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1. General

Titanjum castings have been produced commercially
since the early 1960’s. Design shapes that have
been produced for aerospace applications for
many years include impellers, brackets, window
frames, hubs and bearing housings (10). Recent
advances in foundry technology have resulted in
use of larger complex structural aerospace castings
(11). Numerous Ti-6Al-4V cast parts are in use on
the airframes of many commercidl aircraft as well
as military systems (12, 13). The most ambitious
structural application is the side of body joint on
the F-22 (14).

For comparable heat treat conditions, Ti-6Al-4V
castings exhibit the same or nearly the same
strength, ductility, creep rupture and fatigue
strengths, and elevated temperature stability as
their wrought counterparts. The structural advan-
tage of cast structure over built up structure is the
elimination of mechanically fastened joints, which
nay result in a lighter weight structure.

The feeding of this alloy is less than that of steel
casting alloys and repair welding is frequently
required. Most of the data presented here were
obtained from castings which coritained sound
repair welds. The data indicate that repair welding,
if properly done, has no perceptible influence on
mechanical properties. Results from castings with
obviously defective weld repairs have not been
included since such castings would normally be
withheld from service.

1.1 Commercial Designations
Ti-6Al-4V

1.2 Alternate Designations 16

Ti-64
1.3 Specifications 17
AMS 4985
AMS 4991
AMS 4962 18
ASTM B367 Grade C-5 ¢
MIL-T-81915 Type Il 181

Note: Government specifications are being discon-
tinued, and will be reissued as industry specifica-
tions, such as AMS specifications.

1.4 Composition
1.4.1 {Table} Chemical Composition.

15 Thermal/Mechanical Processing

Most Ti-6Al-4V castings produced commercially
are supplied in the mill annealed (MA) condition
per MIL-H-81200.
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Ti-6Al-4V

Annealing is usually
accomplished at 1300- Tl
1550F 2-4 hours in

vacuum or inert AI 6 0
| |

atmosphere.

Beta annealing is v 4 . 0

accomplished by

heating in vacuum to
a temperature above
the beta transus, 1870-1910F.

Solution treating at a temperature below the beta
transus, about 1800F followed by a 1000F age
may result in higher tensile properties, but lower
ductility.

The hot isostatic pressing process is used to ensure
elimination of internal gas shrinkage cavities. This
procedure is carried out in an inert atmosphere
autoclave at 1650-1750F 2-4 hours at 15ksi pressure.

Some applications have used a beta solution
treatment at 1900F followed by a 1000 - 1500F
age. This technique is expected to normalize the
effects of various casting methods and weld
repairs to produce consistent material properties
(14, 19). Additional fixturing may be required to
maintain dimensional control during the beta heat
treating process. Mechanical properties have
not been shown to be significantly different
from those obtained from standard mill an-
nealed castings of the same configuration from the
same producer (29).

A stress relief, consisting of heating to 1350-1550F
in a vacuum or inert atmosphere is usually applied
after weld repair.

Hardness
Annealed condition, 311 BHN (3000 kg load ) (3).

Forms and Conditions Available

Castings are available in as-cast and heat treated
conditions. Consult casting producer.

Melting and Casting Practice
General

The usual method of melting titanium for the
casting process is to use a consumable electrode
vacuum ar¢ system. Other melting methods include
resistance heating, induction heating, tungsten
arc melting, electron beam melting and plasma
arc melting. (20)

Castings are poured either from remelted master
heat base metal or directly from the master heat
(1, 2). A master heat is metal of a single furnace
charge. Gates, sprues, risers and rejected castings
may be used in the preparation of a master heat,
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182

19

but may not be added directly without first melt-
ing and adjusting chemistry, for the pouring of
castings (1, 2).

In common with unalloyed titanium and other
titanium alloys, Ti-6Al-4V may react with the
mold materials producing a contaminated surface
layer which is dependent on time, temperature,
and the presence of the contaminating interstitial
elements carbon, oxygen, hydrogen, and nitrogen.
The layer is commonly called “alpha case” and is
extremely brittle.

Molding methods

Titanium castings are produced as sand castings
from rammed graphite molds or as investment
castings from ceramic shells made by the lost wax
process. The choice depends on complexity of the
part, required dimensional tolerances, surface
finish and econormic considerations.

The rammed graphite method is the traditional
production practice. Tooling is relatively inexpen-
sive, The mold material is pneumatically rammed
around a wood pattern and cured at a high
temperature. The molding process and tooling
are essentially the same as those used in ferrous
and nonferrous sand foundries. (19)

The investment casting technique is used to make
complex shapes with better surface finish than
obtained from rammed graphite molds. However
tooling costs are higher. Investment castings rely
on the lost wax technique. A ceramic shell is
formed around a wax pattern. Several foundries
have developed proprietary lost-wax ceramic
shell systems.

Foundry practices focus on methods to control the
extent of the reaction between the molten metal
and the mold material. (19)

Surface contamination of the casting surface, alpha
case, is picked up from the mold during pouring.
This layer is removed by chemical milling. (16)

Permanent mold casting shows potential to provide
lower costs and improved quality, including no
alpha case for relatively small parts. The process
involves casting into reusable metal molds that
are resistant to erosion and reaction with the mol-
ten metal. (17, 18)

The tendency for gas formation from an incom-
pletely fired expendable mold or decomposition
of absorbed water on the mold and poor feeding
characteristics require much heavier gating and
risering for Ti-0Al-4V than for a comparable steel
casting alloy (7, 8).

Special Considerations (see also 1.8)
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Weld Repair

Weld repair of surface defects is an integral part
of the manufacturing process. Tungsten inert gas
welding in argon is commonly used. Generally ali
weld-repaired castings are stress relieved. Weld
repair is not detrimental to the mechanical prop-
erties of cast Ti-6Al4V. The HIP treatment can be
made either before or after weld repair without
any adverse effects (19, 28, 29).

Physical Properties and Environmental
Effects

Thermal Properties

Melting Range.

2800-3000F

Phase Changes.

Alloy transforms on cooling from beta to alpha +
beta at approximately 1825F. This is referred to as
the beta transus temperature.

Time-temperature-transformation diagrams

Thermal Conductivity

At 400F, 5.1 Btu ft per (hr sq ft F). See also
Ti-6Al-4V, Alloy Code 3707

Thermal Expansion

5.2 x10-6 in/in/F. See also Ti-6A1-4V, Alloy
Code 3707

Specific Heat

0.137 Btu per (Ib F) at 400F. See also Ti-6Al-4V,
Alloy Code 3707

Thermal Diffusivity

Other Physical Properties
Density 0.161 Ib/cu. in

Electrical Properties
See Ti-6Al-4V, Alloy Code 3707
Magnetic Properties
See Ti-6Al-4V, Alloy Code 3707

Emittance
See Ti-6A1-4V, Alloy Code 3707

Damping Capacity

Chemical Environments

General Corrosion
See Ti-6Al-4V, Alloy Code 3707

Stress Corrosion

K =58.3 ksi in1/2

Single edge notch cantilever specimen fatigue
precracked per ASTM E399 and exposed to sea-
water under load. (20}
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3. Mechanical Properties
31 Specified Mechanical Properties

3.1.1 [Table} AMS Specified mechanical properties
3.2 Mechanical Properties at Room Temperature
321 Tensile Stress-strain Diagrams and Tensile Properties

3.2.1.1 [Figure] Typical stress-strain curves for
annealed cast ring segments from two heats.

3.2.1.2 [Table] Tensile properties including modu-
lus of elasticity of annealed cast ring segments
from two heats.

3.2.1.3 [Table] Mechanical property comparison
for excised vs integrally cast specimens.
3.2.1.4 [Table] Comparison of room temperature

properties from three sources of cast Ti-6Al-4V
test material.

3.2.1.5 [Table] Tensile test results for Ti-6Al-4V al-
loy castings at room temperature.

3.2.1.6 {Figure] Frequency distribution of tensile
properties of hot isostatically pressed and annealed
Ti-6Al-4V casting test bars from 50( heats.

321.7 [Figure] Variation in tensile properties of five
master heats for the as-cast and annealed conditions.

3.2.1.8 [Table] Comparison of room temperature
tensile properties for two heat treatments of cast
Ti-6Al-4V alloy.

3.2.1.9 {Figure] Effect of solution treat tempera-
ture on tensile properties of solution treated
and aged cast-to-size specimens.

3.2.1.10 [Figure] Effect of solution treat and aging
temperatures on tensile properties of cast com-
pressor casing.

3.2.1.11 [Figure] Effect of aging temperature on
tensile properties of three compressor casings cast
from one heat.

3.2.1.12 [Figure] Effect of oxygen content on tensile
properties of annealed cast-to-size specimens.

3.2.1.13 [Tuble] tensile properties of as-cast, annealed,
and solution treated and aged castings from three
casting manufacturers.

3.2.1.14 [Table] Tensile properties for a solution
treated and annealed condition and two solution
treated and aged conditions.

3.2.1.15 [Tablel Effect of aging temperature on
tensile properties of cast-to-size specimens.
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3.2.1.16 [Table] Effect of salvage heat treatment on
tensile properties of annealed, low oxygen cast-to-
size specimens.

3.2.1.17 [Table] Effect of exposure to elevated tem-
perature with load on tensile properties of annealed
cast compressor casing.

3.2.1.18 [Table] Tensile test results for several solu-
tion treat and aging conditions.

3.2.1.19 [Figure] Effect of thermal treatment on the
70F tensile properties of cast and HIPied Ti-6Al-
4V and the wrought alloy.

3.2.1.20 [Table] Tensile test results for two heat
treat conditions.

3.2.1.21 [Table] Effect of 1000 hours exposure at
550F without load on tensile properties including
elastic modulus of annealed cast ring segment
from two heats.

3.2.1.22 [Table] Effect of beta annealed vs. standard
mill anneal on room temperature tensile properties
of complex castings.

Compression Stress-strain Diagrams and Com-
pression Properties.

3.2.2.1 [Tabie] Compressive yield strength and
modulus of elasticity of cast ring segments from
two heats.

3.2.2.2 [Table] Compressive yield strength and
modulus of elasticity of as-cast, annealed and solu-
tion treated and aged castings from two separate
casting manufacturers.

Impact

3.2.3.1 [Table] Standard Charpy-V impact energy
of annealed cast-to-size specimens from two heats.
3.2.3.2 [Table] Standard Charpy-V impact energy
of annealed cast ring segments from tow heats.

3.2.3.3 [Table] Standard Charpy-V impact energy
of solution treated and aged casting.

3.2.3.4 [Table] Charpy V-notch results for Ti-6Al-
4V alloy castings at room temperature.

3.2.3.5 [Table] Charpy V-notch and fracture
toughness test results for several heat treatments.

Bending
Torsion and Shear

3.2.5.1 [Table] Shear strength of annealed cast ring
segments from two heats.

3.2.52 [Table] Double shear strength of solution
treated and aged casting.

3.2.6 Bearing

3.2.6.1 [Table] Bearing strength of annealed cast
ring segments from two heats.
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3.2.6.2 [Table] Bearing strength of solution treated
and aged casting.

327 Stress Concentration

327.1  Notch Properties
3.2.7.1.1 [Table] Mild-notch strength of annealed
cast ring segments from two heats.

3272  Fracture Toughness
3.2.7.2.1 [Table] Fracture toughness results.

328 Combined Loading

3.3 Mechanical Properties at Various Temperatures
331 Tension Stress-strain Diagrams and Tensile Properties

3.3.1.1 [Figure] Effect of test temperature on tensile
properties of five annealed cast compressor casing
from three heats.

3.3.1.2 [Figure] Effect of test temperatures on tensile
properties of specimens machined from annealed
cast compressor casings and annealed cast-to-size
specimens each from two heats.

3.3.1.3 [Figure] Effect of test temperature on tensile
properties of annealed cast ring segments from
two heats.

3.3.1.4 [Table] Summary of tensile test results at
room and low temperatures from Ti-6A1-4V
investment castings of standard composition and
extra low interstitials from two foundries.

3.3.1.5[Figure] Effect of test temperature on ultimate
tensile strength of standard composition and extra
low interstitials castings.

3.3.1.6 {Figure] Effect of test temperature on percent
elongation of standard composition and extra low

interstitials castings.

332 Compression Stress-strain Diagrams and Com-
pression Properties.

333 Impact

334 Bending

335 Torsion and Shear
336 Bearing

337 Stress Concentration
3371  Notch Properties
3371  Fracture Toughness

3.3.7.11 {Table] Fracture toughness results summary
(average KQ) of Ti-6Al-4V investment castings.

3.3.7.1.2 [Figure] Effect of test temperature on the
fracture toughness of standard composition and
extra low interstitials castings.

338 Combined Loading

34 Creep and Creep Rupture Properties
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3.4.1 [Table] Effect of solution and aging tempera-
tures on 800F, 80 ksi stress nupture life of cast
compressor casing.

3.4.2 [Table] Room temperature stress rupture
results for mild-notch specimens machined from
annealed cast compressor casing and annealed
cast-to-size specimens.

3.4.3 [Table] SO0F stress rupture properties of cast-
to-size smooth and mild-notch specimens from
two heats.

3.4.4 [Figure] Stress rupture curves at 700, 800, and
900 F for specimens machined from five annealed
cast compressor casings from three heats.

3.4.5 [Figure] Creep rupture curves at 700, 800, 900,
and 1000 F for specimens machined from annealed
cast compressor casing and annealed cast-to-size
specimens from one heat.

3.4.6 [Figure] Stress rupture curves at 700, 800,
and 900 F for specimens machined from cast com-
pressor casing aged at 1000 F,

Fatigue
Conventional High Cycle Fatigue

3.5.1.1 [Figure] High-cycle axial fatigue results at
500 F for annealed smooth and mild-notch cast-to-
size specimens from two heats.

3.5.1.2 {Figure] 150 hours, 500 F stress range diagram
for smooth and mild-notch cast-to-size specimens
from two heats.

35.1.3 [Figure] Room temperature axial load fatigue
properties of smooth specimens from five annealed
cast ring segments from two heats.

35.1.4 [Figure] Room temperature axial load fatigue
properties of mild-notch specimens from five annealed
cast ring segments from two heats,

3.5.1.5 {Figure] Room temperature smooth fatigue
properties of annealed and solution treated and
aged castings.

3516 [Fiéure] Room temperature mild-notch fatigue
properties of annealed and solution treated and
aged castings from two casting manufacturers.

3.5.1.7 [Table] Room temperature HCF test results
for Ti-6Al-4V cast test bars in various heat treat
conditions (10 Hz, R= 0.1, Triangular Wave Form,
Ky =1.0).

3.5.1.8 [Figure] HCF data for annealed investmient
cast Ti-6Al-4V test bars.

3.5.1.9 [Figure] HCF data for investment cast Ti-
6AI-4V test bars in the beta solution treated and
aged condition.

3.5.1.10 [Figure] Comparison of average fatigue
life curves for eight heat treat conditions.
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3.6
3.6.1

362

363

4.1
42

4.3

44

3.5.1.11 {Figure] Effect of thermal treatment on the
70F HCF life of cast and HIP'ed Ti-6Al-4V alloy.

3.5.1.12 [Figure) Open Hole fatigue data compar-
ing Beta Annealed (BA) to Mill Annealed (MA).

3.5.1.13 {Figure] Strain -Life fatigue data compar-
ing Beta Annealed material to standard mill
annealed condition.

Low-cycle Fatigue
3.5.2.1 [Figure] Low-cycle axial fatigue results at

500F for annealed mild-notched specimens cast -
to-size from two heats.

Fatigue Crack Propagation

353.1 [Figure] Fatigue crack-growth rate comparison.
3.5.3.2 {Figure] Crack growth rate of Ti-6Al-4V
mill annealed casting with no weld repair.

3.5.3.3 [Figure] Crack growth rate of weld repaired
Ti-6Al-4V casting.

Elastic Properties

Poisson’s Ratio

See Ti-6Al-4V, Alloy Code 3707.
Modulus of Elasticity

See also Tables 3.2.1.2, 3.2.1.21, 3.2.2.1, 3.2.2.2,
and 3.3.1.1.

3.6.2.1 [Figure] Effect of test temperature on tensile
elastic modulus of annealed cast ring segments
from two heats.

Meodulus of Rigidity

See Ti-6A1-4V, Alloy Code 3707
3.6.4 Tangent Modulus

3.6.5 Secant Modulus

Fabrication

Forming

Machining and Grinding
Consult Machinability Data Center, Metcut Research
Assocdiates, Cincinnati, Ohio.

Joining
See also Ti-6Al-4V, Alloy Code 3707.

Surface Treating

Residual surface contamination, known as alpha
case, is removed from as-cast parts by chemical
milling. (19)

Nonferrous Alloys » TiC

Ti-6Al-4V
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Table 1.4.1 Chemical Composition

SPECIFICATION s 498 ((gg‘;: gg; AMS 4962 (Ref. 37)
Elernent Minimum Maximum Minirmurn Maxinmum
Aluminum, percent 5.50 6.75 575 6.50
Vanadium, percent 3.50 450 3.60 4.50
Iron, percent 0.30 0.25
Oxygen, percent 0.20 0.13 0.17
Carbon, percent 0.10 0.07
Nitrogen, percent 0.05 o.M 0.03
Hydrogen, percent 0.015 anm
Yttrium, percent 0.005 0.005
Residual Elements, each , percent 0.10 0.10
Residual Elements, total , percent 0.40 0.40
Titanium Remainder Remainder

Table 3.1.1 AMS Specified Mechanical Properties

Specification AMS 4985 AMS 4991 AMS 4962
Property S(:e;;rgl:g Castings %?;?rg?rlz Castings Castings
Designated | Non Designated Designated { Non Designated
Areas Areas Argas Areas
Py (ksh) 130 130 125 130 130 127 125
Fy (ksi) 120 120 108 120 120 108 10
e (percent) ] 6 45 6 6 4.5 55

Code 3801
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Stress (ksl)

Figure 3.2.1.1 Typical stress-strain curves for annealed

150

100

50

Aerospace Structural Metals Handbook

[ Ti-BAl-4V, Cast ]
Cast Ring Segment

Anneated in Full section size

1550F, 2 10 4 hours in Vacuum, AC

1. Heat A-base-round specimen-longitudinal and transverse
2. Heat A-flange-flat specimen-longitudinal ang transverse
3. Heat 8-flange-flat specimen-fongitudinal and transverse
4. Hoat B-flange-flat specimen-tongitudinal and transverse
See Table 3.2.1.2 for cast ring segment and specimen details.

4 2 —

f—————""’-—

0 0.05 0.10

Straln Infin

cast ring segments from two heats (Ref. 5)

Nonferrous Alloys * TiC

Ti-6Al-4V
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Accompanying Figure for Table 3.2.1.2 on next page
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Table 3.2.1.2 Tensile properties including modulus of elasticity of annealed cast ring segments from two heats

(Ref. 5)
Source LTV Aerospace Corporation, Vought Aeronautics Division (5)
Allay Ti-6Al-4V, Cast
Form Cast Ring Segment
Condition Annealed 1550F, 2 to 4 Hours in Vacuum, AC(a)
Tensile Properties (b)
Heat A Heat B
Spread of Values | Average | aslgiw;s?%:fte ; Tnt:fl _I}!:;::ger Spread of Values | Average Cash:%rggeosfte 4 T“Ef' ¥:§:sber
BASE - Longitudinal, Long Transverse, and Short Transverse Directions (€)
Fo = ksl 126.7-139.0 | 1340 3 23 124.0137.5 | 1327 2 15
Fiy— ksi 108.4-1196 1130 3 22(d) 102.1-114.9 1102 2 15
E-10° ksi 15.3-182 167 3 24 14.8-10.0 162 2 16
€ (1 inch) percent 6.0-9.0 73 3 23 4.0-10.0 7.4 2 15
RA — percent 13.5-29.6 20.6 2 7 15.8-32.5 24.6 2 6
ELANGE — Longitudinal Direction
Fu—ksi . 136.7-146.2 142.1 3 10(e) 135.8-147.9 141.2 3 18
Fy= ks 111.9-1293 1214 3 il 111.6-128.7 1193 3 18
E-10° ksi 155-176 166 3 13 14.9-19.0 16.7 3 19
e (1 inch} percent 4,0-11,0 6.9 3 10(e) 4.0-14.0 7.8 3 17(f)
WEB - Long transverse Direction
Fy — ksi 136.7 - 149.6 142.2 3 9 140.1-150.5 1427 3 #
Fy— ksi 114.0-1322 1217 3 9 111.4-1308 1193 3 n
E—10° ksi 156-172 16.8 3 9 16.0-17.7 16.7 3 il
e {1 inch) percent 40-10.0 7.0 3 ] 4.0-11.0 7.5 3 1l

(a} Annealed in full section size.
(b) Allvalues determined using fiat specimens, except RA values, which were determined from separate round specimens.
(c¢) No directionality observed
(d) Load-displacement curve incomplete for one test.
() One specimen failed outside test section.
(f) Not determined for ong specimen.

Code 3801
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Figure accompanying Table 3.2.1.2

CAST RING SEGME|

NT
Long Transversa
£

225

WEB

i Longitudinal

v Short Trnsverse

0.25(0.50) 0 15(0 40)

4

3

[~
W...

.25{0.40}
{-ﬂ 0.16(0.40)
%

225
—1

i

) D,18(0.40)_,
||o1o(0305 ”J022(040)|
FLANGE — _EE._:‘H__
| I | |
|65 | | sa0| |2ss|
DD c-¢ B-B

Unbracketed flange and web dimentisans are for cast-to-size ring segment; bracketed flange and web fdimensioins

200 |
A-A
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arg for cast "oversize® ring sepment. Results presented were pbtained using specimens trom ring segmants of hoth sizes.

TEST SPECIMENS

0.375R
_
e

Fiat 0.12

0.375R
0.250

‘-— 125 —-‘ '

Round

Table 3.2.1.3 Mechanical property comparisen for excised vs. intergally

cast specimens (Ref. 26)

Heat No. Ultimate Tensile | Tensde Yield Elongation | Reduction of Area
Strength (ksi) | Strength {ksi) | (percent in 4D} (percent)

8840 | 1366 1272 100 24.4
Castings from 8840 2 1336 1242 122 211

8842 | 139.2 127.4 9.0 202
Castings from 8842 2 1335 124.1 9.9 182

4876 | 1425 1331 9.0 217
Castings from 8876 - 1362 1269 125 166

9003 | 1396 1298 9.0 20.5
Castings from 9003 1360 1257 118 173

1
Integrally cast specimen
2
Excised from casting

Castings consisted of hinge assembly, 38inx 7 1/2in, 0.25-1.375 inthick, and inlet lip support,

11in x5 1/2in, .14 in — 26 in thick.

Castings were investment cast, AMS 4991 chemistry.
Castings were HIF'ed.

Code 3801
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Table 3.2.1.4 Comparison of room temperature properties from three sources of cast Ti-6Al-4V test
material (Ref. 29)
Heat treat: HIP 1650F/15 ksi 2 hrs + Anneal 1350F 2 hrs
Separately Cast Test Bars Cast on Test Part Test Bars Machined form Casting

Avg. of 312 tests

Avg. of 1113 tests

Avg. of 292 tests

Page 10

Fy (ksi) 1316 1285 123.4
Fy (ksi) 11941 1175 1132
e (percent) 10.8 101 8.8
RA (percent) 20.8 22.2 166
code 3801
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Table 3.2.1.5 Tensile test results for Ti-6Al-4V alloy castings at room
temperature (Ref. 27)

Ti-6Al-4V

. |
Specimen condruzun Fy, (ksi) Fty (ki) | ® {4D) (percent) RA (percent)
and numtyer
Cast:
10E 1456 | 1312 100 15.0
10F 1465 | 1305 1048 190
138 1458 | 1304 105 155
158 1464 | 1312 110 155
15D 1448 | 1303 115 130
160 1420 | 1293 95 155
Mean 1452 | 1305 105 156
Standarg Deviation 17 7 7 19
Cast and hot pressed 5
3 1381 125.2 125 175
1) 1383 | 1263 19 185
aP€C 1387 | 1285 14.0 185
Mean 1384 | 1257 125 182
Standard Deviation 3 ] 15 6
Cast, mille¢t and hot pressed 5

4C 138.6 1261 13.0 19.0
4D 1382 | 1258 10.0 150
19E 1402 | 1284 14.0 190
Mean 1390 | 1268 123 17.7
Standard Deviation 11 1.4 21 2.3

! All specimens were annealed at 1300F for 2 hrs.

2 Explanation of specimen numbers:20 castings were poured from 5 heats and numbered as follows:
Castings 1-4 were from the first heat; Castings 5-8 were from the second heat; Castings 9-12 were from
the third heat; Castings 13-16 were from the fourth heat; Castings 17-20 were from the fifth heat. The
|etter indicates specimen location in each casting: A is adjacent to B; B is adjacent to C, ete. See also
Table 3.2.3.4.

3 4D indicates a length equal to 4 Dia of the gauge section.

4 Specimen broke in outer quarter of gauge section.

5 “Hot pressed” refers to hot isostatic pressing, 2 hrs at 1650F and 15ksi.

Note: Although the above table does not show an advantage to HIP on the tensile properties, the advantage

of HIP as noted in Section 1.5isto eliminate internal shrinkage cavities, improving durability and damage
Iolerance properties. Casting weight 3.3 Ibs.

Code 3801
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Figure 3.2.16 Frequency distribution of tensile properties of hot isostatically
pressed and annealed T1-6Al-4V casting test bars from 500 heats (Ref. 24}
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Nonferrous Alloys « TiG

Ti-6Al-4V

Ti-6AI-4V, Cast
Cast-to size, 0.252 in Dia test specimens
(polished with grit paper to remove as-cast surface)
< As-Cast
— ® Annealed: 1300F, 2hrs in Argon, AG
Each value average af four tests minimum
140 = =
F L
- o - t:i
- 1]
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Figure 3.2.1.7 Variation in tensile properties of five master heats for the as-cast

and annealed conditions (Ref. 9)

Table 3.2.1.8 Comparison of room temperature tensile properties for two heat

treatments of cast Ti-6Al-4V alloy (Ref. 30)

Heat Treatment HIP 1650F/15 ksi + Anneal 1550F | ol 1200/ }gn"gio;ﬁ"kgé"{'1ggfgt
Average of 136 tests Average of 79 tests
Fy, (ksl) 1320 138.7
Fyy (ks 1184 1248
e (percent) 1hF:] 9.6
RA {percent) 201 192

Code 3801
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4N
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THBAI4V, Cast
| Cast to 5/8 in Dia oversize
blanks machined to 0.252 in Dia specimens.
$t, 1 hr. in argon, 15 sec quench delay, WQ + 4
hrs. in argon, AC.
Each value average of four tests minimum.

Fiy L
e{lin)
1725 1750 1776

Solution Tamperature {F)

Figure 3.2,.1.9 Effect of selution treat temperatures on
tensile properties of solution treated and aged cast-to-
size specimens (Ref. 9)
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Ti—6A4Y, Cast
$asl compressor gasing |
— — =5 [O1750F 1 hr, WQ
——o w1850F 1 hr,wat * 305 8. AC
Casing halved and solution treated; aging applied to 1/2 in
square specimen blanks.
See Figure 3.3.1.1 tor casing {12 ins long} and specimen details.
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Figure 3.2.1.10 Effect of solution treat and aging temperatures on
tensile properties of cast compressor casings (Ref, 4)
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Number of casings tested at each aging temp:

(3)
Number of specimens tested at each aging temp;
(12)

Ti-BAI-4V, Cast
Cast compressor casing (See Figure 3.3.1.1

(2)
)

for casing (1/2 ins tong) and specimen

details. All casings from single heat. Casings

solution treated 1760F, 1 hr, WQ; 1/2 in

square specimen blanks aged 8 hrs {excapt

10 hrs at BOOF), AC.

O (J Average Value

Nonferrous Alloys » TiC

Ti-6AI-4V
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Figure 3.2.1.11 Effect of aging temperatures on
tensile properties of three compressor casings
cast from one heat (Ref. 4)
| 3 1
Ti-6A-4V, Cast
~  Cast-to-size, 0.252 inch diameter test specimens (polished with grit
paper to remove as-cast surface) annealed: 1300F, 2 hrs in argon, AC.
[~ Each value average of four tests minmum.
\
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Figure 3.2.1.12 Effect of oxygen content on tensile properties of
annealed cast-to-size specimens (Ref, 9)
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Table 3.2.1.13 Tensile properties of as-cast, annealed, and
solution treated and aged castings from three manufactures
(Ref. 8)

Sourca Lotkheed-Georgia Gontpany (8)
Allgy Ti-BAl-4V, Cast
Form Precision Castings

Room Temperature Tenstle Properties

e{1in) RA

Condition Fu (ksi) | By (1) (pergenty | (percent)

Casting Manufacturer Number 1 (a) (b}

As-Cast 139 127 B.1 15.2
Annealed (c) 134 126 6.6 216
Solution Treated + Aged (d) 162 152 3.7 122

Casting Manufacturer Number 2 (g} (h}

Solution Treated + Aged (d) 156 136 3.0 3.1

Casting Manufacturer Number 3 {e) (f)

Solution Treated + Aged (d) 152 140 8.0 -

(2} 10 Ibs casting; section thicknesses from 0.2 into 2.0 ins; 0.125
in. Dia specimens selected randomly from both thickness extremes
and at random onentatmns w1th respect 1o casting geometry.

Ennh oy nt
{b} Each valus averags of Tour tosts min

{c) Annealed in full section size: 1750F, 25 mins WQ + 100CF, 4 hrs, AC.

{d) 11b casting; section thickness 0.43 in; 0.25 in. Dia
specimens, all located parallel to engitudinal axis of casting.

(e} 1 Ib casting; sectian thickness 0.43 in.; 0.25 in Dia specimens, all located paraltel
to longitudinal axis of casting.

() Each value avarage of threa tests.

(@) 11b casting; section thickness 0.4 in in vicinity of specimen extraction; 0.25in
Dia specimens, all located in common direction with respect to casting geometry.

{n) Each value average of four tests

Each casting manufacturer uses his own heal.

March 1999



March 1899

Aerospace Structural Metals Handbook

Table 3.2.1.14 Tensile properties for a
solution treated and annealed condition and two
solution treated and aged conditions (Ref. 6)

Source Pracision Castparts Corporation (6}
Allgy Ti—6Al-4V, Cast
form Precision Castings
Condition Solution Treat + Anneal Solution Treat + Age
(@ (b) {©)
Fou (ksi) 146.5 1686 155.0
Fy (ksi) 134.0 1523 140.5
e (4D) (percent) 7.5 4.0 6.3
RA(percent) 19 80 127

(a) 1735F, 1 hrin Argon, 15 se¢ quench delay, WQ + 1300F, 2 hrs in Argon, AC
{b) 1750F, 1 hrin Argon, 15 sec quench delay, WQ + 1000F, 4 hrs in Argon, AC
(¢) 1650F, 1 hrin Argon, 15 se¢ quench delay, WG + 1000F, 4 hrs in Argon, AC

Table 3.2.1.15 Effects of aging temperature on tensile properties of cast-
to-size specimens {Ref. 9)

Nonferrous Alloys TiC

Ti-6Al-4V

Source Precision Gastparts Corporation (8)
Alloy Ti-GAlI-4V, Cast
Form ~ Cast-to-Size Specimens @
Condition 1725F, 1 hr in Argon, 15 sec Quench Delay, WQ + Age
Aging Room temperature Tensile Properties @

Temperature (F) | Time (Hours) Fy (ksi) Fy (ksi} ¢ (4D) {percent) | RA (percent)

950 2 178.9 1633 3.0 51
1000 4 1733 160.4 37 5.0
1100 4 170.0 158.2 4.4 6.1

(a) Cast to 5/8 in. Dia blanks and machined to 0.252 in. Dia specimens.
(b) Each value average of two tests.

Code 3801
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Table 3.2.1.16 Effects of salvage heat treatment on tensile
properties of annealed, low-oxygen cast-to-size specimens {Ref. 9)

Source Precision Castparts Corporation (3)
Alloy Ti-6AI-4V, Cast
Form Cast- to-Size Specimens
Room temperature Tensile Properties®™
\?ngigi? ggrn::m Heat Treatment Fu (ksi) Fy (ksi) e {40) (percent)
0.113/0.116 Anneal {b) 1310 1184 115
Salavage (c) 1439 13186 8.3
0.118/0.124 Anneal {b) 1323 1194 10.7
Salavage (c) 148.4 1369 81

{a) Each value average of eight tests on six master heats.
{b) 1300F, 2 hrs., AC
(c) 1750F, 1 hr., WQ + 1300F, 2 hrs AC.

Table 3.2.1.17 Effects of exposure to elevated temperatures with load on tensile properties
of annealed cast compressor casing (Ref. 4)

Source AVCO Corporation, Lycoming Division (4)
Alloy Ti-BAI-4V, Cast

Form Cast Compressor or casing (a)

Condition Annealed 1300F, 2 hrs, AC (b)
Specimen Exposure Conditions Subsequent Room Temperature Tensile Properties (c) {d)

Temp (F} | Stress (ksi} | Time (Hours) Fu (ksi) Fy {ksi) e {1in) {percent) RA{percent)
Average 143.9 1310 9.4 15.5
Unesposed { gprea 16151395 | 143.1/126.5 12.0/4.0 20.3/7.9

700 a0 529.3 148.6 146.5 3.0 5.4
700 85 528.0 152.8 148.2 4.0 7.2
700 85 1510.0 1551 154.7 20 8.2
700 80 1603.0 152.8 147.4 70 126
800 45 500.0 15341 150.2 6.0 8.9

Code 3801

Page 18

(a) Seee Figure 3.3.1.1 for compressor casing (20 in long) and specimen details.
(b) Casing annealed in full section size.

{c) Specimens tested as exposed: surface not dressed.
{d} Unexposed values from fifieen test, expased values from individual tests.
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Ti-6Al-4V

Table 3.2.1.18 Tensile test results for several solution heat treat and aging conditions

(Ref. 31)
o Avg F Avg F Mge Avg RA :
Condition (ksi)m (ksi)w (percent) (percent) No. of Specimens
1 {Baseline) 139 122 il 19 6
2 153 134 7 13 6
3 152 136 7 12 ]
4 146 130 8 12 5
5 150 134 8 15 5
6 163 135 9 15 6
7 148 135 8 12 6
8 150 136 6 13 6
Heat treat conditions:
1. Baseline (no solution treatment or aging).
2. Soln. treat 1880F/0.5 hr./water quench/1500F age/24hrs/air cool.
3. Soln. treat 1880F/0.5 hr./oil quench/1500F age/24hrs/air cool.
4. Soln, treat 1880F/0.5 hr./gas fan cool/1500F age/24hrs/air cool.
5. Sofn. treat 1880F/0.5 hr./gas tan cool/1150F age/2 hrs/air cool.
6. Soln. treat 1880F/0.5 hr./gas fan cool/1000F age/8 hrs/air cool.
7. Soln. treat 1750FA hr./gas fan cool/1150F age/ 2 hrs/air cool.
8. Soin. treat 1750F/1 hr./gas fan cool/1000F age/ B hrs/air cool.

Beta transus. calculated to be 1825F.
All material was HIP'ed at 1650F/15ksi /2hrs.
Castings were oversized test bars, cast in clusters of 28.

Chemical composition in accordance with AMS4S85,

Code 3801
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150 130
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1550F CA Conventional anneal at 1550F/2 hrs. in vaceum/argon fan cool
1810F STA A "below beta” solution treatment and age, consisting of solution treatment at

1810F/1hr. in vacuum, an irert gas fan cool at a rate equivalent to air cooling (GFC)

1860F STA An “above beta" solution treatment and age, consisting of 1860F/1 hr. in vacuum
IGFC + 1000F/8hrs in vacuum/GFC

1800 Cyelic A"bslow beta™ cyelic exposure invelving six cyclas of 1800F/10 min in vacuum/GCF
to 1000F/10 min. in vacuur/heat to 1800F, followed by a gas fan coal to 70F

Wrought CA Conventional anneal applied to wrought products, 1550F/2 hrs.

Figure 3.2.1.19 Effect of thermal treatment on the 70F tensile properties of cast and
HIP‘ed Ti-6Al-4V alloy and the wrought alloy (Ref. 32)

Ducillity (porcent)
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Ti-6AI-4V
Table 3.2.1.20 Tensile test resulits for two heat treat conditions (Ref. 28)
Ti-BAI-4V investment cast oversize test bars, 063 in. Diax 5 in long
Chemistry per AMS 4992
" . F F e RA €
Condition Specimen No, (k;‘ui) (k?;) {percent) {perceni) 0"
Annealed 1 129 22
1550 F, 2 hrs., 2 133 122 10 19 18
Gas fumace cool 3 137 125 7 22 13
Average 135 124 9 21 18
Beta Solution 1 142 128 10 20 18
Treated
1880 F , 30 min., 2 145 132 9 16 17
Gas furnace coo, 3 146 133 ] 15 17
+1150 F 2 hrs., air cool Average 144 131 9 17 7
Code 3801
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Table 3.2.1.21 Effect of 1000 hours exposure at 550F without load on tensile properties
including elastic modulus of annealed ring segments from two heats {Ref. 5}

Code 3801

Page 22

Source LTV Aerospace Gorporation, Vought Aeronautics
Aloy Ti-BAl-4V, Cast
Form Cast Ring Segments (2)
Condition Annealed 1550F, 2 to 4 hrs in Vacuum, AC (b)
Room Temperature Tensile Property
Casting Specimen (c) Exqosu R | Fli | e e (1in) (percent)
BASE (a) - Heat A
1 Long Trans Unesposed 134.6 11139 15.4 8.0
1 Long Trans Unexpased 1354 1100 165 9.0
1 Long Trans Exposed {d) 134.5 123.0 171 3.0
2 Short Trans Unexposed 126.7 1107 168 8.0
2 Short Trans Unexposed 138.4 €) (eg3 9.0
2 Short Trans Exposed (d) 140.7 1251 16. 7.0
BASE (a) — Heat B
1 Long Trang Unexpased 1359 1126 160 9.0
1 Lang Trans Unaposed 1316 108.5 175 5.0
1 Long Trans Exposed (d) 147.4 124.8 168 8.0
2 Short Trans Unexposed 1299 103.7 14.9 100
2 Short Trans Unexposed 136.7 1120 152 7.0
2 Short Trans Uneqposed 1375 114.8 160 4.0
2 Short Trans Exposed (d} 1443 124.4 16.5 9.0
FLANGE {a) ~ Heat A
1 Longitudinal Unexposed 140.9 1162 17.0 5.0
1 Longitudinal Unexposed 140.8 1158 163 7.0
1 Longitudinal Unexposed 1398 1138 16.4 8.0
1 Longitudinal Unexposed 136.7 118 162 8.0
1 Lengitudingl Unaxponed - - 175 -
1 Lempitudinal Urieoqosed 142.6 1210 166 6.0
1 Longitudinal Exposed {d) 146.1 1330 171 5.0
2 Longitudinal Urnexposed 143.3 120.7 173 9.0
2 Longitudinal LUnexposed - - 163 -
2 Longitudinal Unexposed 146.2 1293 16.5 110
2 Longitudinal Exposed (d) 149.7 1314 175 4.0
FLANGE (a) — Heat B
1 Langitudinal Uneoposed 1395 1158 167 6.0
1 Langitudinal Uneposed 1389 1137 168 7.0
1 Longitudinal Unexposed 1436 1178 168 100
1 Longitudinal Lineqosad 1371 M6 152 76
1 Longitudinal Unexposed 144.3 1181 164 6.0
1 Longitudinal Unexposed 140.5 178 163 100
1 Longitudinal Unexpased - - 177 -
1 Longitudinal Unexposed 1433 1235 190 8.0
1 Longitudinal Unexposed 1424 124.2 164 6.0
1 Longitudinal Unexposed. 1385 1128 177 8.0
1 Longitudinal Unexpased 1425 1287 14.9 4.0
1 Longiudinal Exposed (d) 148.3 1301 170 9.0
2 Longftudinal Unexpased 140.2 1165 172 100
2 Longitudinal Unexposed 143.7 122.3 160 120
2 Longitudiral Unexpased 1392 1194 167 14.0
2 Longitudinal Unexposed 1358 "y 16.4 7.0
2 Langitudinat Uneposed 1421 126.7 168 f)
2 Langitudinal Exposed {d) 148.3 1301 176 i]
@) See Table 3.2.1.2 for ring segment details.
b) Annealed in full section size.
¢) Sea Table 3.2.1.2 for specimen configuration (flat type) and orentation.
d) Exposed 350F, 1000 hrs.
e} Incomplete load — displacement curve.
f) Bad reading.
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Table 3.2.1.22 Effect of beta anneal vs standard mill anneal on room temperature
tensile properties of complex castings {Ref. 34)

Ti-6Al-4V

Heat Treatment Anneal at 1900F + 1550F age Mill anneal at 1550F
Fry (ksi) 130 - 144 130-135
Fry (ksi) ' 120 - 128 113 - 124

== i

375 | f |
EES ' THD 3/8-UNF-2A

2.50 !
A | .250 Max - .245 Min

Dimensions are in Inches B | A+.002TOA +.003
Tenslte Specimen Configuration

Two castings were supplied by Howmet. Each contained extensive planned weld repairs.
One casting was HIP'ed at 1650F followed by 1550F anneal. The other was HIP'ed at 1650F followed
by beta anneal at 1900F and aged at 1550F.

Code 3801
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Table 3.2.2.1 Compressive strength and modulus of elasticity

of cast ring segments from two heats (Ref. 5)

Source LTV Aerospace Corporation, Vought Aeronautics
Aoy Ti-6Al-4V, Cast
Form Cast Ring Segments (a)
Condition Annealed 1550F, 2 to 4 hrs in Vacuum, AG {b)
. Roomn Temperature
Specimen (c) Tensile Property
. . osure F

Heat Casting Location(a) Cﬁdiﬁun (kgg) (10° Ekf.;i)(b)
A 1 Base Longitudinal 124.9 216

A 1 Base Long Trans 123.5 205
A 2 Base Short Trans 1219 158
A 2 Base Short Trans 1295 175
B 1 Base Longitudinal 1306 175
B 1 Base Long Trans 1256 16.9
B 2 Base Short Trans 1231 175
A 2 Hange Longitudinal 146.4 15.4
B 2 Aange Longitudinal 145.4 17.4
A 3 Web Longltudinal 1514 169
A 3 Web Longitudinal 1541 16.5
B 1 Web Longitudinal 140.4 185
B i Wb Longitudinai 132.4 i
B 2 Web Long Trans 140.1 183
B 3 Web Long Trans 136.4 16.4

Code 3801

Page 24

{a) See Table 3.2.1.2 for ring segment and specimen orientation details.
(b} Annealed in full section size.
(c) Specimen 2.70ins long, 0.65 in wide and 0.10 in thick.

For comparative tensible properties, see Table 3.2.1.2
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Table 3.2.2.2 Compressive yield strength and modulus of
elasticity of as-cast, annealed and solution treated and aged
castings from two separate casting manufactures (Ref. 8)

Nenferrous Alloys « TiC

Ti-6Al-4V

Source Lockheed - Georgia Company (8)
Aloy Ti-6Al-4V, Cast
Precision Castings
Fom Room Temperature Properties
Condition Fy (ksi} (a) | Fey (ks (b) E, (0 3ksi) (b)
Casting Manufacturer Number 1 {c)
As-Cast 127 137 16.7
Annealed {d) 126 148 170
Solution Treat + Age (e} 152 179 172

Casting Manufacturer Number 2 (f)

L,

SolutionTreat + Age {e) 136 145 -
p 0'5/ 0.1
T g
i Compression Specimen
|/

(a) Each value average of three tests minimum.
(b) Each value average of two tests minimum.
(c) 10 Ib casting; section thicknesses from 0.2 into 2.0 ins;
specimens selected randomly from both thickness extremes and at random
orientations with respect to casting geometry.
(d} Anneated in full section size: 1300F, 2 hrs., AC.

(e) Solution treated and aged in full section size; 1750F, 25 mins., WQ +1000F, 4 hrs., AC.
(f) 1 Ib casting; section thickness 0.43 in; all specimens located parallel to longitudinal axis

of casting.

Castings furnished by manufacturer Number 1 were from different heat than castings
furnished by manufacturer Number 2.

Code 3801
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Table 3.2.3.1 Standard Charpy-V impact energy of annealed
cast-to-size specimen from two heats (Ref. 4)

Source

AVCO Corporation Lycoming Division (4)

Aloy

Ti-6Al-4v, Cast

Form

Cast-to-Size specimens

Condition

Annealed 1300F, 2 hrs., AG)

Heat

Specimen
Number

Standard Charpy-V
(ft Ibs)

CHDOW@PEI> >

enP it =Pk —

195
20.0
20.0
210
200
210
190
200
210
200

Heat B:

{1) Conventional tensile properties:

HeatA: Fy =144.8 ksi, Fy,=127.3 ksi, e{1in) =

11.7 percent, RA ="25.8 percent

Fry = 1451 ksi, Fy=132.7 ksi, {1 in) =
10.5 percent, RA = 21 6 percent
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Table 3.2.3.2 Standard Charpy-V impact energy of annealed cast ring
segments from two heats (Ref. 5}

Nonferrous Alloys « TiC

Ti-6Al-4V

Source LTV Aerospace Corporation, Vought Aeronautics
Division (5)
Alloy Ti-BAl-4V, Gast
Form Cast Ring Segments (a)
Condition Annealed 1550F, 2 to 4 hrs in Vacuum, AC (b)
Room Temperature Properties
- Specimen Specimen F IE, 5td. Charpy -V
Heat | Casting | | oosvionia) | Orientation (a) (k?i) (it Ibs)rp y
A 1 Base Lang Trans 111.9 190
A 1 8ase Long Trans 1100 160
A 1 Base Short Trans 1149 150
A 1 Base Short Trans 1109 15.0
A 2 Base Longitudinal 1102 18.0
A 2 Base Longitudinal 1118 -
A 2 Base Long Trans 111 16.0
A 2 Base Short Trans 107 180
B 1 Base Short Trans 114.3 15.0
B 1 Base Short Trans 1021 15.0
B 2 Base Longitudinal 104.8 21.0
B 2 Base Longitudinal 108.5 -
B 2 Base Long Trans 110.4 18.0
B 2 Base Long Trans 1109 19.0
B 2 Base Long Trans 114.9 17.0
B 2 Base Short Trans 103.7 14.0
B 2 Base Shert Trans 1120 -
B 2 Base Short Trans 114.8 -
A 1 Flange Longitudinal 111.94921.0(t) 14.0
B 1 Flange Longitudinal 111.6-128.7 (d} 14.0

(3) See Table 3.2.1.2 for ring segment and specimen orientation details.
{b) Annealed in full section size.

{¢) Range of values from five tests.
{d) Range of values from ten tests.

Table 3.2.3.3 Standard Charpy-V impact energy of solution
treated and aged casting (Ref. 8)

Source Lockheed — Georgia Comparty (8)
Alloy Ti-6AI-4Y, Cast
Form Precision Casting (a)
Condition Solution Treat - Aged (b)

Standard Charpy-V (ft 1bs)

8.46 (a)

(a) 1 Ib casting; section thickness 0.43 in,
{b) Solution treated and aged in full section size: 1750F, 25 mins., WQ +1000F, 4

hrs., AG

{c) Single value from specimen oriented parallel ta longitudinal axis of casting,

Code 3801
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Ti-6Al-4V

Table 3.2.3.4 Charpy V-notch results for Ti-6Al-4V alloy
castings at room temperature (Ref. 27)

Specimen condition ! and number 2 Impact strength 3 {ft Ib}
Cast:
1A 23.0
7A 22.5
10A 233
1A 20.2
16A 199
20A 20.0
Mean 215°
Std. Dev. 16

Cast and hot pressed: 4

5A 175
17A 19.0
18A 20.7
Mean 191 §

Std. Dev. 16

Cast, milled, and hot pressed: 4

2A 18.0
6A 18.5
19A 16.9
Mean 178 5
St Dev. 08

All specimens were annealed at 1300F for 2 hrs.
See Table 3.2.1.5 for explanation of specimen numbers and tansile properties.
Fracture type ductile.

Hot pressed” refers to hot isostatic pressing.

o B W N =

Compare with average of 19.2 for specimens machined from investrnent cast
aircraft parts.

Code 3801
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results for several
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y V-notch and fracture toughness test
eat treatments (Ref, 32).

Heat Treatment Charpy V-Notch
(See Fig. 3.2.1.19 lmrpy E Fracture Toughness,
for explanation of pact Energy Y
ft lbs) Kq (ksiin ™)
heat treatment) (
1550F CA 25.6 96.7
24.9 88.5
248 96.0
Mean 251 93.7
1810 FSTA 226
212
208
Mear 215
1860F STA 20.0
182
212
Mean 201
1800F Cyclic 299
221
26.2
Mean 26.1

Nonferrous Alloys TiC

Ti-6Al-4V

Table 3.2.5.1 Shear strength of annealed cast ring segments
from two heats (Ref 5)

Source LTV Aerospace Gorporation, Vought Aercnautics
Division {5)
Alloy Ti-6AI-4V, Cast
Fomi Cast Ring Segments (a)
Condition Annealed 1550F, 2 to 4 hrsin Vacuum, AC (b)
Heat Casting Fg, (C) {d} (ksi)
A 1 93.9
A 2 95.3
A 3 95.3
B 1 84.4
B 2 102.5
—j0.38-— —7%— 0.060 maximum
0.25 dia
Lo ||
@ O | |10
/ |ami—0.2 —]_
| 3.00 || }—o0.10

(a) See Table 3.2.1.2 for ring segment details.
(b} Annealed in full section size.

{c) Fange location, longitudinal direction (see Table 3.02141).

{d) Values average of from two to seven tests for each casting.
See table 3.2.1.2 for corresponding conventional tensile properties.

Code 3801
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Table 3.2.5.2 Double shear strength of solution treated
and aged casting (Ref. 8}

Source Lotkheed — Georgia Comparty (8)
Alloy Ti-6Al-4V, Cast
Form Precision Casting {a)
Condition Solution Treat + Aged {b)
F., (ksi) 94.7 (c)

(a) 1-Ib casting; section thickness 0.43 in; 0.375 in. Dia double-shear
specimens oriented parale! to longitudinal axis of casting.

(b) Solution treated and aged in full section size: 1750F, 25 mins.,
WQ + 100F, 4 hrs., AQ.

(c) Average of iwo test.

Table 3.2.6.1 Bearing strength of annealed cast ring segments
from two heats (Ref. 5).

Source LTV Aerospace Corporation, Vought Aeronautics
Division (5}
Alloy Ti-BAl-4V, Cast
Form Cast Ring Segments (a)
Condition Annealed 1550F, 2 to 4 hrs in Vacuum, AC (B)
Heat | Casting Foru (C) (d) (ki) Fary (€) (d) fhsi)
A 1 283.0 224.6
A 2 279.4 227.7
A 3 253.3 2091
B 1 279.6 2149
B 2 300.1 245.4
0.375 dia ‘
& B |||
0.35dia
0.75 os0 | 1010
3.00

() See Table 3.2.1.2 for ring segment details.

{b) Annealed in full section size,

{c) Fange location, longitudinal direction (see Table 3.0212).

() Allvalues are averages of from two to six tests for each casting except
that for casting 2, Heat B, which is a single datum point.

See table 3.2.1.2 for corresponding conventional tensile properties.
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Table 3.2.6.2 Bearing strength of solution treated and
aged castings (Ref. 8)

Nonferrous Alloys » TiC

Ti-6Al-4V

Source LTV Aerospace Corporation, Vought Aeronautics
Division (8)
Alloy Ti-BAl-4V, Cast
Form Precision Casting {(a)
Candition Solution Treat + Age (b)

Room temperature Bearing Properties (c)

F (€) {0) (ksi) Fuy (€) (d) (ksi) e/D
216 {d) 150
240 234 152
214 204 150

(a) 1-Ib casting; section thickness 0.43 in; specimens
oriented parallef to longitudinal axis of casting.
(b} Solution treated and aged in full section size: 1750F, 25
mins., WQ + 1000F, 4 hrs., AQ.
{c) Specimen thickness = 0.090 in; D =0.187 in,
(d) Bearing failure accured before 0.2 percent strain was achieved.
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Table 3.2.7.1.1 Mild-notch strength of annealed casting
segments from two heats (Ref. 5).

Source LTV Aerospace Corporation, Veught Aeronautics Division (5)
Aoy TI-6A1-4V, Cast
Ferm Cast Ring Segments (a)
Condition Anngated 1550F, 2 to 4 hrs in Vacuum, AC (b}
Raom Temperaturs Property
Casting Specimen Orientation (c) Fy (sl NTS {ksi)
033 _{oan } 007 K =30
r=0.016- =

BASE (&) — Heat A
1 Long Transverse 1100 1861
1 Long Transverse ms -
2 Longitudinal 1102 172.4
2 Longitudinal 118 -
2 Short Transverse 1107 146.0

BASE (a) ~ Heat B
1 Long Transverse 1126 1522
1 Long Transversa 10B5 -
2 Longitzdinat 104.8 1595
2 Longitudinai 1085 -
2 Short Transverse 1037 1569
2 Short Transverse 1120 -
2 Short Transverse 1148 -

FLANGE (a) — Heat A
2 Longitudina 1207 1679
2 Longitudinal 129.3 -
FLANGE (a) — Heat B

2 Longitudinal 1165 1652
2 Langitudinal 1223 -
2 Longitudinal 1189 -
2 Longitudinal 177 -
2 Longitudinal 126.7 -

WEB (a) - Heat B
1 Langitudinal 136 160.3
1 Longitudinal 1184 -
1 Longitudinal A -
2 Long Transverse 1202 168.4
2 Long Transverse 1267 -
2 Long Transverse 12314 -
2 Long Transverse 1230 -

N
E Joas [[Hoan
Lr-0.007
0.008
I 1.25 i

BASE (a) - Heat A
2 Longitudinal 1225 157.3
2 Longitudiral 1235 -

BASE (a) - HeatB
2 Longitudinal 1186 154.2
2 Longitudirst 125.2 -
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See Tahle 3.2.1.2 for ring segment details.
Annealed in full section size,
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Table 3.2.7.2.1 Fracture foughness test results (Ref. 26)

Aerospace Structural Metals Handbook

Fracture Toughness (K ) (ks in. 1"2)

Ti-B6Al-4V investment castings

HIP'ed at 1650F/15 ksi/2 hrs

Compact Tension Short-rod
{Per ASTM E-399) {Per SAE ARP 1704}
97.3 102.0
99.5 1133
B9.7 1131
971 106.9
102.3 1103

180

160

140

120

F ty (ksh)

100

80

RA (Percenl)
8 &

(=]

Nonferrous Aligys » TiC

Ti-6Al-4V

il 1 1 |
TH6AI4V, Gast
. Number of specimens tested at each test temperature _|
(31) @) (34) (23)
Cast compressor casings annealed 1300F, 2hrs, AC:
12 in and 20in lang, 10 in Dia, 3/ in to 1/2in
| Wall thickness specimens: 1/4 in. diameter x 1 i. gage _
length from midthickness along asing axis
& W Average values from five compressor casings
castfrom three heats.
. T Spread of vatues. 4
160
AN - 140
\ Fru L
TN \\‘ 120 F
x .\‘ =
e W
\ = a8 100
RS
Fty T
B0
T L
- e
L e{1in} g —
3 20 =3
- - g
el L T 0 T
200 400 600 800 1000

Temperature (F)

Figure 3.3.1.1 Effect of test temperatures on tensile
properties of five annealed cast compressor casings
from three heats (Ref. 4)
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F u {ksl)

Parcent
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80
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40

20

Aerospace Structural Metals Handbook

t I ] ]
Ti~BAI-4V, Cast
Heat
- A B
¢ & Specimens machined from cast
COMpressor casing
[ MW Specimens cast-to-size
Compressor casings and cast-to-size specimens
annealed 1300F, 2 hrs, AC
See figure 3.3.1.1 for compressor casing (20 ins
lang frem heat A, 12 ins tang from Heat B) and
specimen details (all specimens tested were
geometrically alike}.
Each valua average of threa tests minimum.

\O
R
A Y
:D 5 160
\ R
\
N
\_‘ 140
o)
N\
— 120
“\
A Y
L,
100
80
60
| .
- e(1in,) b _‘-—1
0 200 400 600 800 1000

Temperaturs (F)

Figure 3.3.1.2 Effect of test temperatures on tensile

properties of specimens machined from annealed cast
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Nonferrous Alloys e TiC

Ti-6AI—4V, Cast
Cast ring segment
Annealed in full section: 1550F, 2 ta 4 hrs in vacuum, AC.
See figure 3.2.1.2 for ring sepment and specimen ({lat type) details.

| Base Al
Flange + Web (8)
A 5 38
B 6 49
- (-100F) (A7)
Base
- Frange + Web

No directionality observed.

Number of specimens tested at each test temperature;

6
5
(300F)

Minimum of three rings total from two heats tested at each test temperature.

6
5
{600F)

160

140

Fty

120

100

80

el1in)

S

et ‘
PRRRAAIHKAHXAXX

"y St S A AT A AT A e

NI A H I I KA
LRI KR

=

60

-200

0 200 400

Test Temperature {F)

600

Figure 3.3.1.3 Effect of test temperatures on tensile properties of annealed cast ring
segments from two heats (Ref. 5)

F ty (ks)

Ti-6Al-4V

Code 3801

Page 35




TiC « Nonferrous Alloys

Ti-6Al-4V

Aerospace Structural Metals Handbook

March 1899

Table 3.3.1.4 Summary of tensile test results at room and low temperatures from Ti-6Al-4V investment castings

of standard composition and extra low interstitials from two foundries (Ref. 28)

Test group Test Temperature (F) F,, (ksi) F., {ksi) e (percent)

Foundry A RT 128.52 123.58 75
' -320 201.28 186.76 a7
-423 225.30 210.67 2.0

Foundry B RT 129.23 11833 B.16
51D 2 -320 208.77 197.20 4.0
-423 221.30 213.40 275

Foundry A RT 13583 129.38 9.3
510 2 -320 21100 201.33 6.0
1350 F Anneal -423 24199 22361 4.5

Foundry B RT 13361 12393 767
STD 2 32 210.76 197.39 6.0
1550 F Annaal -4230 236.27 217.18 53

! Extra low interstitials

2Standard chemistry per AMS 4985

Code 3801
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260 T T T

Ti-BAl-4V, Cast
= Foundry A ELI
—a— Foundry B Std
—&— Foundry A 5td1350

240 L - Foundry A Std1550
CQ See Table 3,3.1.4 for details.
220 §\
'\
200 3

180 x

Fiu (ks)

4

160

140 \

N

-500 -400 -300 -200 -100 [\ 100

Test Temperatures, (F)

Figure 3.3.1.5 Effects of test temperature on ultimate tensile strength
of standard composition and extra low interstitials casings (Ref. 28)

Nonferrous Alloys » TiC

Ti-6Al-4V
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|

Ti-BAl-4V, Cast
—C— Foundry AELI
—e~ Foundry B Std

-8 Foundry A 5td1350
== Foundry A S5td1550
See Table 3.3.1.4 for details.

e

]

e
_—

/
_—

/|

-

VNN

-500

-400

-300 -200 -100

Test Temperatures, (F)

Figure 3.3.1.6 Effects of test temperature on percent elongation of standard
composition and extra low interstitials casings (Ref. 28)
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Table 3.3.7.1.1 Fracture toughness results summary of
Ti-6Al-4V investment castings (Ref. 28)

Test Group | Test Temp {F) Kq, (ksiin."2)
Foundry A RT 102.44
=1 -320 76.76
-423 67.49
Foundry B RT 102.86
STD -320 7091
-423 67.99
Foundry A RT 94.39
5TD -320 60.21
1350F Anneal -423 54.84
Foundry A RT 86.73
STD -320 63.95
1550F Anneal -423 56.95

1 See Table 3.3.1.4 for tensile properties and explanation of test
group

2 Kq per ASTM E399

Ti-6Al-4V

110 [ [ T

Ti-BAI-4V, Cast
=O—Foundry A EL
—e—Foundry 8 Std

100 —&—Foundry A Std1350
——Foundry A S5td1550
See Table 3.3.7.1.1 for details.

. el

Fracture Toughness Kgq (ksi in 1/2)

AN
N AN \\

/4
60 A
4

-500 -400 -300 -200 -100

Test Temperatures, (F)

0 100

Figure 3.3.7.1.2 Effects of test temperature on the fracture toughness
of standard composition and extra low interstitials casings (Ref. 28)
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Table 3.4.1 Effects of solution treat and aging temperatures on
BOOF, 80ksi stress rupture life of cast compressor casing (Ref.4)

Source AVGO Corparation, Lycoming Division (4)
Alloy Ti-6AI-4V, Cast

Form Cast Compressor Casing (a)

Condition Solution Treated and Aged (b)
Stress Rupture Properties at 800F, 80 ksi
Age Temperature, 8 hrs, AC Time to Rupture e(1inch)
(F} {hrs}) (percent)
Solution Treat 1750F, 1 hr., WQ
900 500.2 -
00 5107 -
900 512.8 -
1000 502.1 (c) -
1000 501.2 (c) -
1000 504.3 (c) -
1000 757.3 14.6
1100 502.1 (c) -
1100 503.2 (¢} -
Solution Treat 1850F, 1 hr., WQ

900 549.6 (c) -
900 548.4 (c) -
900 546.6 (c) -
1000 540.5 (c) -
1000 526.8 (¢) -
1000 521.7 (c} -
1100 S06.5 (c) -
100 504.5 (c) -
1100 504.2 (c) -

{a) See Rgure 3.3.1.1 for compressor casing (12 ins tong) and specirmen details.
(b} Casing halved and solution treated; aging applied to 1/2 in square specimen blanks. See
Figure 3.2.1.10 for room temperature tensile properties of materal tested.

(d) Test retired.
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Table 3.4.2 Room temperature stress rupture results for mild-notch specimens

machined from annealed cast comp[ressor casing and cast-to-size specimens (Ref.4)

Ti-6Al-4V

Source AVCO Comoration, Lycoming Division (4)
Allgy Ti-BAl-4V, Cast
Ferm Cast Gompressor Casing (a) or Gast-t0-Size Specimens (b)
Condition Annealed 1300F, 2 hrs, AC (c)
Room Temperature Mild-Notch Stress Rupture Properties
Heat Speaimen Number Hrs & Indicated Stress Total Life
160 ksi 170ksi 180 ksi 190 ksi hrs
Cast Compressor Casing
A 1 - 12 - - 12
A 2 100 - - - {d)
A 3 9.0 - - - {d)
B 1 - 5.0 1 - 6.1
B 2 - 5.0 0.2 - 5.2
B 3 - 5.9 0.4 - 103
B 4 - 6.8 - - 6.8
C 1 - 106 5.0 12 16.8
C 2 - 5.2 - - 5.2
C 3 - 58 18 - 77
C 4 - 103 07 - 110
C 5 - 5.0 28 - 7.8

+—— 1.06 min

l?\soo‘\l
=

0.253 75
0.252 11|0.1865

L 1=0.0060 * 0.0005

() See Figure 3.3.1.1 for compressor casing (20 ins long) and specimen details.

{b) Specimens cast to 1/2 in. Dia oversize specimen blanks subsequently machined to finished specimens.
(c) Castcompressor casing annealed in full section size: F, = 143.9 ksi, Fy=131.0ksi.e(1in)=8.4

percent, RA = 15.5 percent.

Cast-to-size specimens annealed as oversize specimen blanks: Heat B, F, = 144.8 ksi, F, =127.3 ksi,

e{tiny=11.7 percent, RA = 25.8 percent,
Heat C, F), = 145.1 ksi, F, = 132.7 ksi, e {1in) = 10.5 percent, RA = 21.6 percent.
{d) Test retired.
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Table 3.4.3 500F stress rupture properties of cast-tosize smooth and
mild-notch specimens from two heats (Ref.4)

Source AVCO Comporation, Lycoming Division (4)
Aoy Ti-6Al-4V, Cast
Form Cast-to-Size Specimens (a)
Condition Annealed 1300F, 2 hrs., AG (¢}
500F Stress Rupture Properties
Heat Specimen Number Stress Life e (1inch).
(ksi) {hrs) (percent)
Smoath (c)

A 1 100.0 (d) 120

A 2 95.0 200.8 () -

A 3 90.0 253.3 (e} -

B 1 100.0 245.7 (&) -

B 2 98.5 209.6 (e) -

B 3 97.5 204.9 (g) -

Mitd-Notch (f}

A 1 175.0 {d) -

A 2 165.0 {d) -

A 3 155.0 (d) -

B 1 154.0 {d) -

B 2 152.0 200.8 (&) -

B 3 150.0 238.1 (e} -

Code 3801

Page 42

(8) 1/2in. Dia cast oversize specimen blanks subsequently machined to
finished specimens.
(b} Annealed as oversize specimen blanks: Reom Temperature
Tensile Properties — Heat A, F, = 144.8 ksi F = 127.3 ksi,  (1in) = 11.7 percent,
RA- 258 percenl.
Heat B; F,, = 145.1 ksi F, = 132.7ksi, e {1 in} = 10.5 percent, RA—21.6 percent.
{c) Smooth specimens 1/4 in. Dia x 1 in gage length,
{d) Broke immediately after loading to indicated stress.
(e) Test discontinued.
(f) See Table 3.4.2 for mild-notch specimen configuration.
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1 1 -+ ]
_ Ti-6AI4V, Cast B
Cast compressor casings (annealed 1300F, 2 hrs, AG)
See figure 3.3.1.1 for rcompressor casings (12 ins lorg from Heat A 20 ins
[~ long fram Heats B and G) and specimens details and conventional tensile properties —1
of material tested.
|- {) Range of elongations (1 in), percent, at each temperature. -]
(no trend with stress was observed)
| Heat Casing
1ce
A {2 [m |
160 }— 3 A a
g 1 < : Test Temgerature
140 |- v
S 1202'\_%&
2 =z ., o pge =t
z 8 ;GETF 6) |
= NaTa
20
;. v
* A n-o+oo————— B00F  gp
¢ o nye (5.6-21.7)
v
F—
100
\va \a\
w80 P — DA
= O Gy OW
B g | . 900F |
B It t ; | (34-247)
10
0.1 1.0 10 100 1000 10000

Rupture Time (hrs)

Figure 3.4.4 Stress reputure curves at 700, 800 and 900F for specimens
machined from five annealed cast compressor casings from three heats

(Ref. 5)
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&0

50

Nonferrous Alloys ¢ TiC

ksi at 800F

Ti-6Al-4V
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I [ I I
Ti-BAI4V, Cast
Cast compressor casing
Casing solution treated 1750F, 1 hrs, WQ: 1/2 in. square
specimen blanks aged1000F, 8 hrs, AC. Room temperature
Fty = 139.6 ks, Fty = 128.0 ksi, e(1 in) = 9.7 percent.
See Figure 3.3.1,1 for compressor ¢asing (12 in long) and
specimen details.
() Range of ef1 in)
[ ] Range of RA at each test temperature
{no trend with stress observed) ]

Test Temp-F Casing
700 BOO 900 Number*
e} [ ] ¢ ] 1
] : m 2 |
3

*All from one heat

\ Test Temperature ‘

N 700F

B00F(11.9-200) o ¢ 1

el [8.6-45.7] i
_— —-E*—. .

\ ]
N ol SOORE0170)
< pema
\(L‘q
10 100 1000
Rupture Time (hrs)

Figure 3.4.6 Stress repufure curves at 700, 800, and 900F for
specimens machined from cast compressor casing aged at
1000F (Ref. 4)
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T 7 T T T T 7 T
Ti-6Al-4V, Cast
—  Cast-to-size spesimens
Annealed 1300F, 2 hrs, AC.
| Specimens cast-to-size (cast 10 1/2 in Dia oversize
Room temperature tensile properties RA
Heat Fyy—kst F%—ksi e(1 in} (percent) (Percent)
F— O A A 145.1 132.7 10.5 216
e a B 144.8 127.3 1.7 25.8
.
~— .
0‘"---~.____.__ - $mooth . As e
— A N )
i Noteh .
\
(&)
8]
\\o\ o0 U hi= 0.67
\
D R Bl
&4 ——
g Notch 7Y
ank
"'-..._ ®
—— Smooth - A= 0.25
I ¢
\\
\-‘\____ Notch
= &
- 1000 __
[ 0.998 ]
- 1010 60° Ki=3.4
- T0p0 ] - A8 _
% !
_0.25302,-}‘),11,'%11/2 J 21,41011,2,4 N
| 0.2510 0.2505 Tapered Centrally r=0010 ]
0.2500 Notch root polished with
Longitudinal polish (<4 RMS) wire and diamond paste
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Nt

Figure 3.5.1.1 High-cycle axial fatigue results at 500F for annealed smooth and
mild-notch cast-to-size specimens from two heats (Ref. 4)
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Cast-to size specimens
Anneated 1300F, 2 hrs, AC. |
Axial fatigue - 3600 CPM, test temperature - 500F

See figure 3.5.1.1 for specimen details and conventional room temperature tensile properties of material tested.

| |
A=20 A=10
60 - A=067
50 o
/
z
W 40
[
£
»
E \ / A=0.25
e =W
=2 /
= e
—t | .
7§ / o Smopth
10 - et
Z // Notch —
0 i
0 10 20 30 40 50 60 70 80 90 100 110 120

Mean Stress (ksi}

Figure 3.5.1.2 150 hours, 500F stress range diagram for smooth and mild-notch cast-to-size
specimens from two heats (Ref. 4)
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Ti-6AI-4V, Cast
Cast ring segment

R=01 R=-1.0
e} ] Base
A A Flanga
a ] Web

Annealed in full section size: 1550F, 2 to 4 hrs in vacuum, AC.
See Table 3.2.1.2 for ring segment configuration. Data represent five castings from two heats.
Cerresponding conventional tensile properties are presented in Table 3.5.1.1

4

0.25 Dia

Kt=1 /—K
~f038 I+ 1.5R — H 007
| .00 I
120 N—O0—4
\\ )
100
\ \
B
= B0 \“xs<§ L
%]
g o o ol
n
g T .
E
=
= 40
Surface finish £ 120 RMS
Cyclic fraquency = 1800 CPM
20
0

108 104 105

N

106 107

Figure 3.5.1.3 Room temperature axial load fatigue properties of smooth specimens from five heats (Ref. 5)

Code 3801

Page 47




TiC « Nonferrous Alloys Aerospace Structural Metals Handbook

Ti-6Al-4V

March 1999

i \ l
THEAI4V, Cast ‘

Cast ring segment

Annezled in full section size; 1550F, 2 to 4 hrs in vaguum, AC.

Ses Table 3.2.1.2 for ring segment configuration. Data represent five castings from two heats.

— Correspending conventional tensile praperties are presented in Table 3.2.1.2
R=01 R=-10
[a] [ ] Base
. Fa) A Flange
jm} ] Wi
e 0.375 R7 .33 Dia
_"_ Kl =3
0.75
i 1
0. R=0.016 ~l-0.07
100 -— 112 -
3.00
80
2
2 & - o
£ Ne \\: o @
~ .
E 0 \‘\‘ ] 1
-
g ——h e __m —=8 A
20 —
Surface finish < 120 RMS
Cyclic frequency = 1800 CPM
0 | | |
and and +nb anf an7
EAY 1% I i nw
Ny

Figure 3.5.1.4 Room temperature axial load fatigue properties of mild-notch specimens from five
annealed cast ring segments from two heats (Ref. 5)
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— Ti~6Al-4V, Cast

10 Ib castings; section from 0.2 in to 2.0 ins, specimens seledcted randomly fram
| both thickness extremes and at random grientations with respect to casting geometry.
Annealed in full section size: 1300F, 2hrs, AC.
Solutien treated and aged in full section size:
1750F, 25 ming, WQ + 1000F, 4 hrs., AC.

L —a

i 2.0
! 3 4 B
FT 1 40195 k.
3 7 Ki=1
A=01 —0F
0.125 Manufacturer No. 1
0.080 Manufacturer No. 2 !
Longitudinal polisk to 32 RMS
| Frequency, 1800 GPM —\:Q&‘-—AA A A
~
~ -%.% e
TPk -
4" A" Inclusion observed in critical portion of test section
1 | 1 )
103 104 109 106

Ny

107

Figure 3.5.1.5 Room temperature smooth fatigue properties of annealed and solution treated
and aged castings (Ref. 8)
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Ti-6AI4V, Cast .

(A) Annealed in fulk section size: 1300F, 2 hrs., AC.
(B) Solution treated and aged in full section size; 1750F, 25 min., WQ + 1000F, 4 hrs., AC.

(A) (8
Annealed Solution Treat
+
Age
A 10 Ibs gastings from Manufacturer No. 1; section thicknzss from 0.2

into 2.0 ins., specimens selected randomly from both thickness
extremes and-at random orientations with respect to casting geemetry.
1-ib casting from Manufacturer No. 2; section thickness 0.43 in.;

all specimens parallel to longitudinal axis of casting.

Note: Each manufacturer used different heat.

Na LB
\ R=01
\ el \-
LT WA
60°
AA s e
0.1935 I i \ ol LE
| 0.1372 Ky=3 ,-"- /_/ s
Lr = 0,007
Frequency.|1500 CPN;I /X’/ Inclusion observed in critical portion of test section
| | | |
103 104 109

108
Ny

107

Figure 3.5.1.6 Room temperature mild-notch fatigue properties of annealed and solution treated
and aged castings from two casting manufacturers (Ref. 8)
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Table 3.5.1.7 Room temperature HCF. test results
for Ti-6Al-4V cast test bars in various heat treat

conditions (Ref. 28)

Nonferrous Alloys e TiC

Ti-6Al-4V

Condition ! Max. Stress (ksi) N,
Annealed 1050 72,100
80.0 1,038,900
87.5 1:034.300
85.0 928 200
84.0 1,426,200
82,3 1,088,200
82.0 1413400
810 953,900
810 433,300
80.0 2,924,100
BST 1150 31,400
1100 87.500
105.0 229,500
1020 700,000
1000 870,200
98.0 508,500
97.5 §39.600
95.0 1,819,500
92.5 5,500,000
90.0 3,650,000
90.0 2162,200
88.0 2/557.400

10 Hz, R=0.1, Triangular wave form K1= 1.0

1 See Table 3.2.1.20 for room temperature tensile test results

and definition of condition,

2 Run-out.
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20 —

Ti-6AH4V, Cast
Investment cast
0.62 in. Diameter bars
HIP + anneal at 1550F, 2 hr, AC

Smooth axizl fatigue

R. 7. =10Hz R =0.1

Triangular wave form

Regression correlation coefficient: R = 0.83

See Table 3.2.1.20 for room temperature tensile results.

104

Figure 3.5.1.8 HCF data for annealed investment cast Ti-6Al-4V test bars (Ref. 28)
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Nonferrous Alloys = TiC

140 —

6

Stress (ksl)

4

2

0l—

o |—

TH-6AI-4V, Cast
Invesiment cast
0.62 in. Dia bars
Solution treated 1880F, 0.5 hr, gas furnance cool
Aged at 1150F, 2hrs, AC

Smonth axial fatigue
R.T.=10Hz; R =01
Trizngular wave form

Linear regressicn correlation coefficient; R = 0.96

See Tabte 3.2.1.20 for room temperature tensile results.

Il|||||‘ L |||||||

108 106
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107

Figure 3.5.1.9 HCF data for investment cast Ti-6Al-4V test bars in the beta solution
treated and aged condition (Ref. 28)
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Figure 3.5.1.10 Comparison of average fatigue life curves for eight
conditions (Ref. 31)

Ti-6Al-4V
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THGAI4V, Cast
See Figure 3.2.1.19 for details.

F o

-

1810F STA (72ksi)
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111111
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Figure 3.5.1.11 Effects of thermal treatment on the 70F HCF life of cast and
HIPed Ti-6Al-4V alloy (Ref. 32)
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Ti-6Al~4V, Cast
See Figure 3.2.1.11 for tensile properties and casting configuration
100 7
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Figure 3.5.1.12 Open-hole fatigue data comparing beta annealed {BA) to mill

Open-hole fatigue specimen configuration, Ky = 3.1

annealed (MA) (Ref. 34)
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Ti-6AI-4V

125
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Ti-6Al-4V
I |
Ti-6AI-4V, Cast
See Figure 3.2.1.22 fgr tensile properties and casting configuration.
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Open symbals represent beta annealed data with cooling rates of 67-157F/min. The solid symbols
represent mill annealed data using a forced argen cool.
4.00"
— 1125 — ‘.._‘.___. f——  1.125° — 1
............. 750° [ c - —-ac====
.4375" Dia
3.00°R ‘
160" Dia
A375-14UNC 2A thread
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Figure 3.5.1.13 Strain-life fatigue data comparing beta annealed material to standard

Strain life fatigue specimen configuration, Ky = 1.0

mill annealed condition (Ref. 34)



March 1999

Aerospace Structural Metals Handbook

Nonferrous Alloys » TiC

Ti-6Al-4V

| [ 1
Ti-BA-4Y, Cast ‘ ‘
Cast-to-size spacimens
[~ Annealed 1300F, 2 hrs., AC
Axial fatigue - 300CPM
Test temperature - 500F
See Figure 3.5.1.1 tor conventional tensile properties of material fested.
o 0O A Heat A
e W 4 Heat B
160 8-
] \
140 \\ \\
T o120 \ %
[ \
[ A=025
“ 100 AW N
E
g \
= M
E \ N N
' 60 Az \ N
0342 0252
60 - 0340 0.250 -
L o009 \
0.008
40 I peii i wi ; g
Polished with wire and diamond paste .
Cast 1/2 in. Dia oversize specimen blanks,
annealed and finish machined to configuration shawn ~—
20 : . - .
10 102 103 104 109 106

N¢

Figure 3.5.2.1 Low-cycle axial fatigue results at 500F for annealed mild-notch specimens

cast-to-size from two heats (Ref. 4)
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Ti-6Al-4V

|— & Ti-5AHV Inv, HIP'ed casting
m Ti-GAHVELI RA plate
— o Ti-BAl-4V NA extrusion
a=0.1, Frequency =10Mz, Degree = 75F
| Stress intensity scale expanded to 1 cycle sa that
differences can ke shown between castings and
0 wrought torms
— 100
-]
=]
E 1wl — 2.40)\ 110
< ~ @ |
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= >"' T
£ 3] . ASTM Compact tension (C
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Figure 3.5.3.1 Fatigue crack-growth comparison (Ref. 26)
= Ti-BAl-4V cast
| See Table 3.2.1.22 for the tensile properties
- and casting confiouration. =
E The line above the beta annealed cast design curve E
_  represents a factor of twe crack growth rate —
_ increase above the design curve, Test conditions —
were B = 0.03 with 2 frequency of 15 Hz,
w3 |= =
/..-/ ‘:
a*9
104 e &
fll’ . y =
/ s
\ |
/ \__ Beta annealed
10°5 /. cast design curve ==
I’ i —
i
Ji
_ /
=
= 106
= /
= !
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= |
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B 107 =
- 11
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Stress Intensity, AK (ksi in1/2)

Figure 3.5.3.2 Crack-growth rate of Ti-6Al-4V mill
annealed casting with no weld repair (Ref. 34)
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103

1074

1075

da/dn {in/cycla)

1076

1077

10-8

R

Ti-BAI-4V cast

See Table 3.2.1,22 for the tensile properties
and casting configuration.
The line above the beta annealed cast design line
represents a factor of two crack growth rate
increase abave the design curve. Test conditions
were R = .05 with a frequency of 15 Hz. Compare

with Figure 3.5.3.2.
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Figure 3.5.3.3 Crack-growth rate of weld repaired
Ti-6Al-4V mill annealed casting (Ref. 34)
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; | | i ‘
Ti-BAI-4V cast
-~ Cast ring segment
Annealed in full section; 1550F, 2 1o 4 hrs in vacuum, AG
See Table 3.2.1.2 for ring segment and specimen (flat type) details. Minimum of three rings total
—  from two heats tested at each test temperature. Corresponding strength and elongation values B
presented in Table 3.2.1.2.
— U Base
" RSN Flange + Web
Nusmber of specimens tested at each test temperature
_ Base (A)
Flange + Web (B)
_ (-100F) (RT) (300F) (600F)
A 5 40 5 6
() 5 52 B 4
E
-200 0 200 400 600 800

Test temperature (F)

Figure 3.6.2.1 Effects of test temperature on tensile elastic modulus of elasticity of annealed cast
ring segments from two heats (Ref. 5)
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