NONFERROUS ALLOYS Ti

REVISED: MARCH 1965
3.012 Producers guaranteed mechanical properties for 3.0216 Effect of exposure to elevated temperatures with and
annealed material, Table 3,012, without lgad on tensile properties af annealed sheet, Ti
Fig. 3.0216.
TABLE 3.012 3.0217  Effect of exposure to elevated temperatures withleadon | & Al
Source (S2}(53) tensile properties of annealed bar, Fig. 3.0217,
Alloy Ti-641-4V 3.01138 Effect of shor: time exposure to elevated temperatures an 4 Vv
Form Sheet, plate apd bar tensfle properties of aged sheet, Fig. 3.0213,
Condition Ann 3.0219 Effect of strain rate cn tepsile properties of annealed .
Grade Normal EL] {a) and aged bar, Fig. 3.0219, Ti-6Al-4V
Frus -min-ksi 130 130 3,022 Compression (see Fig. 3,0214 and 3, 032),
Fros ~min-ksi 120 120 3.0221 Stress-strain diagrams (see 3. 0321).
e(?in) ~min-percent 10 (b} 10 (&) 3.023 Impace (see 3.033)
et o pexcent © . 3035 Tosi and ob
. ‘orsion shear
l“‘t‘t’fl‘; Py ¥ mi, 12 3.0251  Effect of thickness on shear strength of arnealed sheet,
-80F (d) 10 15 Fig. 3.0251.
3.02 Bearing
3.027 Stress concentration
(&) Specifications apply to plate < 1 inch thick and bar 3.0 Notch prapertics
< 2 inch dia. 3.02711  Effect of stress concentration on notch strength of aged
{b) Applies to section »0,025 inch thick. sheet, Fig, 3.02711.
(c) 0.012 through 0.020, 3 percent; plate 10 percent. 3,02712 Effect of notch geometry on notch strength ratio of aged
(d) Applies to plate <1 1/2 inch sheet and plate at room tempexanme, Fig. 3.02712
3.02713 Effect of aging temperature on the sharp notch strength
of sheet, Fig. 3,027i3.
3.013 Producers guaranteed tensile properties for bar and 3,0272 Fracure toughness {see also 3.0372).
forgings solution treated and aged in full sectfon size, 3.02721  Sharp noich strength and plane strain fracture toughness
Table 3,013, of surface cracked specimens cut from solutlon mreated
forgings and aged at various temperatures, Fig. 3.02721.
TABLE 3.013 3.02722 Effect of surface crack length on sharp notch properties of
Source O, p. 1) selution treated and aged specimens cut from forgings,
[Alloy Ti-6A1 -4V Fig. 3.02722.
[Form Bar and forgings 3.028 Combined properties
Conditien 1652 ;‘a;z:of&gg'tz ig :‘ﬁ wQ 3.03 Mech_ameal Properties at Various Temperatures
3.031 Tension
Thickness, as 3.0011 Stress-strain diagrams
| recelyed - in 1| 1w2 2to3 3to5 3.03111  Stress-strain curves at various temperatures for
Thickneas, as 11 >3 |>2 »>1|»2 annealed sheet, Fig. 3.03111.
heat treated - in gllgllto2isliodjtodjgfro2|eo5 3.03112  Stress-strain curves at room and elevated temperatures
Fru ~min-ksi 160} 155|150 1S5 ] 145 [140 | 150] 140 j130 for annealed bar, Fig. 3.03112.
Fl-y. ~min-ksf 150 145|140 145 {135 130 | 140{ 130 120 3.03113 Longitudinal tension stress-strain curves at elevated
e(4D) -min-percenr 1| 10| 10| 8] 8 8] 8 & 6| 6 temperatures for aged sheer, Fig. 3.03113.
T| 8 8] 6] 6 6| 6 4 4| 4 3.03114 Transverse tension stress-strain curves at elevated
RA, -min-percent L| 25| 25| 20|20 | 20| 20 | 15| 15| 15 temperature for aged sheet, Fig. 3.03114.
Ty 20| 20| 15|15 | 15415 | 10| 10| 10 3.03115  Swess-strain curves at low temperatures for aged
sheet, Fig., 3.03115.
3,0312 Spread of tensile test data at room and elevated
3.014 Producers specified mechanical properties for heat t:mperamres for annenled sheet and bar, Fig. 3.0312.
treated bar and forgtngs, Table 3.014.
TABLE 3.014
Bource {50)
Elloy Ti-6A1-4V
orm Bar and forgings
Condition HT in full section size }750F, 2 hr, WQ + 1000F, ¢ hr, AC
Width -+ in upto 4 >4108
Thicknesa - in (a) up to 1/2 [>1/2twl |>1tol 1/3>11/2102]> 2103 Juptol/2 |>1/2t0) Plrel 1/ »11/2102] > 2103
Frp» -min-ksi 160 1353 150 145 135 180 150 145 140 133
Fty, -min-ksi 150 145 140 135 125 150 140 135 130 125

{a) Thickness > 3 inch annealed properties apply (Fy, = 130 ksi, l=l.,r = 120 ksi)

3.02
3.021
3,0211
3.0212
3,0213
3,0214

3.0215

Mechanical Properties at Room Temperature

See also 3.03.

Tenslon

Stress-strain diagrama, See 3,0311.

Effect of annealing temperature on the tensile properties
of ELI plate, Fig. 3,0212.

Effect of aging temperature cn the tensile properties
of sheet and foagings, Flg. 3.0213

Effect of stretching after solution treating on tensile
properties of aged sheer, Fig. 3.02)4,

Bifect of stretching on compressive and tensite yleld
streugths of annealed amd aged sheer (Bauschinger
effect), Fig, 3.0215.

3.0313
3.0314

3.0315
3.03151

3.03152
3.03153
3.03154

3.03155

Eifect of low test temperature on tensile properties of
annealed sheet, Fig. 3.0313.

Effect of low test temperature on tensile properties of
annealed sheet and bar, Fig. 3,0314.

Tensile data for aged sheet,

Spread of tensile data at room and elevated temperamures
for eight heats of aged sheet, Fig. 3.03151,

Effect of test temperature apd testing direction on tensile
properties of aged sheer, Fig, 3.03152.

Effect of tow and elevated temperatures on the tensile
properties of aged sheet, Fig. 3.03153,

Effect of exposure and test temperarure oo tegsile
propexttes of aged sheet, Fig., 3.03134,

Effect of elevarted temperature exposure on room and
elevated temperature tensile properties of aged sheet,
Fig. 3.03155.
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. [3-0815  Effect of test temperature on tensile properties of aged 3.03719  Effect of test iemperature on the sharp notch properties
Ti baz, Fig. 3.03156. of solwtion treated and aged specimens of various
6 Al  3.03157 Eﬁec.t of test temperature on tensile properties of thicknesses cut from forging, Fig. 3.03719.
: solution treated and aged specimens cut fram forging, 3.0872 Fracture toughness
4 v 3 Fig. 3.03157. 3.03721  Effect of test temperature and specimen thickness on the
3.032 Compressio_n _ fraciure toughness of sclution treated and aged specimen
3.0321 Siress-strain diagrams cwt from forging, Table 3.03721. ¥
. 3.03211 Stress-strain curves in compressicn at room and
Ti-6Al-4V elevated temperatures for apnealed sheet, Fig. 3.03211. TABLE 3.03721
3.03212  Lengitedinal compression stress-strain curves at etevared | Source (26) -
temperature for aged sheet, Fig. 3.03212, Alloy Ti-0Al-4V
3.03213  Transverse compression stress-sirain curves at Form 3 x 9 in forging
elevated temperature for aged sheet, Fig. 3.03213. 1650F, 1hr, WO, + 1100F, 4
3,032)4  Stress-strain curves in compression at room and S5 2 3/16 3/8 1.0
elevated temperatures for annealed bar, Fig, 3.03214. Width - in 3 3 9
3.0322 Compressive yield strength Jemp - F -110 RT_[-110] RT[-11(] RT
3.03221  Spread of compressive yield strength at xoam and | Rirection LIT LT L
elevated temperatures for eight heats of aged sheet, Frys - ksl 176 1 174] 147[1521176 J147 T 176] 147
Fig. 3.0322). Ky ~kst-Yin 111 | 75{150]110| 217 (136 | 76] 96
3.03222  Directianality of compressive yield strength at room * Applied to specimens
temperature and 800F for annealed and for aged sheet,
Table 3, 03222, W&‘S Center fatigue crack specimen
b Lr heat treat before crackingsslow
TABLE 3.03222 crack ion by motion pictures
Source (32) 3.03722  Pane strain fracture toughness of snnealed plate at low
Allay Ti-6A1-4V temperatures, Fig, 3.03722.
[Form 0.051 n’oghe“ i 3.03723  Effect of test temperatyre on sharp notch strength ratlo
Condition Ann, 1550F, 5 hr, FC 17008, 42'::"1:(': WQ + 1000F, and plane strain fracture toughness of seluticn treated
L : L % and aged round bars cut from forging, Fig. 3.03723.
[Temp-F RT 800 RT 200 3.03724  Low temperature sharp norch Strength and plane strain
Direction] L s T [ETas T VL Tas [T [ Fas [T fracture toughness of gnnealed plate and solution
Fcy -ksi 11421136 [184 | 63 [63 | 113{165 [168 [227]106 [ 83 J133 treated and aged specimens ot frem extrusicn, Table
3.03724.
3.03223 Effect of exposure and test temperature on compressive TABLE 3.03724
yield strength of annealed and aged sheet and bar, Source (231}
Fig. 3.03223. Alloy Ti-6A1-4V
g,
3.033 Impact (see also Fig. 4.034). Extrusion
3.0331 Eifect of test temperature ¢n impact strength of annealed Form 0D = 44 in
and aged plate and bar, Fig. 3.033%. 1/2inplate{ }; D=4.34 in
3.034 Bending Condition® 1300F, 1 hr, | 1500F, 10 min, WQ +
3.035  Torsion and shear tlon FC 1000F, 7 hr, AC
3.0351 Spread of shear strength at room and elevated tem- | Dixearion Circumferential
perature for efght heats of aged sheet, Fig. 3.0351. -320F property
3,0352 Effect of test temperature on shear strength of annealed Feys - kst 212 213
and aged sheet and bar, Fig. 3.0352, Neteh strength=ksi 152 86
3.036 Bearing Kie, - ksi-Vin 69 41
3.0361 Spread of bearing strength at room and elevated tem- .
perature for eight heats of aged sheet, Fig, 3,0361. Specimen blanks cut and then heat treated
3.0362 Effect of test temperature on bearing properties of
annealed sheet and bar, Fig. 3.0362. ¥ ﬁ- -7 7 ™
3,0363 Effect of exposure and test temperature ¢n bearing
properties of aged sheer, Fig. 3.0363, v = qmm _ 6 | 178 | ~1/2 | ~0.07
3,037 Stzess concentration Bl Extrusion 2 {6.3 0.33 ~0.1
3.0371 Notch properties .
3.03711  Notch strength rato as a function of stress-cancenrratign Surface crack specimens heat reated before cracking
factor for anaealed sheet tested ar room temperature
and -320F, Fig. 3.03711. 3.03725 Sharp notch strength ratioc and plare strain fracture
3.03712  Notch strength ratio as a function of Stress-concenmation toughness of solution treated and sged specimens et from
factor for aged sheet tested at room temperature and torging, Table 3.03725.
-320F, Fig. 3.03712. :
3.03713  Effect of test temperature and stress-copcentration TABLE 3.08725 ]
factor on notch strength of aged sheet, Fig. 3.03713. Source TIBAT- AV
3.03714 Effect of low test temperatures on the mild and sharp :‘;};‘; 3 ;9 o ToriE
notch properties of annealed EL! sheet, Fig. 3,03714. .y
3,03715  Effect of crack length on sharp notch properties of %-ﬂ-;—::-g% - 25?(1‘5[055';;:'10“0'311: L100F, l:o::. ACH)
;m&:?ll:d sheet,tested at several temperatures, Fig. __LL}_Temp ~F 1100 RT] 4001650 [-110lRT 1400 [650
3.03716 Effect of test temperature on sharp notch properties of Frys - kal . 178 [153 |101] 8¢ 1175 [132 1112 | 58
several heats of mill annealed sheet, Fig, 3.03716. Shazp notch-y;teld . 3300, 48]1. 241, 3710, 55l 0. selx. 47)1. 63
3.03717  Effect of test temperature o5 Sharp notch strength of K szr::fm-\;ﬁ% zs '32 i I 55 '37 D
apnealed sheet before and after elevated temperature fe. X81—
exposure, Fig. 3,03717. (a) For specimen details.see Fig. 3.03723 (D=1 1/8 inch, Dir. - T)
3.03718 Effect af test temperature on sharp notch sirength of {b) Applies to spectmens
aged sheet befare and after elevated temperature {c) Exposed before specimen preparation
exposure, ‘Fig: 3.03718,
cope 3707
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3.038 Combined properties 3.054 Stress range diagram at 107 cycles for smooth and .
notched specimens of mill annealed sheet, Fig. 3. 054, Ti
3.04 Creep and Creep Rupture Properties 3.085 Stress range diagram at 107 cyceles for smocth and
3.041 Averzge creep and Tupture curves at several tempera- noiched specimens of aged sheet, Fig, 3. 055, [ Al
. tures for aged sheet from three heats, Fig. 3.041.
3.042 Creep and creep ruptures curves at 750 and 850F for 3.06 Elastic Properties 4 Vv
annealed bar, Fig. 3,042 3. 061 Effect of test temperature on Poisson's ratio, Fig,
3.043 Creep and creep ruprure curves at 650 to 850F for aged 3.061.
bar, Fig. 3.043. 3.062  Modulus of elasticey Ti-6Al-4V
3.0621 Spread of elastic medulus at room and elevated tem
3.0% Fatlgue Properties peratures for eight heats of aged sheet, Fig. 3.0621.
3,051 Axial facigue properties for aged sheet at room and 3.0622 Modulus of elasticity at low and elevated temperature
elevated temperatures, Table 3.051, for annealed sheet, Fig. 3.0622,
TABLE 3.05)
Source {41)
lloy Ti-6A1-4V
Form 0.063 and 0. 125 in sheet, I
Condition 1700F, 3 10 20 min, WQ + 900 to 950F, 4 hr
Method Direct sttess K, = | ,
Stress ratio Az R=1 Az R=( A=0.3 .R=0.3
Cycles 10° 11041 305 1 105 307 $10% T 109 1205 [ 105 1107 | 108 | 102 | 200 La1ob 107
Fatigue strength, ksi at temp
RT 152 { 120 701 S5 34 | 180 150 | 100 | 85 78 | 180 | 178 {135 107 (105
400F 115 | 90 58| 40 351155 40| 77 | 65 60 | 150-}148 120 | 100 {100
600F 105 | 82 50| 37 3B; - 120 ] 76 | 62 60 | 140 {138 115 [100 | 98
B00F 100 1 80 45} 33 28125 | 110-] 73 | 60 55.] 135 | 132 | 93 83 | 78
900F 93 { 65 40§ 32 251120 92| 70 | 60 S0 112 | 110 | 85 65 | 55
3,052 Axial fatigue properties at Ky = 2. 82 for 0,063 inch 8.0623  Dynamic modulus of elasticity for annealed ber at
aged sheet at room and elevared temperatures, Table elevated temperatures, Fig. 3.0623,
3.052.
TABLE 3.052
Source (41)
Alloy Ti-6A1-4V
Form 0.063 in sheet
Condition 1700F, 3 min to 20 min, WQ + 900 to 950F, 4 hr, AC
| _Method Direct stress Kt o 2, §2*
S{ress ratio A=wm R=1 A=l R=0 A=0.3 R=0.5
Cycles 10° 104 | 1057 309 [107 | 1091 109 105 | 181107 |03 | 10% 106 1107
Fatigue strength, ksi at temp
RT 100 ] 60 40| 25 22| 150 | 95 S0 40| 40 |180 140 | 80 63 | 57
400F 120 | 60 35 24 211123 § 85 47 38| 37 |60 130 ] 70 60 | 60
600F 85| 55 30 20 19 {120 | BO 40 37| 37 (145 120 | 70 60- | 58
BOOF 8] 50 25| 18 17 | 120 | 70 40 371 37 130 |15 | 60 50 } 40
S00F 0| 45 2¢ ] 138 171118 |70 40 351 35 |115 95 | 60 S0 | 40
1/16 dia hote 3,0624 Spread of elastic compressive modulus at room and
elevated temperature for eight heats of aged sheer,
Fig. 3.0624.
3,063 Maodulus of ridigiry
Sheet fatigue specimen 3.064 Tangent modulus
—_— e e 3.0641 Tangent modulus curves in compression at room and
elevated temperatures for annealed sheet, Fig. 3,0641,
3,053 Axial fatigue propertles at X, = 2. 82 for 0. 125 inch 3.0642 Longitudinal tensile tangent modulus curves at elevated
aged sheet at room and elevated temperatures, Table temperatures for aged sheet, Fig. 3.0642,
3.053. 3.0643 Transverse tensile tangent modulus curves at elevated
temperatures for aged sheer, Fig. 3.0643.
TABLE 3.053
(41}
Ti-6A1-4V
0,125 in sheet
1700F, 3 mic to 20 min, WO + 900 to 9S0F, 4 hr, AC
Direct stress Ky o 2, 82°
io, A= R=1 A=1 R=1 A=10,3 R=0.75
A 1204 T305 206 T 507 [103 Ti0d T30S T10f T107 110 J109 [105 ] 308 [107
atigue strength, ksi at temp
RT 100 | 60 40 | 35 34 |140 100 | 60 40 | 40 170 §133 80 | 60 S0
400F 838 | 60 40 | 30 25 [120 80 | 45 38 | 38 | 145 Y120 70 | 58 50
600F 90 | 60 35 | 22 20 1120 78 | 45 3% | 30 130 1115 70 | 85 S0
800F 75 55 01D 18 115 0] 42 32| 27 123 1o 70 | 35 S0
S00F 62 | 40 27| 20 18 | 108 65 | 40 30 | 26 110 | 100 70 | 55 50
* For speclmen See Table 3.052.
cope 3707
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3.0644 Longitudinal compression tangent modulus curves at SHEET' ! ] Ti-6Al-4Y
Ti elevared temperatures for aged sheet, Fig, 3.0644, v 0.032 ST ST, 1/2 TO1HR, WQ+ AGE
6 Al 30645 Transverse compression tangent madulus cu;'v:: at 00,062 (8
elevated tempezatures for aged sheet, Fig. 3.0645. 0,032
3.065  Secant modulus ; a0.06zf 5T+ 70F: BHR
4 Vv 3,0651 Longitudinal compression secant modulus curves at B0.063 5T + 1000F, 4 HR (19}
elevated temperatyres for aged sheet, Fig. 3.0651.
. 3.0652 Transverse compression secant modulus curves at
Ti-6Al1-4V elevated tempetanares for aged sheet, Fig. 3.0652, no - 1/2 IN BAR
OS5T (20) L_.
4 FABRICATION ® ST+900F, 6H .
160 - /
4.01 Formability t/ o
4.011 General. Aonealed Ti-6A1-4V is goe of the mest difficult
to form among annealed titanium allgys. Heating to o1 /'
1200F can be used for severe forming operacions. 160 s
4.012 Parts to be aged are preferably formed in the solution
treated Condition, either cold or hot, depending upon

the severity of the operation, and finish fermed by one
of several metheds developed for heat treated titanium 140
alloys and specifically for this alloy. One of the most
promising methods {s finish forming combined with aging
in dies heated to 950 1o 1000F and held at temperature
for 6 1o 10 hours, In the aged Condftion this allgy can be 120
bent at room temperarure 10 mederate radii and subjected
to somewhat mare severe operations at temperarures
below the aging temperanire.
4.013  Bending 160 —
4.0121 TMCA specified bend factors for sheet at room tem- ..-—‘1!"
perature < 0.070 in R/t = 4.5 and > 0,070 in, R/t =35.0.
4,0132 Effect of test temperature on bend factor for annealed
sheet, Fig. ¢.0132.
4.014 Forging., Starting temperature, 1850F maximum, 140
finishing temperature, 1450F minimum. To cbain 4
optimum properties, reductions equivalent to 25 to 40
percent should be performed in the alpha + beta range
tn the final forging operation. Subsequent rehearing, such 120
as required for sizing operationa, should not exceed,
generally, a temperature of about 200F below the beta to
alpha + beta transformation temperature,

KSi
]
a

:

R
\z’\
L
!

100
4.02 Machining and Geinding o ¢
See Ti Cammercially Pure. E 20
i
o
4.03 Welding 5 o
4.031: General, Extreme cleanliness is necessary in order to
avoid porosity and weld cracking. However, proper pro- 1500 1550 1600 1650 1700 1730 1800
cedures are now well developed and the alloy may be weld- SOLUTION TREAT TEMP - F
ed successfully,
4.032 Fusion welding is accomplished by using complete inert FIG. 1.0544  EFFECT OF SOLUTION TREAT TEMPERATURE ON

TENSILE PROFPERTIES OF SHEET AND BAR

A and mable electrode
gas shielding. Both ungsten arc and copsumable e (8, p. G-14, 15)(15)(20)

processes have given good results. Ti-6Al-4V, Ti-3A1
alloy or Commercially Pure Titanlum filler rod is used.

4033 Resistance welding requires techniques gimilar to those
used for austenitic stainless steels.

4,034 Effect of test temperature aon the impact properties of
plate welded with varicus fillers, Fig. 4.034. 50

L i Ti-6At-4V

404 Heat Treatment 1670F, 4 MIN, WQ+ AGE gHR
See Ti, Commexcially Pure. Only complementary or
differen information is listed below. Q w0 | ———]

4.041 Solution treatrnent of sheet or other thin section requires ' I S
supporting and restraining fixtures to prevent sagging k4 \
during hearirg and severe distortion en Quenching in g
water or oil. To insure maxirmum response 1o aging, E 30
quenching delay must be minimized. ) §

4,042 To maintain formed tolerarces during aging parts should
be supparted or Jigged.

0
4.05 Surtace Treating 800 00 1000 1100 1200 1300
See Ti, Commexcially Pure. AGE TEMP - F
FIG. 1,061 EFFECT OF AGING TEMPERATURE ON HARDNESS
OF SOLUTION TREATFL SHEET {49)
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180
H\ l Ti-6A1-FI
1/2 INBAR
\ i750F, 1HR, WQ+ 900F,6HR
160 ‘*\ ~
g \‘\ FTU W
140 \\
n
Fn ——
120 _
E o [ IR Y L
& LI
o 1 19
£ o
0 20 . a0 60 AC

QUENCH DELAY - SEC

FIG. 1.062 EFFECT OF QUENCH DELAY ON TENSILE

PROPERTIES OF AGED BAR (21)
170
I Ti-6al-av
3/4 TO5 INBAR
Q‘\ T T 160
O @ 1650F
A & 1700F:1 HR, WQ
O B 1750F)+ S0QF, 6 HR
160 < % 150
F
& \&\ $TU
EN ga
= 150 9 140
o
u‘?—" o CENTER SPECIMENS
1 H L
\\i\ .
130 ~42 ]
o )
=] \?
3
120 Y
60
s g
KX
" \U\\§ _ﬁu\
Il N =
d e |
e
g 1 F] 3 y 5
AS QUENCHED SECTION SIZE - IN
FIG. 1.063 EFFECT OF AS QUENCHED SECTION SIZE ON
TENSILE PROPERTIES OF AGED BAR
(13, p. 21-26}

FTU - K81

18
}s
e E Ty vy
- ANN
g 1550F, 2TO 5 HRS, FC
5 14
& o 70/
e
12 A/
Fru
e
1008 4
Fry
@ 0.8 IN SHEET BAR
O ©.15 IN HOT BAND
60 A 0.050 IN SHEET
40 ra) /RAFb
; /
2 20 |
o ___.—-—-&""'"——-Q —_—
& o
= e{2 IN)
0
L 30 60 T

SPECIMEN ORIENTATION

200

180

160

Ti

Ti
6 Al
4 VvV

Ti-6Al1-4V

TU

140 M

120

100

FIG. 1.0911 DIRECTIONALITY OF TENSILE PROPERTIES

FOR STRIP PRODUCT IN ANNEALED

CONDITION {32, Tables 31,30, 35}
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T 300

. Ti-6A1-4V Ti-GAL-4V
LI 200 |0-080 IN SHEET Py~ 138 KSI 0.040 IN SHEET
] F'ROLL ~ 10% PER PASS TO 7 ANN
6 Al t 55-60% REDUCTION + ANN
a 260 ]300
4 v |32 | , . o™
= 180 e 900
2 Y © 1500
. < F A& 1700
Ti-6Al-4V £ ANN, I5MIN & 220 260
N e \
2 160 } @ 1200F Fw
s O 1500F ] \ \
E d 3 =.‘ 180 220
= | 2 =
£ 1w r_._Jr J 2
F 140 i _ST 180 o
600 BOC 1000 1200 1400 o
ROLL TEMP - F R
FIG. 1.0912  EFFECT OF ROLLING TEMPERATURE 100 TY e
AND ANNEALING TREATMENT ON THE
THEORETICAL YIELD STRENGTH IN 2:1
BLAXIAL STRESS FIELD (43, p. 11)
20 100
E \-._
73
&) 10
54
*~ / (1 I
400 -200 0 200
TEMP - F
FIG. 1.0921  EFFECT OF OXYGEN CONTENT
ON LOW TEMPERATURE TENSILE
PROPERTIES OF ANNEALED
SHEET (29, Table 3)
Ti-6A1-4V
160l ANN. 1350F, 8 HR, FC 150
SHEET ICK, IN
© 0.060
7] AL w Ti-6AI-4V
7 O 0.080 = F TSl
» 1602 ! TY
T 140 —~———] —— ¥4 v/ 0.040 IN SHEET
- —H_F ' 260 NOTCH,02 PPV |
u.[— TU _t ] ® 900
) m"— %\ o 1500
120 0 N .. & 1700
o 220 " r-.-..‘h
I
E-—— Fry \
By 120 @
nL 1 216 PLASTIC STRAIN 2 e \\\‘\
> A g0 N Sy
=z o /ﬁ:k X N\
g TO 0.03 PLASTIC STRAIN 140F 0.2 0.4
P RATIO WIDTH TOQ THICKNESS STRAIN | ~
=
o r=0.0025 INK, = 6.3
0 45° 90° 100 . i
-400 ~200 0 200
TEST DIRECTION IN RELATION
T¢ ROLLING DIRECTION TEMP - F
FIG. 1.0913 DIRECTIONALITY OF STRENGTH AND FIG. 1.0922 EFFECT OF OXYGEN CONTENT ON
STRAIN FOR TENSILE TESTS ON THREE LOW TEMPERATURE MILD NOTCH
HEATS OF ANNEALED SHEET FROPERTIES OF ANNEALED SHEET
{33, Table 5) 2%

[cooe 3707 |

—_— e
| PAGE 8




REVISED MARCH 1965

CORRECTED DECEMBER 1984

BTU FT PER (HR SQ FT F)

FIG. 2.013

107 1N PER 1N PRR ¥

FIG,

10°% IN PER IN PER F

NONFERROUS ALLOYS

e By

10

THERMAL
CONDUCTIVITY

1700F,
2 + S00F, 4 HR, AC (40)

20 MIN, WQ

-400 0 400

800 1200

TEMF - F

THERMAL COMDUCTIVITY

(Ti 6Al-aV

ANN

e
-

}EAN COEF LINEAR
THERMAL EXPANSION
FROM RT TO TEMP INDICATED

0 400 800

TEMP - F

ALLOY

1200

1600

2,014) THERMAL EXPANSION FOR ANNEALED
7, p.3)(14, p. )18, p.50422)

6.0

T

Ti-bAl-4V
0.125 IN SHEET
1700F, 20 MIN, WQ
+ 9Q0F, 4 HR, AC

]

w
w

yd

g

5?;1

1l

5.0

@ FROM 100F TO
TEMP INDICATED

O FROM 35F TO
TEMP INDICATED
i

4.5

MEAN COEF LINEAR
EXPANSION

3.0 L L

THERMAL

-400 0 400
TEMP - F

1200

FiG. 2.0142 THERMAL EXPANSION FOR AGED SHEET

(39, p. 137-138)

({40, p. 286}

Ti-6A1-4V y ]
0.20 £ Ti
- 7
s 6 Al
P e
- 4 Vv
0.16 "{,——-‘
// Ti-6Al-4V
[
5 0.12 P
-4
«
[-%
2 0.08
& ——=0
0.125 IN SHEET
1700F, 20 MIN, WQ
+900F, 4 HR (40)
0.04 /
/ SPECIFIC HEAT
0
-400 0 400 800 1200 1600
TEMP - F
FIG. 2.015  SPECIFIC HEAT (5)(40, p. 287
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Al.

Al.01

Al.02

Al.03
AL1.04
Al.041

A1,042

Al.09

A2,

A2.03

GENERAL

This alloy is the most widely used of all the
alpha-beta titanium compositions. It may be
heat treated to a range of strength levels and,
in its fully aged condition, is successfully used
in highly stressed weided structures. However,
in the maximum strength conditions, careful
attention must be given to the fracture tough-
ness in a design of highly stressed parts. Harden-
ability is limited and sections over 1 inch thick
may not develop full properties. The alloy has
good strength and high stability up to 750 F.
Very high strength is obtained at cryogenic
temperatures, however, the fracture toughness
below about =250 F is extremely poor for the
fully heat treated conditions. Low temperature
applications should employ the extra low inter-
stitial (ELI) grades. The alloy exhibits some
susceptibility to environment-assisted cracking
in halide containing aqueous environments and
in hydrogen. Properties also depend on the
texture in rolled products. Improved properties
are obtained by using the ELI grades and beta-
processing. The alloy can be welded using
special techniques, Forming requires spectal
methods and elevated temperatures.

Commercial Desienation
6Al-4V Titanium Alloy.

Alternate Designations
C120AV, HA 6510, RS 120A, Ti6A14V,
Ti-6A14V ELL

Specifications

Table A1.03.

Composition
AMS specified composition for wrought pro-

duct and weld wire, Table A1.041.
AMS specified composition for powder and
powder metallurgy products, Table A1.042.

Special Considerations

This alloy is somewhat susceptible to environ-
ment assisted cracking in halide containing
aqueous environments and in hydrogen undey
sustzined loading and in fatigue. The suscepti-
bility depends on heat treatment and mech-
anical processing (see A2.03).

PHYSICAL AND CHEMICAL PROPERTIES

Chemical Properties

This alloy is somewhat susceptible to environ-
ment assisted cracking in halide containing
aqueous environments and in hydrogen under
sustained load (stress corrosion cracking) and
in fatigue {(corrosion fatigue). The degree of
susceptibility depends on the prior thermal
and mechanical treatment, which is reduced by
the use of ELI grades and beta-processing
(A12, A13). Because recommended practices
for obtaining stress-corrosion cracking data are
not yet available, such datza are not reported
here. The reader should consult references
{A12, A13) to obtain information on the
influences of strength and microstructure on
stress-corrosion cracking susceptibility.

A3,
A3.01
A3.011
A3.0111
A3.0112
A3.0113

A3.0114

A3.05
A3.056

A3.057

A3.058

Al.
Al
A3.
Ad.

A6,
Al
AB.
A9,
AlQ.
All.
Alz.

Al3.

Al4,

AlS.

AlS.

NONFERROQUS ALLOYS Ti

MECHANICAL PROPERTIES Ti
Specified Mechanical Properties 6 Al
AMS specified mechanical properties. 4V

AMS specified mechanical perperties for sheet,
strip, and plate, Table A3.0111.

AMS specified mechanical properties for bar,
forging, and ring, Table A3.0112.

AMS specified mechanical properties for bar,
and forging (rectangle), Table A3.0113,

AMS specified mechanical properties for
extrusions, flash welded rings, and powdez-
metallurgy products, Table A3.0114.

Fatigue Properties

Influence of load ratio (R) on fatigue crack
growth for mill annealed plate in air at room
temnperature, Figure A3.056.

Influence of environment on fatigue crack
growth for mill annealed plate at room
temperature, Figure A3.057.

Fatigue crack growth in dehumidified argon for
mill annealed plate at different temperatures
and K levels, Figure A3.058,

Ti-6Al-4V
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Ti ADDITIONAL REFERENCES
6 Al L Itving, P. E. and Beevers, C. J., “The Effect of
PRy, Air and Vacuum Envitonments on Fatigue Alloy Ti-6A4V
Growth Rates in Ti-6A1-4V", Metallurgical AMS : Form
Ti-6AI-4V Transactions, Vol 5 (1974) p 391-398. _‘:gg‘; . Sheet. strip. and plate
Yoder, G. R., Cooley, L. A., and Crooker, T. W., 4911D
“Quantitative mym of l\vﬁmsu_uctuxal 4928H| Bars and forgings ~ annealed. 120 ksi vield
Et:t'ects on Fatigue Crack Growth in 4967E ! Bars. forgings. and rings — anneaied,
Widmanstarten Ti-6A14V and Ti-8Al- heat treatabie
IMo-1V™, Naval Research Laboratory paper, 4934A| Exrrusionsand flash welded rings = solution
submitted to Engineering Fracture Mechanics hear treated and aged. and annealed
for publication {1978). 4954C | Welding wire
3. Yoder, G. R., Cooley, L. A., and Crooker, 4956A
T. W,, “50-Fold Difference in RegiondI 4996 Powdermetallurgy products
Fatigue Crack Propagation Resistance of 4998 | Powder
Titanium Alloys: A GrainSize Effect”™,
Naval Research Laboratory paper, submitted TABLE A1.03. SPECIFICATIONS
for publication to Journat of Engineering
Materials and Technology (1978).
Alloy Ti-6A14V
Grade Normal EL{
Composition Percent Percent
Min Max Min Max Alloy Ti-6A14V
Al 550 675 5.50 6.5013) Composition Percent Percent
v 3.50 450 3.50 4.50 Min Max Min Max
Fe - 0.30 - 0.25(2) Al 5.50 6.75 5.50 6.75
0 - 0.20(0) - 0.13(a) Y 3.50 4.50 3.5Q 4.50
C - 0.10ibH<) - 0.08(3) o 0.13 a.19 0.13 0.18
Ni - 0.05(b) - 0.05(2) Fe - 030 - 0.30
(500 ppm) {500 ppm) Cc - o.10 - 0.10
H - 0.0125(bXe) - 0.0125(a) Snla) - 0.10 - 0.10
{125 ppm} (125 ppm} Mola) - 0.10 - 0.10
Y - 0.005 - 0.005 Cufa) - 0.10 - 0.19
(50 ppm) {50 ppm) Mnla) - 0.10 - 0.10
Residuals Zr - 0.10 - 0.10
Each - 0.10(d) - 0.10(a)d) Ni - 0.04 - 0.04
Toul - 0.40td) - 0.30(a)(d) {400 ppm) ' {400 ppm)
T Remainder Remainder H - 00125 - 0.012
{125 ppm) (120 ppm}
(a) AMS 3956A specifies aluminum — 6.75 Max. iron — 0.15 Max, Y - 0.001 - 0.001
axygen — 0.08 Max. carbon — 0.03 Max, nirogen ~ 0.012 Max. {10 ppm) {10 pptn)
hydrogen — 0.005 Max. residual elements — 0.03 Max each Residuals, - 0.20 - 0.20
and 0.10 Max total totaj{b)
(b)  AMS 4954C specifies oxygen — 0.18 Max. carbon — 0.05 Max, Ti Remainder Remainder
hitrogen — 0.03 Max. hydrogen — 0.015 Max,
(c)  AMS 4906 specifies carbon ~ 0.08 Max: AMS 4911D specifies {a)  Tin plus molybdenum plus copper plus manganese shall
carbon — 0.08 Max, hydrogen 0.015 Max. not exceed 0.20 Max.
(d} Determination not required for routine acceptance. (b) Determination not required for routine acceptance.
TABLE A1.041. AMS SPECIFIED COMPOSITION FOR WROUGHT TABLE A1.042. AMS SPECIFIED COMPOSITION FOR
PRODUCT AND WELD WIRE (A1.A2.A3.A4,A5, POWDER AND POWDER METALLURGCY
A6.ATA8AY) PRODUCTS (A10.A11)
Allov Ti-6A 14V
Form Sheet, Strip, and Plate Sheet, Strip, and Plage(a)
{Normai Puritv) (EL1 Grade)
Condition Annealed Annealed
Diameter or Thickness. in. 0.003 0.025 0.063 0.1875 0.008 0.015 0.025 1.600
< 0.008 10 1o to to to to 10 to
0.025 0.063 0.1875 4.000 0.015 0.0258 1.060 3.000
Fry. ksi (Min) 134 134 134 134 130 130 130 130 130
F,;.ksi iMin) 126 126 126 126 120 120 120 120 115
& 2 in. or 4D), percent (Min} - 6 8 10 10 6 8 10 10
{a) Using specified tensiie test specimens. product tested at =423 F shall maintain a notch/unnotched tensile
ratio of not less then 0.75 (A2).
CQODE 3707
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Alloy Ti6A14Y Ti
Form Bar, Forging. and Ring
Condition Annealed 6 Al
Diameter or Distance 4.600 0.500 1.000 1.500 2.000 3.000 Y,
Between Parallel < 4.000 10 0.500 to to to to to
Sides. in. 6.000 1.000 1.500 2.000 3.000 4.000 Ti-6Al-4V
Fpy. ksi {Min} 130 i30 165 160 155 150 135 130
Fpy. ksi (Min} 120 120 155 150 145 140 125 120
e(‘.rin. or 4D, percent {Min)
Longitudinal 10 10 10 10 111] 10 10 10
Transverse 10 i0 - - - - 8 6
Short transverse 10 3 - - - - - -
RA. percent {Min)
Longitudinal 25 20 20 20 20 20 20 20
Transverse 20 20 - - - - - -
Short transverse - 15 - - - - - -

For AMS 4928H: Using specified notched specimens, product shall have 5-hour minimum rupture life at room
temperature when loaded to 170 ksi.

For AMS 4967E:  Using specified notched specimens. products up to 1-inch diameter or distance between
parallel sides shall have 5-hour minimum rupture life at room temperature when loaded to
185 ksi.

TABLE A3.0112. AMS SPECIFIED MECHANICAL PROPERTIES FOR BAR, FORGING. AND RING (A4. A5)

Alloy Ti-6Al4Y
Form Bar and Forging ( Rectangles)
Condition Annealed
Thickness, in. 0.500 1.006 1.500 2.000 | 3.000
<0.500 to to to to to
1.000 1.500 2.000 3.000 | 4.000
Width, in. 0.500 | 1.000 4.000 | 1.500 4.000 | 2.000 4.000 | 3.000 | 4.000
to to o to to to to to to
£.000 | 4.000 8.000 | 4.000 £.000 | 4.000 8.000 | 8.000 8.000
Fyy. ksi {Min} 160 155 150 150 145 145 140 135 130
Fey. ksi (Min) 150 145 140 140 135 135 130 125 120
e(gin. or 4D). percent {Min}
Longitudinal 10 10 10 10 10 10 10 10 10
Transverse 10 10 10 10 10 10 10 8 6
RA, percent (Min)
Longitudinal 25 20 20 20 20 20 20 20 20

For AMS 4967E: Using specified notched specimens. praducts up to 1-inch distznce between parallel sides shall have
5-hour minimum rupture life at room temperature when loaded to 185 Ksi.

TABLE A3.0113. AMS SPECIFIED MECHANICAL PROPERTIES FOR BAR AND FORGING [RECTANGLES] (AS)

Aloy Ti-6A14Y
Form Extrusions and Flash Welded Rings Billets or | Forged Coupons
Preforms
Condition Annealed
Diameter or Distance 0500 | 0.750 | 1.000 | 2,000
Between Parallel <0.500 o to to to 3.000
Sides, in. 0.750 [ 1.000 | 2.000 | 3.000
Fry. ksi (Min) 160 155 150 140 130 130 300 3006
Fiy. ksi {Min) 150 146 140 130 120 120 120 120
ef2 in. or 4D}, percent {Min) 6 6 6 6 6 10¢L) 5 10
8(T)
RA. percent (Min) 12 12 12 i2 12 200 10 20
15(T)

For AMS 4934A: Using specified notched specimens. product shafl have 5-hour minimum rupture life 3t room
temperature when loaded 1o 185 ksi

Far AMS 4935D:" Using specified notched specimens. product shall have 5-hour minimum rupture life at room
temperature when loaded to 170 ksi.

TABLE A3.0114. AMS SPECIFIED MECHANICAL PROPERTIES FOR EXTRUSIONS, FLASH WELDED RINGS. CODE 3707

AND POWDER METALLURGY PRODUCTS (A6.A7.A10)
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FIGURE A3.058. FATIGUE CRACK GROWTH IN DE-
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ANNEALED PLATE AT DIFFERENT
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FIGURE A3.056. INFLUENCE OF LOAD RATIO (R) ON

FATIGUE CRACK GROWTH FOR MiLL
ANNEALED PLATE !N AIR AT ROOM
TEMPERATURE {A14)



