-8T

2A-13T
2A-18T
2A-23T
2A-28T
2A-33T
FA-38T
2A-43T
2A-48T

2A-41,

2A-97,

2A-14L
2A-19L
2A-24L
2A-29L
2A-34L
2A-39L
2A-441,
2A-49L

2:5-4T

2A-9T

2A-14T
2A-19T
2A-24T
2A-29T
2A-34T
2A-39T
2A-44T
2A-49T

Table 40 (Continued)
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Temp., F}y
°F Orientatio_g_ ksi
600 L 9¢8.0
600 "L 96.8
600 I 97.3
600 L 97.5
600 L 96.6
600 L 93.5
600 - L 96.6
600 L 95. 2
600 L 92.8
600 L 94.4
600 T 94.6
600 T 93.5
600 T 96.3
609 T 94.3
600 T 92.4
600 T 92.9
600 iy 94.0
600 T 90.2
600 T 92.3
600 T 91.0
800 L 94.6
800 L 95.5
800 L 94. 4
800 L 94.4
800 L 93.0
800 L 87.7
800 L 86.8
800 L 80.7
800 L 89.6
800 L 90.0
800 T 88.7
800 i 89.7
800 T 81.6
800 T 90.3
800 T 89.8
800 T 88.3
866 T 88.5
800 T 86. 8
800 T 87.0
800 0] 86.7

tu
ksi

116.
116.
117.
117.
116.
111,
116.
114.
111,
113.

113.
110.
115.
114.
111.
112,
114.
108.
111.
109.

114.
118,
116.
116.
116.
110.
106.
114.
112.
112.

109.
110.
114.
113.
112.
110.
110.
109.
109.
111.

5
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4
9
8
4
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0
0
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Specimen Temp.,
Nr. °F
2A-10L 1000
2A-151, 1000
2A-20L 1000
2A-25L, 1900
2A-3GL 1900
2A-35L 1000
2A-40L 1000
2A-45L, 1060
2A-50L 1000
2A-188L 1000
2A-5T 1060
2A-10T 1000
2A-15T 1000
2A-20T 1000
2A-25T 1000
2A-30T 1000
2A-35T 1000
2A-407 1000
2A-45T 1000
2A-50T 1000

@ Thickness: 40 mils

Table 40 (Continued)

Orientation

Fty
ksi

SRR EEEEEE Cr

90.
85.
817.
86.
5.
82.
85.
82.
81.
83.

83.
85.
817.
85.
84.
83.
80.

82

81.

82

4
8
8
8
7
0
2
3

3
0
2
6

3
6

6
3
0
.9
9
.8

Ftu

ksi

112,
108.
110.
110.
107.
101.
107.
104.
102.
104.

104.
107.
108.
107.
105.
104.
102.
102.
102.

OO WTOODmPOO OMOoOmOoONMNOL S -3

Pt
o
TS
[¥-N

Te

11
14
11
11
12
16
12
16
14
14

13
14
14
12
14
14
14
15
15
14

Heat treatment: 1650°F, 1,2 hr, A C., 1450°F, 1/4 hr, A. C.
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11.
12.
12.
11.
10.
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12.
10.
11.
11.
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Specimen

No.

2B-1L

2B-6L

2B-11L
2B-16L
2B-211,
2B-261,
2B-31L
2B-36L
2B-41L
2B-461.

2B-1T

2B-6T

2B-11T
2B-16T
2B-21T
2B-26T
2B-31T
2B-36T
2B-41T
2B-46T

2B-2L

2B-TL

2B-121,
2B-17L,
2B-221,
2B-27L
2r-32L
2B-57L
2B-42],
2B-47L

2B-2T

2B-7T

2B-12T1
2B-17T
2B-22T1
2B-27T
2B-32T
2B-37T
2B-42T1
2B-47T

Tensile kroperties of Ti-6A1-2Sn-47,
Heat No. v-3076 at Differen. Tem

Temp.,
°F

70
70
70
70
70
70
70
70
70
70

70
70
70
70
70
70
70
70
70
70

400
400
400
400
400
400
400
400
400
400

400
400
400
400
400
460
400
100
400
400

Orientation
Pt §ASLLL v fo) 0

Table 41
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ksi

Fty

143.
140.
139.
138.
142,
144.
142.
141.
143,
142.

O)CDCDO‘IOOC»O‘IOOJ

134,
134,
134.
135.
135.
136.
133.
133.
135.
134.

NAN@CO\]CO@QA

108,
108.
1G7.
i08.
111.
109.
110
10¢.
112,
109.

HCDO‘IQCD@UTNO'IO'I

102.
103.
103.
102.
102.
102,
102.
102.
103.
103. 2

D&OCD#\]H\'INC}

peratures? b

-2Mo Alloy Sheet from
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Table 41 (Continued)

Specimen Temp. , Fty Fiy
No. °F Orientation ksi ksi

213-3L 600 L 97.7 117.5
2B-8L 600 L 95.6 115.2
2B-13L 600 L 95.3 116: 4
2B-18L 600 L 98.8 119.6
2R-23L 600 L 102. 2 122. 1
2B-28L 600 L 100.0 121.0
2B-33L, 600 L 100.5 122.0
23-38L 600 L 96.3 1i9. 6
2B-43L 600 L 99.3 119.6
213-48L 600 1L 100.0 119.8
28-3T 600 T 92.3 114.6
2B-8T 600 T 91.8 115.2
2B-13T1 600 T 92.6 11527
2B-18T 600 i 91.6 115.0
2B-23T 6090 i) 92.4 115.8
2B-28T 600 T 08S.6 116.4
2B-33T 600 T 92.0 114. 8
23-38T 600 T 02.2 115.7
2B- 43T €00 T 93.2 116.4
21R3-48T 600 T 92.0 1i5.0
2B-4L 800 L 93.7 116.5
2B-91, 800 L 89.7 112.2
2B-141 800 L 92.4 113. 4
2B-191, 800 L 93.0 114.5
2B-241, 800 L 96. 4 119.0
2B-29L 800 L 95.7 117.9
2B-341, 800 L 94.4 118.5
2B-391. 800 L 93.7 119.6
2B-441, 800 L 95.6 117.8
2B-491, S0C L 94.6 116.9
2B-4T 800 T 86. 8 113. 17
2B-9T 800 T 87.3 113. 2
2B-14T 600 T 88. 2 114. 4
2B-19T 800 T 87.0 113.2
2B-247¢ 800 T 88.3 1i5.8
2B-29T 800 T 89.2 114. 2
2B-34T 800 T 87.3 1i2. 4
2B-397 300 T 85.8 113.8
ZB-447 800 T 88.3 113.2
2B-491T 800 T 88.3 114. 2
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Table 41 (Continued)

Specimen ‘Temp. , Fty Fta
No. °F Orientation ksi ksi

2B-5L 1900 L 79.0 105. 2
2B-10L 1000 ki £0.8 103.0
2B-15L 1009 L 82.3 103.6
2B-20L 1006 L 83.8 109.7
2B-25L 1007 L 85.0 111.8
2B-30L 1600 L 90.3 112.5
2B-35L 1000 L 82.8 108. 2
2B-40L 1000 L 85.0 109.0
2B-45L 1000 L 84.2 107.8
2B-50L 1000 L 84.6 108.9
2B-3T 1000 T 79.7 102. 2
2B-10T 1000 T 80.2 103.1
2B-15T 1000 T 78.4 102.6
2B-20T 1000 T 79.7 103.7
2B-25T 1000 T 81.8 104. 4
2B-30T 1000 T 80. 2 102. 2
2B-35T 1000 T 7.7 102. 2
2B-40T 1000 T 80.17 104. 2
2B-45T 1000 T 81.0 104. 2
2B-50T 1000 T 78.5 103. 2

- Thickness: 40 mils

" Heat treatment: 1650°F, 1/2 hr, A.C., 1450°F, 1/4 hr, A.C.
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e

| Allcy

Ti-6A1-25n-4Zr-2Mo 'Ti-5A1-5Sn-5Zr-1Mo-1V Ti-5Al1-5Sn-5Zr

Table 42
Notched Tensile Prsperties of the Sheet Alloys®’ b" ¢, d
Netched Tensile
Specimen No, Temp,, °F Strength, ksi
5B-52L 70 166,17
5B-53L 70 166, 8
5B-51L 400 120, 2
5B-54L 400 122.0
5B-56L 8CO 104, 9
5B-57L 800 105.8
1A-173L 76 165.0
1A-174L 70 165, 8
1A-183L 400 132,90
1A-165L 400 131.0
14-161L 800 133.2
- 1A-168L 800 130.9
1A-171L 800 128, 8
2B-51L 70 171.5
2B-52L 70 168. 17 1
2B-53L 400 137. 4
2B-54L 400 138.0 |
!
2B-55L 800 133.8
2B-56L 800 131.2

a  Thickness: 40 mils

b  Heat treatment:
Ti-5A1-5Sn-8Zr, 1650° F, 1/2 hr, A.C.
Ti-5A1-5Sn-5Zr-1Mo-1v, 1550° F, 1/2 hr, A.C. +

1400° F, 1/4 hr, A,.C,
Ti-6A1-2Sn-4Zr-2Mo, 1850° F, 1/4 hr, A,.C, +
1450° ¥, 1/4 hr, A.C,
¢ Notched 45°, 0,025 in, radius, 0,375 in, minimum
width to produce Ki « 3
d All tests in longitudinal direction
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Table 43

Compression Properties of Ti-SAI-SSn-?)Zr
Alloy Sheet at Different Temperatures®: s €

Longitudinal Orientation Transverse Orientation
Temp. , Specimen  Fgy, EC Specimen Fcy' E.
°F Number ksl 10° psi Number ksi 10° psi
70 5A-370 126.6 14,9 SA-117 123.7 14,9
70 9A-351 116,5 14,3 5A-122 124.4 15,0
70 5A-356 117.8 14,2 9A-127 126.8 15,3
70 5A-361 121,0 14,5 5A-132 127.2 15,1
70 5A-366 119.0 14,1 5A-137 126.8 15,2
400 SA-347 79.7 12,3 5A-118 82.7 13.0
400 5A-353 8.9 11.6 5A-123 82,7 12,8
400 5A-357 80.3 12,0 5A-128 82,7 12,8
400 5A-382 79.8 12,1 5A-133 81.6 12,8
400 5A-367 80.2 12,2 5A-138 82,0 12,8
600 5A-348 67.5 11,3 5A-119 67. 12,5
600 5A-353 64.6 11,1 9A-124 68.7 11.6
600 5A-358 66.8 11.9 95A-129 68.2 12,0
600 5A-333 67.7 10,1 5A-134 69.4 12,2
600 5A-368 66.8 10,1 5A-139 68,6 12,3
800 5A-349 59.3 10.2 5A-120 63.1 11,9
800 5A-354 60,0 10,6 5A-125 62.2 11.1
800 5A-359 5.3 10.7 5A-130 62.5 11,8
§00 9A-364 60.7 10,4 9A-135 63.1 11,7
£00 5A-369 62.2 11,0 5A-140 63.1 11.4
1000 9A-350 58. 2 9.9 5A-121 60.9 10.1
1000 5A-355 57.8 9.5 95A-126 58.6 10,3
1000 5A-360 57.6 9.6 5A-131 60.4 10,4
1000 5A-365 57.2 a.6 9A-136 59.7 10.3
1000 9A-346 59.3 10.0 5A-141 59.5 10,5

a Heat No. D-8060,
b Thickness: 40 mils,
¢ Heat treatment: 1650° F, 1/4 hr, A.C.
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Compression Properties of Ti-5A1-5Sn-5Zr-1Mc-1V
Alloy Sheet at Different Temperatures

Table 44

Longitudinal Orientation

Trangverse QOrientation

Temp. , Specimen Fcy’ E. Specimen Fcy, Eq
Sk Number ksi 10° psi Number ksi 10° psi
70 1A-3T1 144,0 14,6 1A-117 150.5 14.9
() 1A-351 141,0 14,1 1A-122 156.3 15.4
70 1A-356 138.5 14,8 1A-127 153.7 15.4
70 1A-361 144,1 14,5 1A-132 153.7 15.4
70 1A-366 142,0 14,3 1A-137 156.2 15,2
400 1A-347 94,3 12,17 1A-118 112,2 13,7
400 1A-352 106.5 12.8 1A-123 113.5 13.7
400 1A-357 103.4 12,5 1A-128 113.0 13.4
400 1A-362 108,0 12,8 1A-133 114.5 13.7
400 1A-367 106.5 12.6 1A-138 115.1 12,4
600 1A-348 101,0 12,0 1A-119 103.0 12.4
600 1A-353 93.2 11.4 1A-124 103,5 12.4
600 1A-358 98.3 11,3 1A-129 102,5 11.8
600 1A-363 98.7 11.3 1A-134 105.1 12,6
66Q 1A-368 97.8 11.8 1A-139 102,3 12,0
800 1A-349 93.3 11,2 1A-120 98.5 12,2
800 1A-354 90.4 11,1 1A-125 97.3 11.4
800 1A-353 93.5 11,2 1A-130 102.6 12.1
800 1A-364 93.6 11,0 1A-135 96.7 11.9
800 1A-369 8.5 11, 1A-140 97.9 11.8
1000 1A-350 81.4 10.4 1A-121 88.9 10,7
1000 1A-355 84,4 10,1 1A-126 86.7 10.5
1000 1A-360 83.5 10.4 1A-131 89.8 10.5
1000 1A-365 86. 3 9.6 1A-136 90.4 10.8
1000 1A-370 83.3 9.9 1A-141 88.5 10,3

(o200

Heat No, V-29517,

Thickness: 40 mils,

Heat ‘reatment: 1550° F, 1/2 hr, A.C.
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Table 45

Compression Progerties of Ti-68Al-2Sn-4Zr-2Mo
Alloy Sheet at Different Temperatures2sbs¢

Longitudinal Orientation Transverse Orientation
Temp. , Specimen  Fecy, Eq Specimen Fey, Be
°F Number ksi 10° psi Number ksi  10° psi
70 2A-345 144.7 13.1 2A-117 142,7 14,6
70 2A-351 151.6 14,3 2A-122 148.9 14,7
70 2A-356 154.3 14.8 2A-1217 148,5 14,6
70 2A-361 144,5 14.4 2A-132 137.4 14.0
70 2A-366 152,8 14,6 2A-137 144,6 14,6
400 2A-347 116.8 12,9 2A-118 107.1 12,0
400 2A-352 114,0 12,9 2A-123 107.5 12,6
400 2A-357 1074 12,8 2A-128 107.5 12,7
400 2A-362 111,4 12,7 2A-133 102.0 12.5
400 2A-370 107.1 12,3 2A-138 105.6 12,9
606 2A-348 96,1 12,2 2A-119 93.3 11,2
600 2A-353 106.4 12,2 2A-124 94.6 11,3
600 2A-358 99,3 11.9 2A-129 1¢0.3 11.8
600 2A-363 97.8 11,8 2A-134 90.3 11,6
600 2A-368 98,9 12,2 2A-139 98.8 11.6
890 2A-349 104.5 11.8 2A-120 96,0 10,7
800 2A-354 94,8 11,9 2A-125 90.0 11,6
800 2A-359 97.6 11,1 2A-130 83.8 10.9
800 2A-364 88.0 10.3 2A-135 86,9 11.1
800 2A--369 97,6 11,4 2A-140 89.1 10,8
1000 2A-350 88.4 10.8 2A-121 84.5 10,3
1000 2A-355 89,9 11,4 2A-126 84,5 10,4
1000 2A-360 64,0 10.5 2A-131 77.4 10.§
1000 2A-365 78,5 10.1 2A-136 84,5 10,2
1060 2A-346 85.8 10,3 2A-141 80.7 10,0

a Heat No, V-3016,
b  Thickness: 40 mils,
¢ Heat treatment: 1650° %, 1/2hr, A.C, + 1450°F, 1/4 hr, A.C.
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Table 46

Bearing Properties of Ti-5;‘\1-55n-521)r Ailey Sheet
At Different Temperatures® °: €

e/D=1,5 e/D=2,0
Temp, ' ' Specimen Fby Fy.. Specimen Fby Fbp
°F Orientation No, Eﬂ E{i No, ksi k_S_l_
70 L 5A -314L 176.8 200.0 5A-313L 200.5 239.5
70 L 9A -322L 180.2 205.2 5A-325L  211.0 259.3
70 L 5A-.332L 183.7 201.5 5A-335L  204.5 255.,5
70 T SA-86T 186.1 215.5 5A-85T 220.5 280.8
70 T 9A-G3T 184.7 219.0 5A-95T 215.5 273.8
70 T S5A-106T 182.0 220.5 5A-105T 211.6 261.5
400 L 5A-316L 132.3 158.1 5A-315L 153.6 190.5
400 L S5A-324L 131.0 154,17 5A-327L 159.0 200.0
400 L SA .-334L 134.3 156.8 9A-336L 156.1 200.0
400 T SA-88T 132.8 165.7 SA-87T 154.5 214.3
400 T 5A-98T 136.4 168.7 SA-87T 168.1 218.3 3
400 T S5A-108T 136.3 167.8 S5A-107T 165.8 219.6
600 L 5A-318L 115.2 140.4 5A-317L 140.3 179.0
600 L 5A-326L 116.1 141.3 5A-329L 143.9 177.5
600 L 5A-339L 116.4 140.9 9A-337L 143.8 185.5
600 T 5A-90T 117.3 154.0 SA-89T 140.4 199.0
600 T 5A-100T 116.7 150.4 5A-99T 143.2 199.3
600 T 5A-110T 121.4 151.7 9A-109T 143.5 195.8
800 L 5A-320L 104.1 130.5 9A-319L, 125.2 174.2
800 L 9A-328L 112,0 134.3 9A-331L 126.8 167.1
800 L 9A-340L, 105.5 135.8 9A-338L 131.2 172.5
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Table 46 (Continued)

Temp, Specimen Fb Fbu Specimen
°F Orientation No. k_s?,_ kst No,
800 T 5A-92T 109.1 146.0 S5A-91T
800 T 5A-102T 108.3 143.5 5A-101T
800 T 5A-112T 109.2 140.2 5A-111T
1000 L 5A-321L 99.4 123.1 5A-323L
1000 L 5A-330L i03.6 126.3 5A-333L
1000 L 5A-342L 104.3 126.4 5A-341L
1000 g 5A-94T 105.4 136.5 SA-93T
1000 T S5A-104T 106.3 140.0 5A-103T
1000 I 5A-114T 106.3 134.7 5A-113T

aHeat No. D-8060

bThickness: 40 mils
c

Heat Treatment: 1650°F, + hr, A, C.
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Table 47

Bearing Properties of Ti-5A1-55n-5Zr~-1Mo-1V Alloy Sheet
At Different Temperatures® P

e/D=1,5 e/D=2,0
Termp., Specimen Fy F Specimen F F

°F Orient:tion No. kst ket No.  k3Y ket

70 L 1£-323L 202.5 221.0 1A-314L  224.9 267.5

70 L 1A-343L 201.5 221.0 1A-324L  266.5 300.0

70 L 1A-313L 204.5 219.0 1A-334L  238.0 274.0

70 T 1A-95T 211.0 231.5 1A-106T 276.5 283.8

70 T 1A-85T 211.0 238.0 1A-115T 275.0 294.4

70 T 1A-105T 207.0 238.0 1A-116T 261.0 283.5

b
400 L 1A-316L 164.1 188.5 1A-315L  198.9 228.0
400 L 1A-326L 168.1 187.6 1A-325L  202.5 240.5
400 L 1A-336L 165.0 180.3 1A-335L  197.2 236.2
400 T 1A-88T 167.0 199.8 1A-87T 205.0 240.0
400 T 1A-98T 172.9 204.3 1A-97T 207.0 224.0
400 T 1A-108T 173.5 202.5 1A-107T 211.6 236.2
600 L 1A-318L 159.5 177.8 1A-317L  186.1 221.0
600 P 1A-328L 161.9 178.5 1A-327L  197.3 224.0
600 L 1A-338L 159.5 180.8 1A-337L  186.7 220.5
00 T 1A-90T 164.8 194.0 1A-89T 199.8 216.0
600 T 1A-100T 161.8 195.2 1A-99T 192.6 220.0
600 T 1A-116T 166.8 196.6 1A-109T 191.3 205.0
i

800 L 1A-320L 161.7 174.2 1A-319L  197.4 2:17.8
800 L 1A-330L 156.4 171.3 1A-329L  179.5 206.3
800 I 1A-340L 154.5 168.1 1A-339L  175.3 202.8
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Table 47 (Continued)

e/D=1,5 e/D=20
Temp, Specimen Fby Fuu Specimen Fby Ep
°F Orientation No. E _kﬂ No. _kil_ 5?1_
800 T 1A-92T 157.7 194.8 1A4-81T 196.0 202.5
800 T 1A-102T 157.7 187.2 1A-101T 189.6 195.5
800 T 1A-112T 155.3 176.8 1A-111T  197.7 210.¢0
1000 L 1A-322L 155.1 176.3 1A-321L.  179.5 205.0
1000 L 1A-332L 147.8 172.6 1A-331L  162.0 196.7
1060 L 1A-342L 149.2 170.0 1A-341L  172.6 202.5
1000 T 1A-94T 155.2 177.5 1A-93T 180.4 202.5
1000 iy 1A-104T 150.5 180.5 1A-103T  181.7 205.1:
1000 T 1A-114T 153.5 181.6 1A-113T 178.3 196.7

®Heat No. V-2957

Thickness: 40 mils

“Heat Treatment: 1550°F, # hr, A. C. +-1400°F, %{hr, A, C.
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Table 48

Bearing Properties of Ti-6A1-25n-421‘-2£Ao Alloy Sheet
At Different Temperatures® €

e/D=1.5 e/D=2.0 )
Temp. Specirmen be' Fbu Specimen Fby Fbu
°F Orientation Nc. k ? ksi No. ksi ksi
70 B 2A-314L 203.0 238.0 2A-3131.  236.7 296.0
70 L 2A-324L 198.3 233.6 2A-323L  240.0 290.1
70 L 2A-332L 201.2 239.8 2A-335L  234.0 291.0
70 T 24.86T 201.2 236.3 2A-85T 235.0 277.0 ,
70 T 2A-96T 199.8 2340  2A-97T  245.5 2985 i
70 T 2A-106T 194.8 226.0 2A-107T 232.1 287.8
400 L 2A-316L 157.5 188.0 2A-315L  198.4 250.3 q
400 L 2A-325L 159.0 190.2 2A-326L  194.8 239.5 ‘.-r
400 L 2A-334L 157.2 185.3 2A-337L  187.5 240.9 |
400 T 2A-88T 159.6 190.8  2A-89T  184.3 232 0
400 T 2A-98T 164.3 192.9 2A-99T 195.1 246.2
400 T 2A-108T 157.1 186.0 2A-109T 189.2 244.0
600 L 2A-318L 149.8 185.3 2A-317L 181.7 223.8
600 L 2A-327L, 148.7 181.0 2A-329L 171.2 228.0
500 I 2A-336L 141.8 171.7 2A-340L  177.7 224.5
600 T 2A-90T 144.5 177.5 2A-91T 174.8 231.6
600 T 2A-100T 143.1 172.5 2A-101T 165.5 222.5
600 T 2A-110T i39.3 167.9 2A-111T  176.6 222.5
800 L 2A-320L 151.7 181.6 2A-319L  179.2 219.5
800 L 2A-328L 139.6 173.2 2A-331L  174.5 212.0
800 L 2A-338L 136.5 167.8 2A-341L  178.3 220.0
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Table 48 (Continued)

"e/D=1.%5 e/[D=2.0
Temp. Specimen Fby it Specimen Fby Epf
°F Orientation No. ksi ksi No. ks1 ksi
§00 T 2A-927 148.7 177.4 2A-93T 172.4 202.90
800 & 2A-102T 142.5 171.4 2A-103T 172.5 208.2
800 95 2A-112T 145.4 175.0 2A-113T 170.4 203.0
1000 L 2A-322L 149.3 165.0 2A-321L. 167.2 208.5
1000 L 2A-330L 136.4 165.0 2A-333L 167.0 214.3
100C L 2A-342L 138.8 165.2 2A-343L 173.3 211.5
1000 T 2A-94T 140.0 170.0/ 2A-95T 161.0 205.9
1000 T 245-1047T 143.3 162. 2A-10CT 167.2 204.5
1000 T 2A-114T 139.2 161. 2A-115T 173.2 205.0
/
/.

8Heat No. V-3016
b'I‘hic:kness: 40 mils

i
,’/
/

/

CHeat Treatment: 1650°F, & hr, A. C. .+‘/J:.450°F, § hr, A, C.

/
4
/
/
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Table 49

Ultimate Shear Strength of Ti-5A1-5Sn- 5Zr Alloy Shebet from
Heat No. D-8060 at Different Temperatures?:

Longitudinal Orientation Transverse Orientation

Temp. , Specimern Fgu Specimen ¥iu
°F No. ksi No. Ks'
70 9A -245L 88.17 9A-5TT 95.7
70 9A-250L 88.7 SA-62T 95.2
70 9A-255L 817.5 SA-8TT 92.7
70 9A-260L 86.8 9A-72T 92.7
70 9A-265L 86.8 CA-TIT 94. 7
400 SA-2461 67.3 9A-58T 73.8
400 9A-251L, 68.0 S9A-63T 71.0
400 9A-256L 67.6 54-68T 70.6
400 9A-261L 67.3 SA-T3T 73.3
400 9A-2661L 70.2 5A-78T 75.8
600 5A-247L 62.2 9A-59T1 68. 8
600 5A-252L 61.7 SA-64T 65.9
600 9A4-257L 62. % 594-69T 66. 1
600 9A-262L 61.7 SA-T4T 66. 7
600 SA-26T71L 64.4 9A-T79T 67.5
800 9A-248L 61.8 9A -30T 66.5
800 9A-253L 88.5 9A-85T 64.6
800 9A-2581, u7.8 S5A-70T 65. 8
800 9A-262L 59.3 9A-75T 65.9
800 9A-268L 60. 7 SA-80T 68.0
1000 9A-2491, 55.0 9A-61T 62. 2
1000 9A-2541, 95.8 SA-66T 62.5
1000 9A-259L, 95.8 SA-TIT 62.5
1000 SA-264L 96. 4 SA-T8T 62.9
1000 9A-269L 57.8 5A-81r 64.3

" Thickness: 40 mijls
Heat treatment: 1650°F, 1/2 hr, A.C.
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Takle 50

Ultimate Shear Strength of Ti-5A1-5Sn-5Zr-1V-1Mo Alloy Sheet from
Heat No. V-2957 at Different Temperatures: P

Longitudinal QOrientation Transverse QOrientation
Temp., Specimen Fsu Specimen Fsu
. g No. ksi No. ksi
70 1A-245L 106. 2 1A-57T 108.2
70 1A-250L 107.0 1A-62T 111.0
70 1A-255L 105.0 1A-67T 111.0
70 1A-230L 104. 2 1A-72T 109.0
70 1A-265L 103.3 1A-77T 110.0
400 1A-246L 87.0 1A-58T 91.5
400 1A-251L 88.5 1A-63T 89. 2 |
400 1A-256L 84.0 1A-68T 92.2
400 1A-261L 83.8 1A-73T 89.0 |
400 1A-266L 84.6 1A-78T 91.1 ]
600 1A-2471, 80.3 1A-59T 88.3
600 1A-252L 81.0 1A-64T 817.0
J00 1A-257L 84.1 1A-65T 85.8
600 '1A-262L 83.5 1A-74T 85.3
600 1A-267L 83.2 1A-79T 87.0
800 1A-248L 81.0 1A-60T 86.2
800 1A-253L 82.5 1A-65T 64.6
800 1A-258L 82.5 1A-707 82.6
800 1A-263L 81.1 1A-75T 85.6
800 1A-263L 80.3 1A-80T 86.¢
i
1000 1A-249L 75.1 1A-61T 76.8 i
1000 1A-254L 74.3 1A-66T 76.8 t
1000 14 -259L 72.8 1A-71T 7.4
1000 1A-264L 71.6 1A-T76T 78.0 ‘
1000 1A-2691. 70.8 1A-81iT 78.8 :

& Thickness: 40 mils
Heat treatment: 1550°F, 1/2 hr, A.C. + 1400°F, 1/4 hr, A.C.
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Table 51

Ultimate Shear Strength of Ti-6A1-2Sn-4Zr-2Mo Alloy Sheet from
Heat No. V-3016 at Different Temperatures®: b

Longitudinal Orientation Transverse Orientation
Temp. , Specimen Fsu Specimen Fsu }
°F No. ksi No. _ksi i
70 2A-245L 99.5 2A-51T 95.7 |
70 2A-250L 101.3 2A-62T 98.5 ¥
70 2A-255L 98. 8 2A-67T 95.8 {
70 2A-260L 93.8 2A-72T 93.8 i
70 2A-265L 95.8 2A-71T 93.7
:
400 2A-246L 82.5 2A-58T 78. 1 .
400 2A-251L 82.5 2A-63T 80.8 ;
400 2A-256L 84.3 2A-68T 78.5 :
400 2A-261L 79.4 2A-73T 78.1 i
400 2A-266L 80.5 2A-18T 77.3 H
600 2A-247L 80.7 2A-59T 75.5
600 2A-252L 81.2 2A-64T 76.8
600 . 2A-25TL 80.8 2A-69T 77.4
600 2A-262L 76.1 2A-174T 75.5
600 2A-267L ' 76.8 2A-79T 72.3
800 2A-248L 80.0 2A-60T 74.2
8CG 2A-253L 78.17 2A-65T 74.8
800 2A-258L 74.0 2A-70T 70. 7
800 ZA-263L 74.0 2A-15T 72.8
800 2A-268L '78.0 2A-80T 70.5
1000 2A-249L 70.0 2A-61T 66.5
1000 2A-254L 71.7 2A-66T 69.7
1¢00 2A-259L 66. 5 ZA-T1T 67.6
1000 2A-264L 68. 4 2A-76T 65.9
1000 £A-269T 57.8 2A-81T 66.5

aSheet thickness: 40 mils
D Heat treatment: 1650°F, 1/2 hr, A.C. + 1430°F, 1/4 hr, A.C.
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Takle 52

Tensile Properties of Ti-5A1-58n-5Zr Alloy Forty-Mil Sheet
at Room Temperature and at the Exposure Temperature after
Different Thermal Exposures . b

Exposure Conditions Fio, ksi
Temp, Time Test Temperature, ° F
°F Hr 70 800 800 1000 1100 1150 1200
e
L 118.6
600 0.25 - 66.3
600 1000 114.2 63.8
800 0.25 - - 61.1 !
800 100 118.0 - 63.2 i
800 1000 121.1 - 66.9 l
1000 0.25 : : . 59,0 i
1000 10 120. 4 - - 61.0
1000 100 120, 2 - - 62.8 g
1000 1000 120.3 - - 63.8 .
1100 10 118.9 - - - 62.8 é
1150 10 116.5 - - - - 55.2 ;
1200 10 119.1 - - - - - 53.3 %
Exposure Conditions F4, ksi E
Temp., Time Test Temperature, ° F |
°F Hr 70 600 800 1000 1100 1150 1200
70 - 128.5
€00 0.25 - 69.6
600 1000 22,2 85.4
800 0.25 - - 83.35
800 100 123.7 - 84.1
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