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GENERAL

Titanium castings have been produced commercially
since the early 1960's. Most have been of static strue-
tural components, but applications involving rotating
parts such as impellers, radial flow compressor wheels,
and gtub shafts are presently being considered {9). De-
sign shapes that have been produced for aerospace ap~
plications include some impellers, brackets, window
frames, hubs and bearing housings (11}).

For cemparable heat-treated conditions, Ti=6Al-4V
castings exhibit the same or somewhat lower strength,
ductility, creep rupture and fatigue strengths, and ele-
vated temperature stability than their wrought counter-
parts.

The feeding of this alloy is less than that of steel cast-
ing alloys and repair welding is frequently required.
Mast of the data presented were obtained from castings
which contained sound repair welds. The data indicate
that repajr welding, if done properly, has no perceptible
influence on mechanical properties. Results from cast-
ings with obviously defective repair welds have not been
inciuded since such castings would normally be withheld
from service.

Commercial Designation
6Al~4V Titanium Alloy, Cast.

Alterpate Designations
Ti-6Al-4V, Cast; OMC 165-A; OMC 164-B.

Specifications

Table 1.03.

TA

BLE 1.03

Alloy

Ti-6Al~-4V, Cast

Form

‘Investment Castings

Condition

Specificaiion

As-cast

As-cast or annealed 1300 to
1550F, 1 to 8 hours in inert
atmoaphere or vacuum, cool -in
inert atmosphere

Annealed 1525 to 1575F, 2 te 4
hours, air eool

AVCO Corporation, Lycoming Divi-
Bion, Specification M3407, Novem-
ber 30, 1966

Precision Castparts Corporation,
Spegification TD=TCD-=1, April
29, 1968

LTV Aerospace Corporation, Vought
Aeronautics Division, Specification
207=-4-401

Boeling Ajrplane Company Material
Specification BMS 7-181*

Lockheed Material, Specification
C-03-1069%

* Copy of specification unavailable to author at time of writing.

1.04
I.041

Composition

Table 1.041.

Casting manufacturer's proposed specified composition,

1.042

NONFERROUS ALLOYS

TABLE 1.041

Precigion Castparts Corporation (2
Weight Percent
Minimum Maximum
Aluminum 5.50 6.75
Vanadigm 3.50 4.50
Iron . - 0.30
Carbon - 6.10
Cnygen - 0.20
Hydrogen - 0.015
Nitrogen - 0,07
Other Elements® - 0. 40
Titanjum Balance

* Need not be reported.
{see 1,083 for preparation of metal for pouring)

User's specified composition, Table 1.042,

TABLE 1.042

Source AVCO Corporation, Lycoming Division (1)

Weirht Percent
Minimum Maximun
Aluminum . 5.50 6.75
Vanadium 3.50 4.50
Iron - 0.30
Carbon - 0.10
Oxygen - 0.20
Hydrogen - 0.0125
Nitrogen - 0.05
Other Elements® - ¢.40
Titanium

Balance
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Ti~6AlI-4V
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¥ Need not be reported. -
{see 1,083 for preparation of metal for pouring)
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1.051
1.052

1.053

1,053
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Heat Treatment

(see also Ti-6A1-4V, Alloy Code 3707}

Anneal, 1300 to 1550F, 1 to 8 hours, AC.

Solution treat and age. Recommended solution treating
and aging achedules have not yet been established. Howe-
ever, some developmental results are now available,
Figure 3.0216 shows that solution temperatures high in
ihe alpha-beta region result in increased strength but
reduced ductility, and Figare 3.0217 shows that beta
solution treating results in a reversion to low strength
at aging temperatures of 1000 to 1100F with no improve-
ment in duetility, Aging between 900 and 1100F provides
only a modest range of achievable strength levels (Fig-
ures 3.0217 and 3.0218 and Table 3.0219). Quench de-
lay time after solution treating in exceas of 10 to 15
seconds produces lowered tensile properties with in-
creased ductility (9)(6).

Salvage heat treatment. The strength of this alloy is
markedly influenced by its oxygen conient. As shown in
Figure 3.03113, oxygen variations of as little as 0.0l
weight percent can alter the strength by 1000 to 1600 psi.
Master heats with oxygen levels below 0,13 weight per-
cent often do not meet minimum strength requirements
for the annealed condition. These heats require a sal-
vage heat treatment of the type developed for forgings
worked above the beta transus (8): 1750F, 1 hour,

WQ + 1300F, 2 hours, AC.

Effect of salvage beat treatment on the room tempera-
ture tensile properties of annealed, low oxygen casi-to-
size specimens, Table 3,02110.

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

Forms and Conditions Available
Castings available in as-cast, annealed, and solution
treated and aged conditions.

Melting and Casting Practice
Design parameters for precision castings for two cast-

ing manufacturers, Table 1.081
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TABLE 1.081

Alloy

Ti-68A1-4V, Cast

Form

— Precislon Casungs

Source

Precision Castparts Howrzet Corporaticn,
Corporation (6) Misco Division {10}

Fillet Radif

Draft

Core Limits:

Length
Diameter

Length
Diameter

Linear Tolerantes

Section Thickness

Corners and Edges

Supperted Both Ends

Supported one End

Surfzce Quality

Size of Casting

Weight of Casting

Length=l inch +0.010 [~ 0.005 inchper
inch per inch inch minimum
Length>] inch + 0.015
inch per inch

0. 060 inch wmindmum
wall

0.115 inch + 0,015
ioch minimum wall

110 2 1/2 times the ad- |0.030 insh * 0.015
joining section thickness|fnch minimurm
0,030 {nch + 0.030 inch |0,030 inch + 0,015
inch minimum

Preferred, 2 degrees | Preferred, 3 degrees

3 x diameter maximum
¢. 250 inch minimum

4 x diameter maximum
0.100 inch mirimum

2 x diameter maximum
0.250 inch minimum

3 x diemeter maximum
0. 200 inch minimum
125 RMS or better 90 to 126 RMS

24 inch x 24 inch
X 24 inch

12 inch depth, 20 inch
diameter present

42 {neh x 50 inch x 7
inch length, future.

150 pounds maxdraum

1.082
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Skull melting. Early attempts at melting and casting
ttanium using induction furnaces were unsuceessful be—
canse of molten titanium's reactivity with,and contami-
nation from,the furnace exrucible. Noncontaminated

. melts are now produced by consumable electrode "skull™

melting in 2 water-cooled or NaK-cooled copper cruci-
ble. A skin of solid titanium, called a "skull", is
formed which provides a nonreactive wall between the
molten titanjum and the sopper cruelble. Melting is
done under an inert gas or vacuwm to prevent contami-
nation with the atmosphere. When done under vacuum,
100 microns maximum pressure is claimed to result in
the best arc stability ant, consequently, minimal losses
in alloy content (9).

The basic operation of skull melting is ideatical to
conventional consumable arc melting, except that arc
power {current) requirements are about twice that of
conventional arc melting (9). This is so that 2 large
molten pool forms rapidly and that 2 minimum of dlloy
solidifies hefore the melt is poured (13). The size of
the molten pool will depend on melt rate, c¢rucible size,
and electrode configuration. When a sufficient pool is
formed, the power is cut, the electrode stub withdrawn,
and the charge poured into the mold by tiltng the copper
crucible. The complete sequence takes only a matter of
minutes, with the casting portion taking only seconds.
The time from electrode withdrawal to completion of
pour is very eritical due to the narrow solidification
range of most titanium alleys, particutarly Ti-6Al-4V
).

The temperature of the melt 1s a contlnuous gradient
from the hottest region (pear the arc) to the coldest
{near the cruecible wall). It is desirable to estimate the
melt temperature before pouring so that the eptirmum
pouring temperature be established whereby castings
free of laps, cold shuts, seams and misruns will be
consistently poured (13). Direct temperature measure-
ment is not easily made. With arc furnaces, radiation
iroem the arc makes precise temperature messurements

1.083

1.09
1.091

1.092
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ueing optical pyrometers impossible, At least one
attempt to use a thermocouple -measurement of melt
temperature was unsuccessful, but for unknown reason
(13). Presectly the average melt temperature {5 com—
puted from the total energy input, and the keat distri-
bution derived from the volume and temperature of the
erucible coolant (9). Heat input is closely controlled
by current and voltage settings to provide consistency
among melts.

Magter heats, Castings are.poured either from re-
meltad master heat metal or directly from the master
heat (1)(2). A master heat is metal of a single furnace
charge raultiple melted using consumable ¢lectrode
practice, at least one of the melting cyeles being per-
formed under vacuum. Gates, aprues, risers and re-
jected castings may be used in the preparation of a mas-
ter heat but may not be remelted directly, without re-
fining, for pouring of castings (1)(2). Castings are
poured without loas of protective vacuum or inert gas
atmosphere between melting and pouring.

Bpecial Conaiderations

Metal-mold reaction. In common withunalloyed titaninm
and other titardum alloys, Ti-6Al-4V may react with
mold materials producing & contaminated surface layer
which is dependent on time, temperature, and the pre-
sence of the contaminating interstitial elements car—
bon, oxygen, hydrogen, and nitrogen. The layer is
sometimes called "alpha case" (usually oxygen stabilized)
and is extremely brittle, being as much as 20 RC higher
in hardness than the uncontaminated base metal ().

Two of the three largest casting mamdfacturers allow
metal-mold reactions to take place and subsequently
chemically mill to remove contamination. The third
casting manufacturer hag developed a proprietary pro~
cess by which he claims surface contamination is avoid-
ed, eliminating the need for subseguent processing. In
all instances, case-free, dimensionally-accurate cast-
ings are furnished.

Fluidity, feeding and superheating. There appears to be
some misuse of terms in the titanium casting literature
ag vegeTds the ability to produce a sound casting of in-
tricate detail. If fiuidity is defined as the distance
molten metal will flow in a given meld cavity, then
titanium may be said to possess good fluidity (6).
Feeding, on the other hand, is a term used to define the
distance that will be soundly filled; and in this category
titanium f2lls a bit short. Superheating before pouring
will improve feeding for most alloys. However, effec-
tive superheating in the consumable electrode melting
process cannot be accomplished because as the input
power is increased, tke electrode consumption rate is
ingreased, not the temperature of the molten pool. This,
coupled with the narrow solidification range for Ti-6Al-
4V is responsible for its poor feeding characteristies.
Since the stream of metal dowing into the mold is very
near its selidification polnt, progressive solidification
starts immediately with little chance for proper.thermal
gradients to set up and produce directional solidtfication.
This leads to centerline shrinkage and entrapped gas
porosity.

The tendency for gas formation (from.an incompletely
fired expendable mold or decomposition of absorbed
water on the mold) and the poor feeding characteristics
require much heavier gating and risering for Ti-6Al-4V
thag for a comparable steel casting alloy (7)(9)-

While many experimental details are unavailable at the
time of this writing, a recent study has shown that poro-
gity in smooth, axial-load fatigue specimens does not
apprecisbly influence performance unless the poresity is
near or at the surface of the specimens (11), The influ-
ence of porosity on other material properties or of other
types of casting imperfections on any property has not
been investigated. Indeed, more study is indicated,
particularly on the effect of casting defects on toughness,
before extensive use of Hianium castings in strustural
applicatfons can be made.
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Stability. For certzin applications [particularly in com-
mereial aiveraft), metallurgical stability is an import-~
ant design consideration. While no systematic investi-
gations have been made to establish the threshold com-
bihations of stress-time-temperature below which the
alloy is metallurgically stable, very limited data (Tables
3.02111 and 3.02112) suggest that caution be excercised
in the use of this alloy if stability is a design require-
ment.

Stress corrosion. The results presented in section
2,031 are too limited to form general eonelusions re—
garding the stress corresion characteristics of this alloy
On the basis of the results obtxined on other titanfum
alloys, however, particular attention should be given to
the influence of aggressive environments in the presence
of cracks. Such environments include aqueouns chloride
solutions and pessibly certain organic solvents such as
methanel. For sorse applications, as in jet engines, hot
salt stress corrosion characteristics would be necessary
design information,

Erosicn. It has been reported that titanium erodes
approximately 4¢ percent faster than steel in eagine—
blading applications in jet engines (15). No data on this
relatively unfamiliar characteristic are available at the
time of this writing.

Interstitials, (see Ti-6Al-4V, alloy Code 3707).

PHYSICAL AND CHEMICAL PROPERTIES

Thermal Properties

Melting range, 2800 to 3000F.

Phase ehanges. Alloy transforms on coolicg from beta
to alpha + heta at approximately 1825F.
Time-temperature-transformation diagrams.

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

Thermal expansion, From &8 to BOOF, 5.2 x 10-6
inch per inch per F  (see alse Ti~6Al-4V, Alloy Code
3707).

Specific heat. At 400F, 0,137 Btu per (Ib F),
Ti-6A1-4V, Alloy Code 3707).

Thermal diffusivity.

(see also

Other Physical Properties
Density, 0.161 lb per cu in, 4.5 gr per eu cm.
Electrical properties (see Ti-68Al-4V, Alloy Code

3707).

Magnetic properties (see Ti-6Al-4V, Alloy Code 3707)
Emittance (see Ti-GAI-4V, Alloy Code 3707}
Damping capacity.

Chemica] Properties
{see also Ti-6A1-4V, Alloy Code 3707)

Bend specimens §, 0 inch x 0.50 inch x 0.06 inch were
extracted from the web location, longitudinal direction
of two cast ring segments of the type shown in Table
3.0212 and were expesed 1000 hours each at 80 and 10G
ksi nominal stress levels in both 5 percent NaCl salt
spray at 95F and NaCl coat at 550F with ne failures or
apparent damage (5).

Nuclear Preperties

MECHANICAL PROPERTIES

Specified Mechanical Properties
Casting mancfacturer's proposed specified mechanical

properties, Table 3.011.

NONFERROUS ALLOYS

TABLE 3.011

Source

Precision Castparts Corveration (2}

Aoy

Ti-8A1-4V, Cast

Form

Investment Casting

Condition

Ag-Cast or Annealed 1300 to 1550F,
1 t¢ 8 Hours in Inert Atmosphere or
Vacuum, Cool in Inert Atmosphere

Conventional Room Temperature Tensile Propertes”

e

Fyy - ksi, minimum 130
Fi, - ksi, minimum 120
(%)) - percent, minimum 5

RA - percent, minimum 10
Hardness, RC maximum 39

Room Temperature Notched Siress Rupture

At 170 ksi, 5 hours mintmum **

Area Ay = 1/2 Area Ay

AUA

T=0.005 + 0.0605

* Separately cast smooth specimens from each master heat, cast
in manner representative of parts to be cast, or smooth specimens
machined from randomly selected castings; specimens of standard
proportions with 0.25 inch vniform diameter.

**Initjal load may be less than 170 ksi and increased to 170 ksi in
10 ksi increments at intervals of rot less thar 5 hours.

3.012

User's specified mechanical properties, Table 3.012.
TABLE 3.012

Source

AVCO Corporation,
Lycoming Division (1)

Adloy

Ti-6A1-4V, Cast

Form

Investment Casting

Condition

As-Cast

Conventional Room Temperature Tensile Properties*

Py, = ksi, miniroum 130
Ft}' = ksi, minimum 120
o{4D} « percent, minimum 6.0
RA - percent, minimum

12.0

| Room Temperature Notched Stress Rupture

At 170 ksi, § hours minimum **

0.18%5

0 1865 Idia.meter

1.06 min ———
AR

) . 0,253 ..
r=0.0060 + 0.0005— 0,252 diameter

* Eight separately cast smooth specimens required from each master
heat, cast in manner representative of parts 1o be cast: 0.252 inch
to 0,253 inch diameter x 1.06 inch minimum gage lengih,

Smooth specimens machined from randomly selected castings:
0.155 inch to 0.157 inch diameter x 1.06 inchk minimum gage length.

**mitlal load may be less than 170 ksi ard increased to 170 ksi in
10 ksi increments at intervals of not less than 5 hours.

3.02
3.021
3.0211

Mechanical Properties at Room Temperature
Tension (see also 3.021).
Typical mechanical properties for as-cast condition,
Table 3.0211.

TABLE 3, 0211

Source

DMIC (3)

Atloy

Ti-GAl-4V, Cast

Form

Castings

Condition

Ag~Cast

Quality

Nopaireraft Airerait®

Fpy = ksz
Fty = ksi
€ - pércent g 10
E - 163 ksi
Hardness, BHN 321 311
(3000 Kg Load)

IE, Standard Charpy-V

ft lbs

145 147
130 130

17.0 17.¢0

* Low oxygen

TiC
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Ti-6Al-4V
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3.0212 Tensile properties inciuding modulus of elasticity of
Ti annealed cast ring segments from two heats, Table
3.0212.
6 Al
4 Vv
TABLE 3.0212
. Source LTV Aefospace Corporation, Vought Aercnautics Division {5)
Ti-6Al-4V Alloy Ti-6AI-4V, Cast
COSf Form Cast Ring Sepment
Condition Annealed 1550F, 2 to 4 Hours in Vacuum, AC (a)
Tensile Properties (b)
Heat A Heat B
Spread of Number [Total Spread of Number | Towal
Values Average of Number. Values Average of Number
Castings | of Castings| of
Tested [Tests Tested | Tests |
BASE - Longitudinal, Long Transverse, and Short Transverse Directions (o)
Fpy - kst 126.7-139.0 134.0 3 23 124.0-137.5 132.7 2 15
Fry — ksl 108.4-119.6 113.0 k] 22(d) 102.1-114.9 110.2 2 15
E - 103 ksi 15.3~ 18.2 18.7 3 24 14.9= 17.5 16.2 2 16
e(l inch) percent 6.0- 9.0 7.3 3 23 4.0~ 10.0 7.4 2 15
RA ~ percent 13.5- 29.6 20.6 2 ki 15.8- 32.5 24,6 2 L]
FILANGE - Longitudinal Direction
Fyy, = ksi 136, 7-146, 2 142.1 3 10(e} 135.8-147.5 141.2 3 18
Fyy = ksi 111.6-129,3 121.1 3 11 111.6-128.7 119.3 3 18
E - 109 kai 15.5- 17.86 16.6 3 13 14.9- 19,0 16.7 3 18
e(l inch) percent 4,.0- 11.0 6.9 3 10 (e) 4.0- 14.0 T.8 3 17 {f)
WEB - Long Trarsverse Direction
Fyy = ksi 136.7-149. 6 142.2 3 9 140,1-150.5 142.7 K] 11
Fty = kai 114.0-132.2 121.7 3 9 112,4~130.9% 119.3 3 11
E - 103 ksi 15.6- 17.2 16.8 3 9 16.0- 17.7 16.7 3 11
e(l inch) percent 4,0- 10,0 7.0 3 ] 4.0~ 11,0 7.5 3 11
(2} Annealed in fu]l section size.
@} All values determined using flat specimens, except RA values, which were determined from
separate round specimens,
(¢) No directionality observed.
(d) Lead-displacement curve incomplete for one test.
(e) One specimen falled outside test section,
(f) Not determined for one specimen.
CAST RING SEGMENT
Long Transverse
22.5 Longitudinal
BASE [
WEB Short Transverse
t
|3
3
A .
51800 40?.25(0.50) 0,15{0.40)
- . 1.
- e 0. 25(0.40)
0.19(0.30) 0-2L2I(0-40) r 4.16(0.40)
T
FLAN 2.
LANGE [ | x| 25
3.65 3.40 2.95 | 2.80
-0 c-C B-B A-A
Unbracketed flange and web dimensions are for cast-to-size ring segment; bracketed flange and web dimensions
are for cast "oversize” ring segment. Results presented were obtained using specimens from ring segments of
both sizes.
TEST SPECIMENS
0.25R
9
b— 125 —
Round
cope 380}
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3.0213 Tensile properties of as-cast, annealed, and selution 3.0218 Effect of aging termperature on tensile properties of
treated and aged castings from three casting manu- ¢asl-to-size specimens, Table 3.0215. Ti
facturers, Table 3.0213.
TABLE 3.021% 6 Al
[source Precigion Castparts Corporation (9)
TABLE 3.0213 Alloy Ti-6Al-2V, Cast 4 VvV
Source Lockheed-Georgia Company (3) Form Cast-to-Size Specimens®
Alloy Ti-6Al~2V, Cast Condition 1725F, 1 Hour in Argon, 15 Second Ti-6Al-4V
Form Preciston Castings Quench Delay, WQ + Age
Room Temperature Tensile Properties Aging Room Temperz{turf*'rensﬂe Cast
2 Ty |oll foeh) RA _ Properties
Condition ksi ksi |percent |percent Temperature [ Time Fry Ft{ (L inch}l RA
Casting Manufacturer Namber 1 {2){b) F Hours ksi ksl percent |percent
E5-Cast T35 o7 5T .2 950 z 178.9 F 163.3 [ 3.0 5.1
Ao @ A P o o Dl
Solution Treated + éié:)g k__anf:cmer N:;ier L (e)(gj 12:2 " Cat 5 5/5 100k Giaeter bIanks and machined to 0. 252 (noh
Solution Treat + Age @ | 156 | 136 ] 3.0 | 3.1 |, dismeter specimens.
Casting Manufactarer Number 3 (D) Each value average of two tests.
Solution Treat + Age (d) | 152 E 140 I 8.0 I -
(2} 10 pound casting; section thicknesses from 0.2 inch to 2.0 inches;
i i
fmtii el::hezi-le'n;:r;gﬁ:::;:l:;ﬁ;;;ﬂ;mﬁér:gpﬁz?w 3.02110 Efiect of salvage heat treatment or_L tensile properties
casting geomerry. of annealed, low-oxygen cast-to-size specimens,
(b} Each value average of four tests minimum. Table 3. 02110.
{c) Annealed in full section size: 1300F, 2 hours, AC.
(d) Solution treated and aged in full section size: 1750F, 25 minutes, TABLE 3.02110
WQ + 1000F, 4 hours, AC. |Source Precision Castparts Corporation (3)
(2) 1 pound casting; section thickness 0.43 inch: 0.25 inch diameter Alloy Ti-6A1-4V, Cast
specimens, all located parallel to longitudinal axis of casting. Form Cast-to-Size Specimens
{f) Each value average of three tests. Rocm Temperature Tensile}
(g) 1 pound casting; section thickness 0.4 inch in vicinity of specimen Properties (a)
extraction; 0.25 inch diameter specimens, all lacated in common Oxygen Centent Feg Fry e{l inch)
direction with respect to casting geometty. Weight Percent Heat Treatment | ksi ksi percent
(b) Each value average of four tests.
0.113/ 0.116 Anneal (b} 131,0 | 118.4 11.5
Each casting mapufacturer used his own heat. Salvage (c) 143.9 | 131.6 8.3
0.118 / 0.12¢ Anneal (b) 132.3 | 119.4 10.7
Salvage (o) 148.4 | 136.9 8.1
{a) Each value average of eight teats on six master heats.
3.0214 Variation in tensile properties of five master heats for {b} 1300F, 2 hours, AC.
the as-cast and annealed ¢conditions, Figure 3.0214. {¢) 1730F, 1 hour, WQ + 1300F, 2 hours, AC.
3.0215 Typical tensile properties for a solution treated and
annealed eondition and twe solution treated and aged
conditions, Table 3.0215.
TABLE 30215 3.02111 Effect of exposure to elevated temperatures with load
= - on tensile properties of annealed cast compressor
Source Precision Castparts Corporatior (8) casing, Table 3.02111.
Alloy Ti-6Al-4V, Cast
Form Precision Castings
Solution Treat+
Condition Anneal Solution Treat + Age
@) 3 ©) TABLE 3.021311
Tou - Ksl Ti0 3 166.5 155.0 Source AVCO Corporaton, Lycoming Division (4)
Fyy - ksi 4.0 152.3 140.5 Alloy _Ti-6al-aV, Cast
e(dD) - percent 7.5 4.0 6.3 rorm Cast Compressor Casing (a)
RA - percent 11.9 8.0 12.7 Condition Annealed 1300F, 2 Hours, AC (b)
(a) 1735F, 1 hour in Argon, 15 second quench delay, WQ + Specimen Exposure | Subsequent Room Temperature Tense
1300F, 2 hours in ATgon, AC. Conditions Properties (c)(d)
() 1750F, 1 hour in Argon, 15 second quench delay, W@ + Temp| Stresq Time Fiy Pry (1 inch) RA
1600F, 4 hours in Argon, AC. F ksi_{ Hours ksi kai Yoent | percent
{c} 1650F, 1 hour in Argon, 15 second quench delay, W@Q + Unexposed 2V 6rage 143.9 131.0 9.4 15.5
1000F, 4 hours in Argon, AGC. Spread | 161.5/139.5 |143.1/126.5 |12.0/4.0 | 20.3/7.9
o 90 [ 529.3 148.6 146.5 3.0 5.4
700 85 528.9 152.8 148.2 4.9 7.2
700 8% [510.0 155.1 154.7 2,9 8.2
700 80 [E603.2 152.8 147.4 1.0 12.6
3.0216 Effect of solution treat temperature on tensile proper=- 900 45 500.0 153,1 150.2 6.0 8.9
ties of solution treated and aged cast-to-size specimens
Figure 3.0217. j
3,0217 Effect of solution treat and aging temperatures on {a) See Figure 3.0311 for compressor casing (20 inches long) and
tensile properties of cast compressor casing, Figure specimen details.
3.0217. () Casing annealed in full section size.
3.0218 Effect of aging temperature on tensile properties of ) Specimens tested as exposed; surface not dressed.
three compressor casings east from one heat, Figure (d) Unexposed values from tifteen tests; exposed values from
3.0218. individual tests.
cobE 380!
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3.02112 Effeet of 1000 hours exposure at 550F without load on
Ti wensile properties including etastic modulus of annealed
cast ring segment from two heats, Table 3.02112.
6 Al
4 V
TABLE 3.02112
. Source LTV Aerospace Corporation, Vought Aeronautics
Ti-6Al-4v Division (5)
Alloy Ti-8Al-4V, Cast
Cast Form Cast Ring Segment (a)
Condition| Annealed 1550F, 2 to 4 Hours in Vacuem, AC (b)
Roorm Termperature
Tensile Properties
Specimen (¢) [Exposure Fo, | F E Ie(:l inch)
Casting |Orientation |[Condition ksi kg 103ksi percent|
BASE (a) - Heat A
1 Long Trans [Unexposed [134.6 [111.% | 15.4 8.0
1 Long Trans |Unexposed |135.4 (110.0 | 16.5 9.0
1 Long Trans |Exposed (d) [134.5 {123.0 |. 17.1 3.0
2 Short Trans (Unexposed [126.7 {110.7 | 16.6 8.0
2 Short Trans |Unexposed |138.4 | (e) (e} 2.0
2 Short Trans |Exposed (d) [140.7 |125.1 | 16.8 7.0
BASE {a) - Heat B
i Long Trans [Unexposed [135.9 [112.6 16.0 9.0
1 Long Trans |Unexposed |131.6 |108.5 | 17.5 6.0
1 Long Trans {Exposed (d) [147.4 [124.8 | 16.8 8.0
2 Short Trans {Unexposed |129,9 |103.7 | 14.9 ] 10.9
2 Short Trans |Unexposed |[136,7 |1:2.0 | 15.2 7.0
2 Short Trans |Unexposed |137,5 |1:4.8 | 16.0 4.0
2 Short Trans |Exposed (d) | 144.3 [124.4 | 16.5 9.9
FLANGE (a) - Heat A
1 Longitudinal [Unexpesed [140.9 [116.2 | 17.0 5.0
1 Longitudinal [Unexpased |140.8 [115.6 | 16.3 7.0
i Longitudinal [Unexposed |139.8 [113.8 | 16.4 8.0
I longitudinal {Unexposed |[136.7 |111.9 16.2 6.0
b3 Lorgitudinal {Unexposed - - 17.5 -
1 Longitudinal |Unexposed |242.6 [121.0 | 16.6 6.0
1 Longitudinal |[Exposed (d) | 146.1 |133.0 17.1 5.0
2 Longitudinal [Unexposed |[143.3 [120.7 17.3 9.0
-4 Longitudinal |Unexposed - - 16.3 -
2 Longitudinal (Unexposed |146.2 |128.3 | 16.5 11.0
2 Longitudinal {Expesed (d) | 149.7 |131.4 | 17.5 4.0
FLANGE (a) -~ Heat B
1 Longitudinal [Unexposed {139,5 |115.8 [ 16.7 6.0
1 Lomgitedinal [Unexposed 1138,9 [113.7 | 16.8 7.0
1 Longitudinal [Unexposed {1436 [127.8 | 16.8 10.9
1 Longitedinal |Unexposed [137.1 f121.6 | 15.2 7.0
1 Longitudinal (Unexposed |144.3 |118.1 | 16.4 6.0
1 Longitudingl [Unexposed |[140.5 [117.8 16.3 | 10.0
i Longitudinal |Unexposed - - 17.7 -
1 Longitudinal (Unexposed |[143.3 [123.5 19.0 8.0
1 Longitudinal {Unexposed [142,1 |124.2 16.4 6.0
1 Longitudinal |Unexposed [138.5 |112.8 | 17.7 8.0
1 Longitudinal [Unexposed {142.5 j128.7 | 14.9 4.0
1 Longitudinal (Exposed (d} §145.3 [130.1 17.0 9.0
2 Longitudinal [Unexposed [140.2 |116.5 17.2| 10.¢
2 Longitudinal [Unexposed §143,.7 |122.3 16.0 | 12.¢
2 Longitudinal |Unexposed [139,.2 |119.9 { 16,7 | 14.0
2 Longitudinal (Unexposed [135.8 (117.7 | 16.4 7.0
2 Longitudinal {Unexposed 1421 [126.7 16.9 M)
2 Longitudinal |Exposed (d) | 248.3 [130.1 17.6 6.0
(a) See Table 3.0212 for ring segment details.
(b) Anrealed in full seetion size.
(c) See Table 3.0212 for specimen configuration (flat type) and
orientation,
(d} Exposed 550F, 1000 hours.
(e) Icomplete load-displacement curve.
(f) Bad reading.
3.02113 Effect of oxygen content on tensile properties of
annealed cast-to-size specimens, Figure 3.02113.
3.02114. Typical Toomr temperature stress-strain curves for
annealed cast ring segments from two heats, Figure
3.02114.
3.0z2 Compression,
copE 380l
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3.0221 Compressive yield strength and modulus of elasticity of
<ast ring segments from two heats, Table 3.0221.
TABLE 3.0221
Source LTV Aercspace Corporation, Vought Aeronautics
Division (3}
Alloy Ti-6AI-4V, Cast
Form Cast Ring Segment (a)
Coadition Annealed 1550F, 2 to 4 Hours in Vacuum, AC (b)
Room Temperature
Specimen (c) Compressive Properties
Fey Ee
Heat | Casting| Loeationfa] Orientation {a. ksi 103 ksi
A 1 Base Pongitdinal 124.9 21.6
A 1 Base Long Trans 123.5 20.5
A 2 Base Short Trans 1219 15.8
A 2 Base ort Trans 128.5 17.5
B 1 Base Longitudinal 130.6 17.5
B 1 Base Long Trans 125.6 16.9
B 2 Base [Short Trans 123.1 17.5
A 2 Flange [Longitudinal 145.4 15.4
B 2 Flange Longinudinal 145.4 17.4
A 3 Web [Congitedinal 151.4 16.9
A 3 Web [Longitudinal 154.1 16.5
B 1 Web Longitudinal 140.4 18.5
B 1 Web Longitudinal 132.4 17.1
B 2 Web Long Trans 0.1 15.3
B 3 Weh Long Trans 136.4 15.4
(a2} See Table 3,0212 for ring segment and specimen orientation
details,
{b} Annealed in full section size.
{c) Specimen 2,70 Inches long, 0.65 inch wide and 0.10 inch thick.
Fox comparative tensile properties, see Table 3.0212

3.0222 Compressive yield strength and modulus of elasticity of
as-cast, arnealed and solution treated and aged castings
from two separate casting manufacturers, Table 3,0222.
TABLE 3.0222
Source Lockheed=Gecrpia Company (8)
Alloy Ti-6Al-4V, Cast
Form Precision Castings
Room Temperature Properties
Condition Fiy = ksi (a) | Foy - ksi {b) J_Ec - 109 ksi ()
Casring Manufacturer Number 1 (¢)
Ag=LCast 127 137 16.7
Anneal (d) 126 148 17.0
Soluticn Treat+Age (e) 152 179 17.2
Casting Manwacturer Namber 2 (i}
Solution Treat+Age (e} 136 1 145 { -

P/}/Ozzo.l
T =

3 Compressicn Specimen

Le

@)
®
)

)
3]

Each value average of three tests minimum.

Eack value average of two tests minimum.

10 pound casting; section thicknesses from 0.2 inch to 2.0 inches;
specimens selected randomly from both thickness extremes and
at Tandom orjentations with respect to casting geometry.
Annealed in full section size: 1300F, 2 henxs, AC.

Solution treated and aged in full section size: 1750F, 25 minutes,
WQ + 1000F, 4 hours, AC.

) 1 pound casting; section thickness 0,43 inch; all specimens

located parallel to longitudinal axis of easting.

Castings furnished by manufacturer Number 1 were from different
heat than eastings furnished by manufecturer Number 2.
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3.023 Impact (see also Table 3.0211).

3.0231

size specimens from two heats, Table 3.0231.

3.0233
Standard Charpy-V impact energy of annealed cast-to—

TABLE 3.0231
Souree AVCO Corporation,
Lycoming Division {4)
Alloy Ti~6Al-4V, Cast
Form Cast~to-5Size Specimens
Condition Annealed 1300F, 2 Hours, AC*
IE, Standard Charpy-V
Heat | Specimen Number ft ths
A 1 19.5
A 2 20.0
A 3 20,0
A 4 21.0
A 5 20.0
B 1 21.0
B 2 19.0
B 3 20.0
B 4 21.0
B 2 20.0
*Conventicnal teasile properties:
Heat A: Ty, = 144.8 ksi, Pty = 127.3 ksi, e(l inch) =
11,7 percent, RA = 25.8 percent
Heat B: Fy, = 145.1 ksi, Fy,, = 132.7 ksi, e(d inch)=
10.5 percent, RA =" 21,6 percent

3.0251

NONFERROUS ALLOYS

aged gasting, Table 3.0233.

TABLE 3.0233

Standard Charpy-V impact energy of solution treated and

TiC

Ti
& Al
4 Vv

Source
Alloy Ti-6A1-4V, Cast

Lockheed- Georgia Company {8)

Ti-6Al-4v

Condition Solution Treat + Age (b)

Form Precision Casting (a)

Cost

IE, Standard Charpy-V (it lbs) 8.48 (o)

{a) 1 pound ¢asting; section thickness 0.432 inch,
(b) Solution treated amd aged in Full section size:
1750F, 25 minutes, W@ + 1G00F, 4 hours, AC.

axis of casting.

{c) Single value from speecimen oriented parallel to longitudinal

3.024 Bending.
3.025 Torston and shear.
Shear strength of annealed east ring segments from two

heats, Table 3.0251.

TABLE 3,0251

LTV Aerospace Corporation, Vought
Aeronantics Division (3}

Alloy Ti-6Al~4V, Cast

Form Cast Ring Segment (3

Annealed 1550F, 2-to 4 Hours in Vacuumn, AC (b}

Heat Casting Fgy (e)d) - ksi

A 1 93.9
A 2 95.3
A 3 95.3
B 1 94.4
B 2 102.5

~ 0.3 27 0.060 maximum

. 25 diameter
45° @
/ﬂ-—-‘—o,zs

3.00 { [~0.10

{2) See Table 3. 0212 for ring segment details.
{t) Annealed in fuil seetion size.

{c) Flange locatior, longitudinal direction {see Table 3.02141).

(d) Values average of from two to seven tests for earh casting.

See Table 3.0212 for corresponding conventional tensile properties.

3.0262

ETE
=22

3.0232 Standard Charpy-V impact energy of annealed cast ring
segments from ¢wo heais, Table 3.0232.
TABLE 3.0232
Source LTV Aerospace Corporation, Vought Aeronautics
Division (5)
Alloy Ti-6Al=-4V, Cast
I'Torm Cast Ring Segment (3}
Condition Annealed 1550F, 2 to ¢ Howrs in Vacuum, AC (b)
[ Room Temperamre Properties
Specimen |Specimen F, IE,5td Charpy-V
Heat|Czsting|Location(a)| Orientationfa) kst £t lbs
A 1 Base Long Trans 111.9 19.¢
A 1 Base Long Trans 110.0 18.0
A 1 Base Short Trans 114.9 15.0
A 1 Base Short Trans 110.9 15.0
Al 2 Base Longitudinal 110.2 18,0
A 2 Base Longitudinal 111.8 -
A 2 Base long Trans 111.1 16.0
A 2 Base Short Trans 110.7 15.0
B 1 Base Short Trans 114.3 15.0
B 1 Base Short Trans 102.1 15.0
B 2 Base Longitudinat 104.8 21.0
B| 2 Base Longitudinal 108.5 -
B 2 Base Long Trans 110.4 18.0
B 2 Base Long Trans 110.9 19.0
B 2 Base Long Trans 114.9 17.0
B 2 Base Short Trans 103.7 14.0
B 2 Base Short Trans 1i2.0 -
B 2 Base Short Trans 114.8 -
A 1 Flange Longitudinal | 111,9-121.0(c) 14.0
B 1 Flange Longitudinal 111.6-128.7(d} 14,0
(a) See Table 3,0212 for ring segment and specimen orientation

details.

Ancealed in full section size.
Range of valies from five tests.
Range of values from ten tesis.

ing, Table 3.0252.

TABLE 3.0252

Source Lockheed=-Georpia Company (8)

Alloy Ti-6al-4¥, Cast

Form Precision Casting (a)

Condition Solution Treat+ Age (b}

Fey - ki 34, 7(¢)

{2} l-pound casting; section thickness 0.49 inch;
0,375 inch diameter double-shear specimens
oriented parailel to longitudinal axis of casting.

{b) Solution treated ard aged in full section size:
1750F, 25 minutes, WQ + 1000F, 4 hours, AC.

{c) Average of two tests.

Double shear smength of solution treated and aged cast-

cODE  38BQ|
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Bearing.
1 Bearing strength of annealed east ring segments from
two heats, Table 3.0261.

TABLE 3.0261

Source

LTV Aerospace Corporation, Vought
Aeronauties Division (3)

Alloy

Ti-6AI-2V, Cast

RELEASED: MARCH 1970

Form

Cast Ring Segment (a)

Condition

Annealed 1550F, 2 to 4 Hours in Vacuum, AC (b}

Heat

Casting Fpral(€)d) - Kai Fhry(c}d) - k&i

-
[ N T

283.0
279.4
253.3
279.6
300.1

2252.6
227.7
209.1
214.9
245.4

égo'“s dimiﬂ-ﬁé {0 e/D=2

Q.25 diameter
q o.10

¢.75 0.50

3.00

(@)
®)
)
@)

See Table 3. 0212 for ring segment details.

Anncaled in full section size.

Flange lecation, longitudinal direction {see Table 3,0212),
All values are averages of irom twa w0 six tesis ior each
casting except that for casting 2, Heat B, which is a single
datum peint.

See Table 3.0212 for corresponding conventional tensile properties.

3.0262

Bearing strengih of solution treated and aged casting,
Table 3,0262.

TABLE 3.0262
Lockheed-Georgia Company (3}
Ti-6Al-4V, Cast
Torm Précision Casting (a)
Condition Solution Trear + Age (0}
Reom Temperature Bearing Properties {c)}
Firy - ksi Fpry - ksi e/D
716 @ 1.50
240 234 1.52
244 224 1,50
{a) 1 pound casting; section thickness ¢.43 inch; specimens
oriented parallel o longitudinal axis of casting.
() Solwtion treated and aged in full section size:
1730F, 25 minutes, WQ + 1000F, 4 hours, AC.
{c) Specimen thickness = 0.090 inch; D = 0.187 inch.
@) Bearing faflure oteurred before 0.2 percent strain was
achieved.

Source
Alloy

copE 380!
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3.027 Stress concentration.
3.0271 Notch properties.
3.02711 Mild-notch strength of annealed ecast ring segments from
two heats, Table 3,02711.
TABLE 3.02711
Source LTV Aerospace Corporation, Vought Aeronautics
Division (§)
Allay Ti-8Al-4V, Cast
Form Cast Ring Segment {a)
Condition | Annealed 1550F, 2 to 4 Hours in Vacuum, AC {b)
Room Temperature Properties
Casting Specimen Orientation (¢) Fty - ksi | NTS - ksi
0.33 I 0.25 0.07
F-9 _ 7 - _
T=0.016- e K=3.0
BASE (a) - Heat A
1 Long Transverse 110.0 166.1
1 Long Transverse 111.9 -
2 Longitudinal 110.2 172.4
2 Longitudinal 111.8 -
2 Short Transverse 110.7 146. ¢
BASE (2) - Heat B
1 Long Transverse 112.6 152.2
i Long Transverse 108.5 -
2 Longitudinal 104.8 159.5
H Longitudinal 108.5 -
2 Short Transverae 103.7 155.9
2 Short Transverse 112.0 -
2 Short Transverse 114.8 -
FLANGE (a) - Heat A
2 Lengimudinal 120.7 167.9
2 Longitudinal 124.3 -
FLANGE {(a) - Heat B
2 Longitudinal 116.5 165.2
2 Longitudinal 122.3 -
2 Longitudinal 119.9 -
2 Longitudinal 117.7 -
2 Longitudinal 126.7
WEB (a) - Heat B
1 Lengitudinal 113.6 160.3
1 Longitudinal 118.4 -
1 Longitudinal 111.4 -
2 Long Transverse 120.2 168.4
2 Long Transverse L126.7 -
2 Long Transverse 123.1 -
2 Long Transverse 123.0 -
Va
8 I 0.300 |0.211 3
Ky = 3.0
l £=0-007
0.008
1.25
BASE (a) - Heat &
2 l Longitudinal | 122.5 l 157.3
2 Longitudinal 123.5 -
BASE (a)- Heat B
2 I Longitudinal 118.6 154.2
2 Longitudinal | 125.2 l -

{a) See Table 3.0212 for ring segment details.

() Annealed in full section size.

{¢) See Table 3.0212 for specimen orientations relative to casting
coafiguration.
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3.02712 Mild-notch strength of as-cast, annealed, and solution 3.03 Meehanical Properties at Varlous Temperatures
treated and aged castings, Table 3. 02712, 3.031 Tension. Ti
3.0311 Effect of test temperature on tensile properties of
ABLE 3.02712 five annealed cast compressor casings from three heats, | 6 Al
Source Lockheed-Georgia Company (8) Figure 3.0311,
Allay Ti-6Al-4V, Cast 3.0312 Effect of test temperature on teasile properties of 4 Vv
Form Y ’I?:;‘;S:::uf:sft’lrig:;es specimens machined from annealed cast compressor
Condition ) TS ) :ﬁﬁmpm?:do%nt to-size specimens each from TI'6A|‘4V
, . .
AS-Cast 127 p1153 . Cast
Anneal (d} 126 207 3.0313 Effect of test temperature on tensile properties of
Solution Trest + Age (e} 152 216 annealed cast ring segments from two heats, Figure
3.0313.
/\soﬂ 3.0314 Stresa-strain diagrams (see 3,02111).
3.032 Compression  (see 3,022).
= 3.0321 Stress-strain diagrams.
Em y Kp=3.9 3.033 Impact (see 3.023).
3.034 Bending,
- r=0.004 3.035 Torsion and shear ({see 3.025).
(a) 10 pound casting; section thieknesses from 0.2 inch to 2.0 :ggg Bs;a‘;?:lg (see 3. 026).
: : . concentration.
inches, specimens selected randomly from both thickness 2.037L Hoteh properties  (see 3. 0271).
:’e‘?j‘;‘;: and at random orlentations with respect to casting 3.0372 Fracture toughness  (see 3.0272).
(b) Each value average of four tests mintraum. 3.038 Corabiaed properties.
{c} Each value average of ﬂxr_ee tests. 3.04 Creep and Creep Rupture Properties
(d) Asnealed In full section size: 1300F, 2 hours, AC. 3.041 Stress ruprare curves at 700, 800, and 900F for speci-
(e) Solution treated and aged in full section size: 1750F, 25 ’ ™ realed
. mens machined from five annealed cast compressor
minues, WQ + 1000F, 4 hours, AC. casings from three heats, Figure 3.041.
3.042 Creep rupture curves at 700, 800, 900, and 1000F for
specimens machined from annealed cast compressor
3.0272 Fracture toughness. No data are available on the plane casing and annealed cast-to-size speelmens frem one
strain fracture toughness of this alley in the cast condi- heat, Figure 3.042.
tion. For applicstions where the alloy's fracture tough- 3.043 Stress rupture curves at 700, 800, and 900F for
ness may be the limiting design consideration, these specimens machined from sast sompressor easing
data should be developed, Inasmuch as the ductility of aged at 1000F, Figure 3.043.
this alloy in the ¢ast form is less than that for its 3.044 Effect of solution treat and aging temperatures on 860F,
wrought counterpart, to say nothing of the basic differ- 80 ksi stress rupture life of cast compressor casing,
ence in struecture for the two forms, existing toughness Table 3.044,
data for the wrought form should not be applied to cast
material.
3.028 Combined properties,
TABLE 3,044
Source AVCO Corporation, Lycoming
Division (4)
Alloy Ti-6A1-4V, Cast
Form Cast Compressor Casing (a)
ondition Solution Treated and Aged (b}
Stress Hupture Properties at 800F, 80 ksi
Age Temperature, 8 hours, AC Time to Rupture | e(l inch) percent
F hours
Solution Treat 1750F, 1 hour, WQ
900 500.2 -
900 510.7 -
900 512.8 -
1000 502.1 (&) -
1600 501.2 (&) -
1000 504.3 () -
1200 757.3 14.6
1100 502.1 (&) -
1100 508.2 (¢} -
Solution Treat 1850F, 1 hour, W@
960 549.6 (¢) -
900 548.4 (c) -
300 546.6 () -
1000 540.5 (c) -
1600 526.8 {¢) -
1000 521.7 {¢) -
1100 506.6 (¢} -
1100 304.5 {c) -
1140 504.2 {c} -
(a) See Figure 3.0311 for compressor casing (12 inches Iong) and specimen
details.
(b) Casing halved and solution treated; aging applied to 1/2 inch square
specimen blanks. See Figure 3.0217 for room temperature tensile
properties of material tested.
(c) Test retired.
cobE 380l
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3.045 Room temperature stress rupture results for mild- 3.046 S00F stress rupture properties of cast-1o-size smooth
Ti notch specimens machined from annesled cast com- and mild-notch specimens from two heats, Table 3.046.
pressor casing and annealed cast-to~5ize specimens,
€ Al Tahle 3.045.
4 v
Ti-6Al-4V
Cast
TABLE 3.046
Source AVCO Corporation, Lycoming
Division (4}
Alloy Ti-BAl-4V, Cast
TABLE 3.045
Source AVCO Corporation, Lycoming Division {4} Form Cast-to-Gize Specimens (a}
Alloy Ti-6Al-4V, Cast Condition Annealed 1300F, 2 hours, AC (b}
Form Cast Compressor Casing (a) or Cast- to-Size __500F Stress Rupsure Properties
Specimens (b} Stress Life e(1 inch}
Conditign Annealed 1300F, 2 hours, AC (¢) Heat | Specimen Numbex ksi hours percent
Room lemperature Mild-Noteh Stress Rupture Smooth (]
Properties N 1 100.9 @ 2%
Specimen | Hours at Indicated Stress I Total Life A 2 95.0 200.8 (e} -
Heat |MNumber 160 ksi [ 170 ksi 180 ki [ 190 kst| hours A 3 90.0 253.3 (e} -
Tast COmpressor Casing B 1 100.0 245.7 (e} -
A 1 - 1.2 - - 1.2 B 2 98.5 209.6 (e) -
A 2 10.0 - - - @ B 3 97.5 204.9 (e} -
A 3 9.0 - - - @ Mild-Notch {f
Cast-to-5ize Specimens A 1 175.0 ) -
B 1 = 5.0 | L.1 = 6.1 A 2 165.0 ) -
B 2 - 5.0 0.2 - 5.2 A 3 155.0 ) -
B 3 - 9.9 |0.4 - 10.3 B 1 154.0 @) -
B 4 - 5.8 - - 6.8 B 2 152.0 200.8 (&) -
C 1 - 10.6 5.0 1.2 16.8 B 3 150.0 238.1 (e) -
< 2 - 5.2 - - 5.2 {a) 1/2 inch diameter cast oversize specimen blanks subsequently
< 3 - 5.8 L@ - 1.7 machined to finished specimens.
c 4 - 10.3 {0.7 - 1.0 {b) Annealed as oversize specimen blanks: Room Temperiture
< 5 - 5.0 j2.8 - 7.8 " Tensile Properties - Heat A; Fy, = 144.5 ksl, Fyy, =127.3 ksi,
e(l inch) = 11,7 percent, RA - 25.8 percent
Heat B; Fyy = 145.1 ksi, Fry = 132.7 ksi, el inch) = 10.5
percent, RA = 21.6 percent
(¢) Smooth specimens 1/4 inch diameter x 1 inch gage length.
(d) Broke immediately after loading to indicated stress.
(&) Test discontinued.
(f) See Table 3,045 for mild-notch specimen configuration.

r = 0.0060 + 0.0005

(a) See Figure 3.0311 for compressor casing (20 inches long)
details.

(b} Specimens cast o 1/2 inch diameter oversize specimen blanks

subsequently machined to finished specimens.

Cast compressor ¢asing annealed in full section size: Fy, =

143.9 ksi, Fyy = 131.0 ksi, e(l inch} = 9.4 percent, RA = 15.5

percent.

Cast-to~size specimens annealed as oversize specimen blanks:

Heat B, Fpy=144.8 ksi, Fp,=127.3 ksi, e(2 inch}=11.7 percent,

RA=23.8 percent

Heat C, Fy=143.1 kai, Fyy=132.7 ksi, e(l inch)=10.5 percent,

RA=21.6 percent

(d) Test retired.

—

{c

3.05 Fatipue Properties

3.051 Low-gycle axial fatigue results at 500F for annealed
smooth specimens cast-to-size from two heats, Table
3.951.

cobe 380|
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TABLE 3.051
Source AVCO Corporation, Lycoming
Division {4)
Alloy Ti-8A-4V, Cast
Form Cast-to-5ize Specimens (a)
Condition Annealed 1300F, 2 Hours, AC (b}
S00F Low=Cyele Fatigue Properties

Strain Alternating Maximum Cycles to

Heat | Ratio, A Strain Strain Fatlure
in / in in / in
©) = 00145 0.0145 Tdd
A w0 0.0115 0.0115 508
A L 0,0115 0.0115 290
A o 0.0115 0.0115 450
A @ 0.010 0.010 1,060
B = 0.0076 0.0078 1,700
A ® 0.0058 0.0038 3,803
B @ 0.0049 0.0049 13,925
B © §.004 0.004 50,067(d)
©) 0.67 0.018 0.040 1,002
B 0.67 0.008 0.020 873
B 0,87 0,005 0.0125 2,509
B 0.25 0.010 0.050 325
A ¢.23 0.008 0.040 9,722
e 0.730
| f
0.270  0.252
0.285 0.248 (tapered
£ centrally)

longitudinally polished (= 4 RMS)
0.90 R axial fatigue ~ 12 epm

¢.15

{a) Specimens cast to 1/2 inch diameter oversize specimen
blanks, subsequertly machined to eonfiguration shown,

(o) Anpealed as oversize specimen blanks: see Figure

3.0563 for conventional room temperature tensile

properties of material tested.

Not ldentified, except as from same producer as of other

two heats.

(d) Test retired.

[(d

3.052 Low-cyele axinl fatigue results at 500F for annealed
mild-roteb specimens cast-to-size from two heats,
Figure 3.052.

3.053 High-cycle axial fatigue results at 500F for annealed

smooth and mild-noteh cast-to~size specimens from
two heats, Figure 3.053.

3.054 150 hours, 500F stress range diagram for smooth and
mild-potch cast-to-size specimens from two heats,
Figure 3.054.

3.055 Room temperature axial load fatigue properties of

smooth specimens from five annealed cast ring segments
from two heats, Figure 3,055,

3.056 Room temperature axial lead fatigue properties of mild-
notch specimens from five annealed cast ring segments
from two heats, Figure 3.056.

3.057 Room temperature smooth fatigue properties of annealed
and solution treated and aged, castings, Figure 3.057.
3.058 Room temperature mild-notch fatigue properties of an-

nealed and solutiorn treated and aged castings from two
casting manufacturers, Figure 3.058.

3.06 Elastic Properties
(For E, see also Tables 3.0211, 3.0212 and 3,02112.

For Eg, see also Tables 3.0221 and 3, 6222)

3.061 Effect of test ternperatare on tensile elastic modulus
of annealed cast ring segments from two heats, Figure
3.061.

4,03

4.04

TiC
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FABRICATION
Ti
Formability

6 Al

Machining and Grinding
Consult Air Force Machinability Data Center, Metcut 4 A

Research Associates, Cinecimnati, Ohio 45209,

Welding Ti-6Al-4V
Repair welding of titanium castings is a commor prac- Cast
tice and, according to ome source, will probably be

necessary for the forseeable future because of the poor

feeding characteristics of titanlum (see 1.092)(14). Most

of the data reported in this chapter (from references 5,

8, 11, and 14) were from castings for which weld re~

pajrs were allowed, Thus the influence of repair weld-

ing is refiected in the data scatter. It should be pointed

out, however, that unsound welds or welds cortaining

obvious defects were not included in the published re-

sults. This was considered acceptable since weld-

repaired eastings with ebvious weld defects would nor-

mally be withheld from service. Weld repair procedures

are outlined in references 7 and 12.

Surface Treatment

cODE  380I
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Ti
e Al
4q v
Ti-6Al-4V
Cost
Ti-6Al-4V, CAST
CAST-TO-SIZE, 0.252 INCH DIAMETER TEST SPECIMENS (POLISHED
- WITH GRIT PAPER TO REMOVE AS-CAST SURFACE)
© AS-CAST
® ANNEALED: 1300F, Z HOURS IN ARGON, AC
EACH VALUE AVERAGE OF FOUR TESTS MINIMUM.
o
140 5
Fry
.
[ ] Q o
* s
130 d
= '
2 o
: Fry
120 o
) L
. o
o
110
30
0
o RA
[ ]
Q
o) 3
20 2 — ¥
Q
o1 INCH)
. [
z ° . s o
6 19 & [=) *
=
g
0
A B C D E
MASTER HEATS
FIG. 3.0214 VARIATION IN TENSILE FROPERTIES OF FIVE MASTER HEATS FOR
THE AS-CAST AND ANNEALED CONDITIONS. ©)
CoDE 38O
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TiC

RELEASED: MARCH 970 NONFERROUS ALLOYS
Ti-6A1-4V, CAST Ti
| CAST TO 5/8 INCH DIAMETER OVERSIZE
BLANKS MACHINED TO ¢.252 INCH DIAMETER | 6 Al
SPECIMENS, ST, 1 HR IN ARGON, 15 SECOND
| QUENCH DELAY, WQ + 1000F, 4 HRS IN ARGON, | 9 VvV
AC.
EACH VALUE AVERAGE OF FOUR TESTS i
150 [FMINIMUM Ti-6Al-4V
Cost
175
FTU/4
170 —
4]
165
160
Fry
155
150
e 10
z e(l INCH)
2 s
] e
[*%
0
1725 1750 1775
SOLUTION TEMPERATURE - F
FIG. 3.0216 EFFECT OF SOLUTION TREAT TEMPERATURE
ON TENSILE PROPERTIES OF SOLUTION TREATED
AND AGED CAST-TO-SIZE SPECIMENS. @
T | | [
Ti=6Al-4V, CAST
CAST COMPRESSOR CASING
———0 O 1750F, 1 HR, W@
— ® W 1850F, 1 HR, wq[ ¥ AGE: 8 HRS, AC  —
CASING HALVED AND SOLUTION TREATED; AGING
APPLIED TO 1/2 INCH SQUARE SPECIMEN BLANKS,
— 150 |__ SEE FIGURE 3.0311 FOR CASING {12 INCHES LONG)
B180 = AND SPECIMEN DETAILS.
]
=]
- -
170 T *:l-... 2
~ Fry !
\ >1
) \\\ Ln[_'
156 < 170
—_
JP o 160
150 £
g2 8
3 g
g 10 e = F L
] =
' [S]
59 e(l I} w=
S P s e s s =
800 1000 . 1100
AGING TEMPERATURE - F
FIG. 3,0217 EFFECT OF SOLUTION TREAT AND AGING TEMPERATURES
ON TENSILE PROPERTIES OF CAST COMPRESSOR CASING.
4)
COPE 3801
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TiC

NONFERROUS ALLOYS RELEASED: MARCH 1970
T | i |- |
Ti NUMBER OF CASINGS TESTED AT EACH AGING TEMP:
(2) (3) (3} (2}
6 Al NUMBER OF SPECIMENS TESTED AT EACH AGING TEMP:
) {12) a4 as @
4 v | Ti-6Al-4V, CAST —
CAST COMPRESS0OR CASINGS (SEE FIGURE 3.0311 FOR
. COMPRESSOR CASING (12 BYCHES LONG) AND SPECIMEN
Ti-6Al-4V DETAILS). ALL CASINGS FROM SINGLE HEAT. CASINGS
Cast | SOLUTION TREATED 1750F, 1 HOUR, Wq; 1/2 INCH
SQUARE SPECIMEN BLANKS AGED § HOURS (EXCEPT 10
HOURS AT 800F), AC.
. O O AVERAGE VALUE
190 ][ SPREAD OF VALUES
N b
180
—
)\‘\ FTU
Z170 ] B = 180
': L B \
E T N
160 = 10 8
— | '
Fry ] E
————‘-——Jl—___g_
\\ 160
r L < 150
E 20 §
w RA
o
g 10 _%\ L 2 \ -
= ] i =
S T { 1092
. —'Jé L el INL:‘L.-—?_-"’ Z
é 13 | L 0=
700 800 800 1000 1109 1200 1300 <
AGING TEMPERATURE - F T 7 7 T T
Ti-6Al-4V, CAST
FIG. 3.0218 EFFECT OF AGING TEMPERATURE ON TENSILE FROPERTIES |_ CAST-TO-SIZE, 0.252 INCH DIAMETER TEST SPECIMENS ]
OF THREE COMPRESSOR CASINGS CAST FROM ONE HEAT, (POLISHED WITH GRIT PAPER TO' REMOVE AS-CAST
) SURFACE) ANNEALED: 1300F, 2 HRS IN ARGON, AC.
[~ EACH VALUE AVERAGE OF FOUR TESTS MINIMUM. =
140 | .
o . -t
135 -
l_’____..—-""
- ___!______._.—-""
Hiso =
_jf..-",,,r"'"
120 e
115
15
(1 INCH)
EZ- hd ) -
5 10 D v
[
[
= 5
0.13 0.14 0.15 0.16 0.17

OXYGEXR CONTENT - PERCENT, LES

FIG. 3.02113 EFFECT OF OXYGEN CONTENT QN TENSILE PROPERTIES
OF ANNEALED CAST-TO-SIZE SPECIMENS. 1]

cobe 380!
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TiC

RELEASED: MARCH 1970 NONFERROUS ALLOYS
150
4 Ti
!
1 ""':__‘,_,)-——3-""”
6 Al
4 v
Ti-6Al-4V
Cast
109
Ti-6A1-4V, CAST
CAST RING SEGMENT
ANNEALED IN FULL SECTION SIZE:
g 1550F, 2 TO 4 HRS IN VACUUM, AC.
1
2
a
[
&
50
1. HEAT A-BASE-ROUND SPECIMEN- LONGITUDINAL
TRANSVERSE
2. HEAT A-FLANGE-FLAT SPECIMEN- LONGIFUDINAL - T T T
NUM ECIMEN :
3. HEAT B-FLANGE-FLAT §PECIMEN-LONGITUDINAL iy };ES;P%%TSREFSTED AT EACH
4. HEAT B-FLANGE-FLAT SPECIMEN- LONGITUDINAL 61 ) i2 4 25)
sgp b Ti-6Ak-4V, CAST _
SEE TABLE 3.0212 FOR CAST RING SEGMENT TWO CAST COMPRESSCR CASINGS (ANNEALED
AND SPECIMEN DETAILS, 1300F, 2 HRS, AC): 12 INCHES AND 20 INCHES
LONG
- 10 INCH DIAMETER
0 160 3/4 INCHTOL11/2 INCH
0 0.05 0.10 WALL THICKNESS
STRAIN - INCH PER INCH SPECIMENS: 1/4 INCH DIAMETER x
. 1 INCH GAGE LENGTH FROM MID-
FIG, 3.02114 TYPICAL STRESS-STRAIN CURVES FOR ANNEALED 140 THICKNESS ALONG CASING AXIS  —{140
CAST RING SEGMENTS FROM TWO HEATS. ) ® W AVERAGE VALUES FROM FIVE
i COMPRESSOR CASINGS CAST
\ FROM THREE HEATS
ez o SPREAD OF VALUES _ 4+ 10
'
S Fry .
o A I
100 gV \ 120
1
¥ L\ ?"
+ ~ 160 =
80 \n =+=
Fry
80
60
2 2
&40 [+
g T RA E
= 20 |
- Tr e(l INCH) =
e A 20 ©
L =1
0 200 400 600 800 1000 @
TEMPERATURE - F
FIG, 3.0311 EFFECT OF TEST TEMPERATURE ON TENSILE
PROPERTIES OF FIVE ANNEALED CAST COM-
PRESSOR CASING FROM THREE HEATS.,  (4)
copE  380I
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TiC

NONFERROUS

180 ¢

ALLOYS

RELEASED: MARCH 1970

Ti-6Al-4V, CAST
CAST RING SEGMENT

BASE )
FLANGE +WEB  (B)
4 s 28
8 49
-100F} RT)

ANNEALED [N FULL SECTION: 1550F, 2 TO 4 HOURS IN
[~ VACIM, AC, SEE TABLE 3.0212 FOR RING SEGMENT
AND SPECIMEN (FLAT TYPE) DETAILS.

6
3
(300F)

MINIMUM OF THREE RINGS TOTAL
FROM TWO HEATS TESTED AT EACH

TEST TEMPERATURE

!
| NUMBER OF SPECIMENS TESTED AT EACH TEST TEMPERATURE:

8
5
{600F)

TZLTTIZBASE 160
Fry TR F LANGE + WEB
NO DIRECTIONALITY OBSERVED
T 140
1205
L
L}
-
[
[<7]
100
80
e{l INCH) 50
-200 0 200 400

TEST TEMPERATURE - F

800

FIG. 3.0313 EFFECT OF TEST TEMPERATURE ON TENSILE PROPERTIES OF
ANNEALED CAST RING SEGMENTS FROM TWO HEATS.

. Ti-GAl-4V, CAST ' ! '
Ti HEAT
A B
€ Al © & SPECIMENS MACHINED FROM CAST COMPRESSOR
4 v 160 | CASINGS A
\_D 8 SPECIMENS CAST-TO-SIZE
Ti-6Al-4VY "\ COMPRESSOR CASINGS AND CAST-TO-SIZE SPECI
AN MENS ANNEALED 1300F, 2 HOURS, AC,
Cast N, | SEE FIGURE 3.0311 FOR COMPRESSOR CASING
140 \. ‘\ (20 INCHES LONG FROM HEAT A, 12 INCHES
\ \, LONG FROM HEAT B) AND SPECIMEN DE-
\ TAILS (ALL SPECIMENS TESTED WERE
N\ GEOMETRICALLY ALIXE).
N \ \ EACH VALUE AVERAGE OF THREE TESTS
120 | N N\ MINIMUM. 140
g N N, Fry
1 Qo \ Y
2 ~ ~
2
£ I\ \\\ ~
100 . N - 120
\ NN
N\ S
J ~
N ~ k\
a
80 \ \ o 100 -
N aw  Fry ~ g
N \ 1
N ™ £
N "\ =
N \\‘ - 50
S
~ N
~
\‘
.
80 | T 60
=) RA i,---"
-4 e
Z 40 — ==
3 -
= e
& 20 - (1 INCH)
. - 160
0 200 400 600 500 1000
TEMPERATURE - F
FIG, 3.0312 EFFECT OF TEST TEMPERATURES ON TENSILE f140
PROPERTIES OF SPECIMENS MACHINED FROM '
ANNEALED CAST COMPRESSOR CASINGS AND
ANNEALED CAST-TO-SIZE SPECIMENS EACH
FROM TWO HEATS. @)
& 20
w
210
g
¢
copE  3BO)
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TiC

RELEASED: MARCH 1970 NONFERROUS ALLOYS
Ti-6Al-4V, CAST | l [ Ti
| CAST COMPRESSOR CASINGS (ANNEALED 1300F, 2 HOURS, AC) ]
SEE FIGURE 3.0311 FOR COMPRESSOR CASINGS (12 INCHES LONG FROM 6 Al
HEAT A, 20 INCHES LONG FROM HEATS B AND €) AND SPECIMEN DE-
100 |- TAILS AND CONVENTIONAL TENSILE PROPERTIES OF MATERIAL TESTED. | 4 v
R TEST TEMPERAT URE
£ s0g ;:X Ti-8Al-4y
= :
£ w0 &.: oo T00F Cast
= (8.7-17.6) |
F] D
70 90
& v
Py L‘ 800F — 4 R0
6-21.7
N e
— ——inam-—o 0%
HEAT CASING &
10e e <
- A { 20w 038
30 A
B 108
e 1LvY 50

“ogov |

80 | () RANGE OF ELONGATIONS By
{l INCH), PERCENT, AT EAC o @ ow
TEST TEMPERATURE. (NO

50 — 900F |
TREND WITH STRESS WAS -
(B.4-24.T)
OBSERVED} Gy
40 !

0.1 1.0 10 100 1000 10G00
RUPTURE TIME - HOURS

o

KSI AT 900F

FIG. 3.041 STRESS RUPTURE CURVES AT 709, 800, AND 900F FOR 5 PECIMENS
MACHINED FROM FEVE ANNEALED CAST COMPRESSOR CASINGS
FROM THREE HEATS, 4

!

Ti-8Al~4Y, CAST | [ i
4 B ® SPECIMENS MACHINED FROM CAST COMPRESSOR CASING
& 0 & SPECIMENS CAST-TO-SIZE (CAST TO 1/2 INCH DIAMETER OVERSIZE BLANKS SUBSEQUENTLY

100 MACHINED TO 1/4 INCH DIAMETER SPECIMENS). COMPRESSOR CASING TEST TEMPERATURE

B AND CAST-TO-SIZE (OVERSIZE) SPECIMEN BLANKS ANNEALED 1300F, T

2 HOURS, AC. ALL FROM ONE HEAT. | 2y T00F (20}
| -
LDR | s t
80 ™ — -._____-______ 0 —e—a
: e e o S 800F (5.6-20)
& a) | e =m
--.._.w . ! a
60 — -
K L] \F
'O\ \ t
."--.,_ : 900F (3.4-24.7)

e

&
SEE FIGURE 3.0311 FOR COMPRESSOR CASING (20 INCHES LONG) AND \
SPECIMEN DETAILS, AND FIGURE 3.0312 FOR CONVENTIONAL TENSILE 1000F (5-10)
PROPERTIES OF MATERIAL TESTED (HEAT A). ALL SPECIMENS TESTED
| WERE GEOMETRICALLY ALIKE, i i i i
{ ) RANGE OF ELONGATIONS {1 INCH), PERCENT,
AT EACH TEST TEMPERATURE { NO TREND
\IVITH s1l'm:ss WAS OBSERIVED) |

L3
(=3

STRESS - K5I

b2
=1

0.1 1.0 10 100 1000 10000
RUPTURE TIME -~ HOURS

FIG. 3.042 CREEP RUPTURE CURVES AT 700, 800, 900, AND 1000F FOR SPECIMENS MACHINED FROM ANNEALED CAST
COMPRESSOR CASING AND ANNEALED CAST-TO-SIZE SPECIMENS FROM ONE HEAT. {4)

PASE 7




TiC
NONFERROUS ALLOYS RELEASED: MARCH 1970

1 1 T H i
Ti Ti-6A)-4V, CAST
CAST COMPRESSOR CASING
6 A[ CASING SOLUTION TREATED 1750F, 1 HOUR, WQ; 1/2 INCH S5QUARE
SPECIMEN BLANKS AGED 1000F, 8 HOURS, AC. ROOM TEMPERATURE
4 \") 120 |- FTU=139.6 KSI, Fry=126.0 KSI, e(@ INCH}F9.7 PERCENT, RA=18.9 —
PERCENT. SEE FIGURE 3.0311 FOR COMPRESSOR CASING (12 INCEES
LONG) AND SPECIMEN DETAILS.

Ti-6Al-4Y TE$ | .
TEMPERATURE
Cast 00F

100 Is:.——

800F (11.9-20.0) ¢ * n
80 [( ) RANGE OF e{l INCH) AND‘-=':__“_[-B.G-45.7}
P

g
Fv

KB8I

[ J RANGE OF RA AT EACH TEST
TEMPERATURE {NC TREND WITH

STRESS WAS OBSERVED). \N]

TEST TEMP-F .'CASING 900F (5.0-17.0)

700 800 900 NUMBER=* 7 %-3'25-43

=] L] [ 1
o . a 2 \d

[ 2 S
40 * ALL FROM ONE HEAT

1 10 160 1000
RUPTURE TIME - HOURS

FIG. 3,043 STRESS RUPTURE CURVES AT 700, §00, AND 300F FOR SPECIMENS
MACHINED FROM CAST COMPRESSCR CASING AGED AT 1000F. {4)

160

}I

T T 1 T
\ Ti-6A1-4V, CAST
CAST-TO-SIZE SPECIMENS ANNEALED 1300F,

R N 2 HOURS, AC. AXIAL FATIGUE - 300 CPM
\ TEST TEMPERATURE - 500F
& O & HEATA —
e m & HEATE
SEE FIGURE 3.053 FOR CONVENTIONAL
TENSILE FROPERTIES OF MATERIAL
TESTED.

146G

120 b

» AW AN

| A=0.25

80 \
A =0 \
S

A .

0342 ¥ -

0 e IP @:ﬁ Wug Ky=23.5 \

r=2:00% poyrsHED WITH WIRE \

0.90% ,\ND DIAMOND PASTE P

0 CAST 1/2 DNCH DIAMETER OVERSIZE SPECIMEN BLANKS, Ty
ANNEALED, AND FINISH MACHINED TO CONFIGURATION

SHOWN.
|| | -

10 102 103 104 107 106
CYCLES TO FAILURE

—

Ve
/]

MAXTMUM STRESS - K8I

80—

20

FIG. 3.052 LOW-CYCLE AXIAL FATIGUE RESULTS AT 500F FOR ANNEALED MILD=-NOTCH SPECIMENS CAST-TO-SIZE FROM
TWO HEATS. @
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TiC

RELEASED: MARCH 1970 NONFERROUS ALLOYS
Ti
€& Al
4 Vv
Ti-6AI-4V
Cast
| ! | 1 ] | | | |
Ti-6Al-4V, CAST AXIAL FATIGUE - 3600 CPM
L CAST-TO-SIZE SPECIMENS TEST TEMPERATURE - 500F  —|
ANNEALED 1300F, 2 HOURS, AC.
ROOM TEMPERATURE TENSILE FROPERTIES RA
P HEAT Fry-KSI Fry-KSI el INCH) PERCENT PERCENT
8 oA A 145.1 1827 10.5 21.6
LT ® A B 144.8 127.3 11.7 25.8 |
L
— ] A= m
? 60 4
o "‘--0
& [——e—— 1 ___SMOOTH .
E E—
g [ ] C=
=
N —4{____ NOTCH 4sa N
= B S s
g ! i
0 © u
.\ 1060 )
A=0.67 =
Y o | 80 Q
\“hﬂ‘\ o o J 3
&
o T SMOOTH -2 60 &
\q N o &
& NOTCH T e -
" A 40 g
o &
- fa S0
8120 4 20 .E.
(=]
n é A=0.25
2100 —~———] SMOOTH e
7 Tt
g \ L
%- 80 Q\J O
5]
£ 60 A
; \_‘
=
j=1
E 4
b
1.010
2 L
0.2530
0.251 0. 2505 11/4TQ11/2R  r=0.010 21/4 TO 2 /2R
0.2500 (TAPERED CENTRALLY} wor1ey nooT POLISHED
LONGITUDINAL POLISH (<4 RMS)  WITH WIRE AND DIAMOND
— PASTE ]
SPECIMENS CAST TO 1/2 INCH DIAMETER OVERSIZE SPECIMEN BLANKS,
ANNEALED, AND FINISHED MACHINED TO CONFIGURATIONS SHOWN,
10% 104 105 108 107 108
CYCLES TO FAILURE
FIG. 3.053 HIGH-CYCLE AXIAL FATIGUE RESULTS AT 500F FOR ANNEALED
SMOOTH AND MILD-NOTCH CAST-TO-SIZE SPECIMENS FROM TWO
HEATS. {4)
cooE 380
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TiC

NONFERROUS ALLOYS RELEASED: MARCH 1970
L t 1 | L 1] | T L I |
Ti Ti-6Al-4V, CAST AXIAL FATIGUE - 3600 CPM
CAST-TO-SIZE SPECIMENS TEST TEMPERATURE - 500F
6 Al g0 |— ANNEALED 1300F, 2 HOURS, AC. —_
4 Vv t I
A=2.0 A=1.0
0 FARRE i
Ti-6Al-4V
Cast A=0.67
60 / =
#
¥ /
' 60 /
B
& SEE FIGURE 3,053 FOR SPECTMEN DETALLS
E AND CONVENTIONAL ROOM TEMPERATURE
n40 TENSILE PROPERTIES OF MATERIAL  —
g / TESTED.
=30 ~
& - b A=0.25
< b
20
——r]
F—— | _._-/
| ] I SMOOTH
10 // / \‘.__\
———
L] NOTCH | g
o
0 10 20 30 40 60 60 70 80 20 100 110 120
MEAN STRESS - KSI
FIG. 3.05% 150 HOURS, 500F 5TRESS RANGE DIAGRAM FOR SMOOTH AND MILD-NOTCH CAST-TO-SIZE SPECIMENS
FROM TWO HEATS. )
T T 1 1 1 T 1 T
Ti-BAl-4V, CAST
| CAST RING SEGMENT e
ANNEALED IN FULL SECTION SIZE: 1550F, 2 TO 4 HOURS IN VACUUM, AC.
SEE TABLE 3.0212 FOR RING SEGMENT CONFIGURATION. DATA REPRESENT FIVE CASTINGS FROM
TWQ HEATS., CORRESPONDING CONVENTEONAL TENSILE
PROPERTIES ARE PRESENTED IN TABLE 3.0212,
126 N o—a ! !
o a R=0.1 R=-1.0
o ® BASE
100 A a 4 FLANGE
5 o] 8 WEB
ES \. a ]
1
E 80 \ - \q* s
E A ® R
t E— O O
g 50 i .. -
g A - -—
=
40 = SURFACE FINISH = 120 RMS
CYCLIC FREQUENCY = 1800 CPM
K =1
20 |-
3.00 [4
1} L 1 1 1
103 104 105 108 107
CYCLES TOQ FAILURE
FIG. 3.055 ROOM TEMPERATURE AXIAL LOAD FATIGUE PROPERTIES OF SMOOTH SPECIMENS FROM FIVE
ANNEALED CAST RING SEGMENTS FROM TWO HEATS. @)
cobe 3801
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RELEASED: MARCH 1970

=

MAXIMUM SBTRESS - KSI

NONFERROUS ALLOYS

TiC

[ ! ! ] T I
Ti-6Al-4V, CAST
CAST RING SEGMENT

ANNEALED IN FULL SECTION SIZE: 1350F, 2 TO 4 HOURS IN VACUUM, AC,

[ SEE TABLE 3.0212 FOR RING SEGMENT CONFIGURATION. DATA REPRESENT FIVE CASTINGS FROM
TWO HEATS. CORRESPONDING CONVENTIONAL TENSILE PROPERTIES ARE PRESENTED IN TABLE

3.0212.
00 R=0,1 R=-1.0
=] . BASE
& A FLANGE
0 a WEB
30
o &
60 AN
Ne L4 \0\5 o @
"‘-\u
40 \. 4 la 4{
B ¥l F e
20
SURFACE FINISH = 120 RMS
CYCLIC FREQUENCY = 1800 CPM
0 | ] 1 1 1 I
103 104 109 106 107

CYCLES TO FAILURE

FIG. 3.056 ROOM TEMPERATURE AXIAL LOAD FATIGUE FROPERTIES OF MILD=-NOTCH SPECIMENS FROM FIVE

ANNEALED CAST RING SEGMENTS FROM TWO HEATS,

)

T T I T T T
Ti~-6A1-4V, CAST

|—ED RANDOMLY FROM BOTH THICKNESS EXTREMES AND AT RANDOM ORIENTATIONS WITH
RESPECT TO CASTING GEOMETRY,
—_— ANNEALED IN FULL SECTION SIZE: 1300F, 2 HOURS, AC.

wWQ + 1000F, 4 HOURS, AC.

T

10 POUND CASTINGS; SECTION THICKNESSES FROM 0.2 INCH TO 2.0 INCHES, SPECIMENS SELECT-

— & SOLUTION TREATED AND AGED IN FULL SECTION SIZE: 1750F, 25 MINUTES,

-

,..
=
3

[
e
=
ry
[
&g
4

1
-

0.125 MANUFACTURER NO. 1 R=10,1

w
=1
I

0.080 MANUFACTURER NO.2

o
=

LONGITUDINAL POLISH TO 32 RMS
—FREQUENCY, 1800 CPM %\A{

P
S

2
L=3

MAXIMUM STHESS - KSI

*—a-fh-m—&—ﬁ

60

£ APICLUSION LOBSEIR‘;’ED IN CRITICAL IL'OHTIOT OF TEST SECT[CIN.
50

103 104 105 106
CYCLES TO FAILURE

107

FIG. 3,057 ROOM TEMPERATURE SMOCTH FATIGUE PROPERTIES OF ANNEALED AND SOLUTION TREATED

AND AGED CASTINGS.

(8)

Ti
€ Al
4 Vv

Ti-8Al-4V
Cast
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23
4

Ti
Al
v

Ti-6Al-4V

Cost

CODE

3801

PAGE

22

NONFERRCOUS ALLOYS RELEASED: MARCH 1970
T ] | | | I
___Ti—BAl-4V. CAST {A} ANNEALED IN FULL SECTION SIZE: 1300F, 2 HOURS, AC.
{A) [1:] {B) SOLUTION TREATED AND AGED IN FULL SECTION SIZE:
ANNEAL SOLUTION TREAT 1750F, 25 MINUTES, WQ + 1000F, 4 HOURS, AC.
+
AGE

A 10-POUND CASTING FROM MANUFACTURER NC. 1; SECTION THICKNESS
FRGM 0.2 BICH TO 2,0 INCHES; SPECIMENS SELECTED RANDOMLY FROM

BO — BOTH THICKNESS EXTREMES AND AT RANDOM QRIENTATIONS WITH -
RESPECT TO CASTING GEOMETRY,

® 1-POUND CASTING FROM MANUFACTURER NO. 2; SECTION THICKNESS 0.43

INCH; ALL SPECIMENS PARALLEL TO LONGITUDINAL AXIS OF CASTING.
EACH MANUFACTURER USED DIFFERENT HEAT.

70 \ﬁm
\ R=0.2

T e s

ol ?0.19[35 E_‘;z éxﬁa xk A %

—r = 0.007

MAXIMUM STRESS - KSI

&£ X DNCLUSION OBSERVED IN CRITICAL PORTION
FREQUENCY, 1800 CPM OF TEST SECTION.

40 | i [ | |

108 104 105 108 107
CYCLES TO FAILURE

FIG. 3.058 ROOM TEMPERATURE MILD-NOTCH FATIGUE PROPERTIES OF ANNEALED AND SOLUTION
TREATED AND AGED CASTINGS FROM TWQ CASTING MANUFACTURERS, 8}

1 ] il | | | 1 |
Ti-6A1-4V, CAST
| CAST RING SEGMENT -
ANNEALED IN FULL SECTION: 1550F, 2 TO 4 HOURS IN VACUUM, AC.
SEE TABLE 3.0212 FOR RING SEGMENT AND SPECIMEN {FLAT TYFE)_|
[ DETAILS. MINIMUM OF THREE RINGS TOTAL FROM TWO HEATS
TESTED AT EACH TEST TEMPERATURE,

FZZ7BASE
SUSSETFLANGE + WEB
NUMBER OF SPECIMENS TESTED AT EACH TEST TEMPERATURE:
[— BASE {A) —
FLANGE + WEB (B)
{~100F) ®T) (GOOF) (600F)
—{A) 5 40 5 i} -
@ 5 52 6 4
24
22
20 NY E
H].S \ <
2
e 16 ~
S
14
12 CORRESPONDING STRENGTH AND ELONGATION
VALUES PRESENTED IN TAELE 8,0212. ,
=200 0 200 400 600 800

TEST TEMPERATURE - F

FIG. 3.061 EFFECT OF TEST TEMPERATURE ON TENSILE ELASTIC MODULUS OF
ANNEALED CAST RING SEGMENTS FROM TWO HEATS. (=)



TiC
RELEASED: MARCH 1970 NONFERROUS ALLOYS

Ti
6 Al
4 v

Ti-6Al-4V
Cast

REFERENCES

1. AVQO Corporaticn, Lycoming Division, Stratford,
Comnecticut, Specification No. M3407 (November 30,
1966},

2. Precigion Castparts Corporstion, Portland, Oregon,
Specification No, TD-TCD-1 (April 29, 1968).

3. Wood, K. A. "A Tabulation of Designations, Properties,
and Treatments of Titanium and Titanium Alloys, "
DMIC Memorandum 171 (July 15, 1963).

4. Private communieation #ith R, P, Dalal of AVCQ
Corporation, Lycoming Division, Stratford, Connecticut,

5. McClaren, 5. W., Cook, O. H., and Pascador, G.,
"Procesasing, Evaluation, and Standardization of
Titenium Alley Castings,™ LTV Aercspace Corporation,
Vought Aeronautics Division, work performed under
Contract F33615-67-C-1178 (BPSN 66-139938-2001~
9169-99) with Air Force Materials Lahoratory, Air
Foree Systems Command, Wright-Patterson Air Force
Base, Ohio, 45433, and published as Technical Report
AFMI~TR~88=264 (April, 1869).

6. Private communication with M, Lasker of Precision
Castparts Corporation, Portland, Oregon.

7. Poole, H, G., "Fundamentals of Casting Titanium,"
Oregon Metallurgical Corporation, Albany, Oregen,
presented at Titanium Metallurgy Course, New York
University School of Engineering and Science {Sept-
ember 13-15, 1965).

8. Private communication with H, W. Stemme of Lockhead-
Georgia Company, Marietta, Georgia.

a9, Coney, D, M., and Lasker, M. F., "Precision Cast-
ing of Ti-6Al-4V, " Precision Castparts Corporation,
Portland, Oregon (June 18, 1969).

10. Published in reference No. § above.

11, Soffa, L. L., "Titanium Castings for Airframe
Structural Applications, * Lockbeed-California Company,
Division of Lockheed Adrcraft Corporation, Burbaok,
California (September 8, 1967),

12. "Now Available: Cast Titanium and Zirconium, "
QOregon Metallurgieal Corporation, Albany, Oregon.

13. lang, R. M., Schippereit, G. H., ax Kura, J. G.,
"Production of Titanium Shaped Castings, " TML
Report No, 60, Titanium Metallurgical Laboratory,
Battelle Memorial Institute, Columbus 1, Chio
(December 12, 19566).

14. Harmsworth, C. L., McClaren, S. W., and Cook, O.
H., "Castings," Machine Design, pp. 167-171 {June
20, 1968).

i5. Jahnke, L. P.,"Titanium in Jet Engines," Adrcraft
Engine Technology Division, General Electyic Company,
Cineimnati, Chio, paper presented at the International
Conference on Titanium, London, England (May 21-24,
1968) referenced by R, A. Wood and D. J. Mayiuth,
"Titanium and Titanium Alloys," Review of Recent
Developments, Battelle Memorial Institute {(August 23,
1968},
The following report contains very recent data on
Ti-6Al-4V, Cast in several heat treated conditions, but
was unzvailable to the author at the time of this writing:
Parkinson, ¥, L., "Mechanical Property Data on Ti-
BAl-4V Castings, " Bosing Report T6-3606 (1969).

CODE 380!
PAGE 23




