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Table 1.. Characteristics of commercial Ti alloys

Alpha/Near-Alpha |  AlphaBeta | Near-Beta/Beta
Ti- Ti- Ti- Ti- Ti- Ti- Ti- Ti- Ti- T T Ti- Ti- Ti- Ti-
5Al 5Al 8Al-  6Al- 6Al- 6Al- 6Al- 5Al-  10V- ; 8Mo- 3AL 115 15V 13V-
25 6Sn- 1Mo- 2Sn- 4V 6V- 2Sn- 2S5n- 2Fe |, 8V- 8- Mo 3Cr- 11Cr-
Sn 2Zr- 1V 47r- 25n  4Zr- 2Zr- 3Al s 2Fe- 6Cr- 6Zr- 3Al- 3Al
1Mo- 2Mo- 6Mo 4Mo- a 3A1 4Mo- 455n 3Sn
02Si 015i 4Cr g 2 (I
(Ti17)- Ti (BC)
- (a+p)/B transus
-— HT flow stress
Fabricability >
(formability)
Strain-rate Sensitivity —»
Heat-treatability ’ >
Hardenability >
RT Strength, Toughness —>
-« HT Capability
- Weldability
-« a-Stabilization
B-Stabilization »
A Density —
. Moduli
gEe gudesE FHEAG Fade d,
WheEg FHVlE $BLE o 948 9 | e
A2 B2ATE A$ p A8 442 EELT >
ded gEdsd ue BeE BEE o B 1
B &2, atp d2 o8 FRIT atp Faze IRER%II{CTION OF ‘é
g ARG F o BF, 0tp UE, EBUE | B :
Soz 7RAIE At H oF §Ed EHe | B | PLONGATON [N 2
S
£ 19 2ol 5 \\ g
Hely 38 3 2 A7 v ¥ Ti- GRAIN SIZE >< ©
6AI—4V §5L otp HB LA, 2EFHINY
484l A3 FAE AW, 32 & DEAA ~T00F 2 TRANSUS BTRANSUS - 100F
AAA Aol $rsEz FEAZN 2FS FORGING TEMPERATURE

ulky ¢ 4 1 L0 2 &

‘%-:L:i - 5;1 J_‘E-% E}‘u 2 f2177] Near Fig. 1 Influence of forging temperature on beta grain size
a &0l NEHYE H, Ti-5~6Al-2~55n—2~ and room-temperature mechanical properties in B
57r—02~6MoE 7122 & og7lA] 14 Ti alioys.
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Table 2. Annealing and stress-relieving heat treatments for titanium alloys -

Annealing Stress-relieving®
Alloy Temperature”F | Time, h | Cooling medium Temperature’F | Time, h
Commercially pure 12001400 01—2 Air 900—1100 05-1
grades
Alpha alloys
Ti-5A1-2.55n 1325—1550 02—4 Air 10001200 1-4
Ti-8Al-1Mo-1V 1450° 1-8 Furnace 1075—1125
1450 02 Air
Ti-5A1-55n-2Mo-2Zr 12001450 05—2 Air 1100 2-8
Ti-6Al-2Nb-1Ta-0.8Mo 1450—1650 1-4 Air 1100—1200 025—2
Ti-6A14Zr-2Mo-25n 1650 05—1 Air 900—1200 1-4
1450 025 Air
Alpha-beta alloys
Ti-3A1-25V 1200— 1400 05—2 Air 1000—1100 05—2
Ti-6Al4V 1300—1450 1-4 Air or furnace 1000—1100 2—4
Ti-7Al-4Mo 1300— 1450 1-8 Air 9001300 05—-8
Ti-6A1-6V-25n 1300—1500 1-4. Air or furnace 900—1000 1-4
Ti-6A1-6Mo4Zr-25n 1300—1350 2 | Air 1100—1300 025—4
Ti-8Mn 1200 —1400 05—1 Furnace to 1000°F,| 900—1100 | 025—2
then air
Ti-10V-2Fe-3Al 1450— 1500° 0.1-025 | Air 1250— 1300 05—2
Beta Alloys
Ti-13V-11Cr-3Al 1300— 1450 02-1 Air or water 900— 1000 05—60
Ti-11.5Mo-6Zr-4.55n 1300—1400 02—-1 Air or water 1325—1350 0.1—025
Ti-8Mo-8V-3Al-2Fe 1425—1450 01—025 | Air or water 950—1100 1-4
a. Air cool

b. Duplex heat treatment
c. Not normally used in the annealed condition
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Fig. 2 Influence of forging temperature on beta grain size
and room-temperature mechanical properties in a+p
Ti alloys.
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Table 3. Solution Treating and Ageing(Stabilizing) Treatment for Ti Alloys

Solution temperature Solution Aging temperature Aging
Alloy °F °C time.h Cooling rate] °F °C time. h
Alpha or near-alpha alloys
Ti-8AIIMo-1Vreseseseresesesens 1800—1850(a) | 980—1010(a) 1 Oil or water | 1050-1100 | 565595 |-
Ti-6A1-25n-4Zr-2Mor=<++<++++ 1750—1800 955—980 1 Air 1100 59 8
Alpha-beta alloys
TiBAILV- < oo erersrsmrasnenses 1750—1775 955—970(b,c) 1 Water 900—1100 | 480—5%5 |4-8
(b, ©
1750—1775 955—970 1 Water 1300—1400 [ 705—760 |2—4

Ti-6Al-6V-25n
(Cu+Fe)
Ti-6Al1-2Sn-4Zr-6Mo 1550—1650 845—910 1 Water 9001100 480—5% |4-8
Ti-5A1-2Sn-2Zr-4Mo4Cr 1550—1600 845—870 1 Air 1075—1125 | 580—605 |4—8
Ti-6A1-25n-2Zr-2Mo 1600—1700 870—925 1 Water 900—1100 480—5% |4-8
-2Cr-0.2551
Beta or near-beta alloys
Ti-13V-11Cr-3A1 1426—1475 775—800 1/4—1 | Air or water | 800—900 425480 |4-100
Ti-11.5Mo-6Zr-4.55n
(beta I 12751450 690—79%0 1/5—1 | Air or water | 900—1100 480—595 | 8—32
Ti-3A1-8V-6Cr4Mo 1500—1700 815—925 1 Water 850—1000 455—540 |8—A4
4Zr(beta C)
Ti-10V-2Fe-3Al 1400—1435 760—780 1 Water 925—975 49%-52% |8
Ti-15V-3A1-3Cr-35n 1450—1500 790—815 1/4 Air 950—1100 510—59 |8—24
(a) For certain products, use solution temperature of 1650°F(890°C) for 1h then air cool or faster. (b) For thin plate of

sheet, solution temperature down to 890°C(1650°F) can be used for 6 to 30 min. then water quench. (c) This treatmen

is used to develop maximum tensile properties in this alloy. 1
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Table 4. Variation of Microstructures with Heat-treatment in Ti-6AI-4V

Cooling Rate
Des. Heat Treatment wa AC FC
A 1950°F a’'+B, Acicular a+8, Plate a8,
(1066°C) Prior B gb. Prior B gb. Prior B gh.
1750°F Primary a, Primary aq, Equiaxed a,
B (954°C) o+p Acicular a+p Intergranular $
(Coarse) (Coarse) (Coarse)
1650°F Primary a, Primary o, Equiaxed a,
C (899°C) o'+B Acicular a+p Intergranular B
(Fine) (Fine) (Fine)
1550°F Primary q, Primary a, Equiaxed a,
D (843°C) Metastable B Intergranular B
‘ (Fine) (Fine) (Fine)

Variation of Mechanical Properties with Heat-treatment in Ti-6A-4V

. UTS 2%YS Elongation
Des. Treatment MPa MPa %

S A 1950F/WQ 1110 950 77 - 192
After Aging 1170 1060 85 192
B 1750F/WQ 1120 950 170 602
After Aging 1180 1070 165 564
C 1650F/WQ 1120 920 152 539
After Aging 1120 1010 153 475
D 1550F/WQ 1010 770 200 54.7
After Aging 1980 980 16.5 488
E 1950F/AC 1060 940 70 103
After Aging 1060 940 98 160
F 1750F/AC 990 850 178 54.1
After Aging 1020 900 16.1 457
G 1650F/AC 1000 870 175 547
After Aging 1030 930 17.3 502
H 1550F/AC 1020 880 178 477
. After Aging 1030 930 168 469
1 1950F/FC 1040 940 105 156
After Aging 1010 940 95 154
] 1750F/FC 940 840 188 460
After Aging 970 880 182 491
K 1650F/FC 960 850 165 433
After Aging 960 880 168 483
L 1550F/FC 1000 920 173 489
After Aging 1060 950 170 496

*Aging in all cases: 1000F(538°C) 4 Hrs: Air Cool

WL
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A=1950"F(1066°C)

B=1750°F(954°C)
C=1650"F(899°C)
D=1550°F(843°C)
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Fig. 3 Schematic phase diagram of Ti-6Al-4V
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Fig. 6 Vacuum investment casting process for Ti alloys

Rammed Graphite Mold Joll ®|3] "] A F o]},
g 59 39 69 °]E F AL =YFez
yehen, & 6 ¥ I SPuxE o
e AR5, 6]

AUdFzYos 2 YFEE e 1 AF
AUz RIS AR Y3AE, AE ¥
Ao MAMQL WA AT 2y Az
499 388 AU 428y =9, WA ¢
A4S 1 FEAA 2 Y48 T2 AW
oo} 3n, gFe EEUS misrun WAE S35
FAFZIE0] Bo] 45 3. ‘

IPUEE Q3= 837 BEe AYF27}
YEE o851 glon, ¥ =F IPHe ¢
3L H2AEE AN g 497 A
59438 (Hot Isostatic Pressing) 59l 93] o]&
F53S GHANE "eUt Jdag 7 F=x]14].
T G AFY 4P ALFEA AE ¢
deEeAE £U02 A ALRELOE AYS
g & gl 239 A4S A EYeEH
I4ES ) A ¥Y & A 4 A
YL HAE A8 p HHLT ol3tA
FYH, JYF AFd}e £33 Arle W
Zol YHHAHQl Xray FAIR #35HZA geu

4, AYAx
UitAo g dxA] Hrhe TERAFAN dd

Table 6. Comparison between Rammed Graphite Mold Casting Process and Investment Casting Process

Rammed Graphite

Investment

Min, Size Limits
Max. Size Limits
Thickness Tolerance

05— 1lkg
450 kg

+ .76 mm(up to 142 mm)
& 003 mm/mm thereafter

Less than .05 kg

45 kg

+ 25 mm(up to 152 mm)
& 005 mm/mm thereafter

Min. Wall Sections 3 mm 15 mm
Draft Angles 1°~3 o
Surface Finish 250 RMS 125 RMS
Tooling Cost Inexpensive Expensive
Microstructure Small Grain Large Grain
Strength Slightly Higher Than Investment Same as Wrought®
BRI T 109
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Al Test Temp. - Strain Rate Elongation
oy (C) (sec™?) " (%)
Alpha/Beta
Ti-6Al4V 840—870 13X107* to 10°* 0.75 750—1170
Ti-6Al-5V 850 8X10™* 0.70 700— 1100
Ti-6A1-28n-4Zr-2Mo 900 2X107* 067 538
Ti4.5A1-5Mo-15Cr 871 2X1074 0.63—081 »510
Ti-6Al4V-2Ni 815 2X107* 085 720
Ti-6A14V-2Co 815 2X10™* 053 670
Ti-6Al-4V-2Fe 815 2X107* 054 650
Ti-5A1-2.55n 1000 2X107* 049 ' 420
Beta & Near-Beta
Ti-15V-3Cr-35n-3A1 815 2X107* 05 229
Ti-13Cr-11V-3Al 800 - - <150
Ti-8Mn 750 - 043 150
Ti-15Mo 800 - 0.60 100
Alpha
CP. Ti . 850 17X107* - . 115
B - Ti8Mn
i O=Ti-6AI4V-2Fe |
E 100 O=TibAM4V-2C0
& @ Ti-bAI4V-2N;
2 = a0k
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i g
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Fig. 8 Variation of strain rate sensitivity(m) with % B phase. 010 2030 40506070 80--90--100
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BEXF)] AN ARG HAEEE F& Fig. 9 Variation of elongation with % B phase.
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Table 8. Welding Parameters for TIG Welding -

Sheet w Filler Wire Travel Welding Ar Gas Flow Rate
Thickness  Diameter Diameter Speed Current £/min
mm mm mm cm/min A Primary Secondary  Backing
05 08 16 60 20~30 6~8 20~30 20~30
1 24 16 50 20~30 15 20~30 30~40
3 24 16 25~30  D130~145 15 20~30 30~40
@150~195
®130~150
5** 32 16 20~26 @170~190 25 20~30 30~40

*Double Welding
**Triple Welding
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