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ABSTRACT

The purpose of this program was to develop design information on four
titanium alloys for inclusion into Military Handbook-5. The alloys
investigated were T1-6A1-4V Condition STA, Ti-L4Al-3Mo-1V Annealed
Condition, T4-13V-11Cr-3A1 Annealed Condition, and Ti-6A1-6V-2Sn
Annealed Condition and Condition S3TA.

The mechanical properties investigated were tensile, compression, shear,
bearing, fracture toughness and fatigue. The general resulta obtained
are presented in Sectlon VII of thils report and the data generated for
Military Handbook-5 are presented in Section VIII.

This abstract has been approved for public release and sale; its dis-
tribution is unlimited.
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SECTION I
INTRODUCTION

1.) FURROSE OF THE PROGRAM

The program objective was to support the development of MIL-HDBK-5 date
on titanium alloys by conducting a mechenical property design date program
for four selected titanium alloys., The alloys evaluated are:

"1, Ti=bAl=-Mo=1V Zond., & - Sheet

2. Ti-13v=11Cr-3A1Cond. A4 - Sheet

3. Ti-6A1-4V Cond, STA - Flate

4, Ti-6A1-6V-2Sn Cond, A and STA - Plate

The mechanical property tests performed were tension, compression, bearing,
sheer, and thermal stability et temperatures from ambient to BOOF in con-
junction with fracture toughness and fatigue tests at room temperature,

The deta generated was compared with data obtained by mesns of a literature
search,

1.2 RACKGROUND

MIL-HDBK-5 hes long been accepted by the DOD and the FAA as the appropriate
source of design allowables on structural materials, In order to establish
and meintain an acceptable level of confidence in the handbook the MIL-
HDBK-5 Supervisory Committee has imposed certain reliability criteria on the
data and thelr analysis, These include & general requirement for at least
ten heats or lots of each material condition from three or mors (if pasible)
producers. A minimm total of 100 tests should go into the establishment
of each allowable value, Consequently, the only properties that are gen-
uinely established as "A" and "B" value (statistically reliable allowables)
are Fyy and Fiy at room temperature, The remsining properties such as
compreasion, bearing, and shear, i1f they are included, are usually derived
using ratioing = techniques., Elevated temperature properties may also be
derived, It is the purpose of this program to obtain these data on several
titenium alloys using information from producers, users, data information
centers and a test program. The alloys were selected as a result of a
review of gaps in MIL Hdbk.5 data and based on requests for data received
by the Department of Defense Information Centers.
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TEST MATERIALS

Contained within this section are;

(1) material procurement specification

requirements, (2) vendor certifications
(L) metallogrephy (5) mechanicel properties to be determined, and (6) test
conditions for all the materials utilized in this investigation,

{3) thermal processing history,
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2.) Discusalon:

2.2

The material data contained herein, idemtifies the scurce and provides the
chemistry, heat treat condition, and material thickness for all the materisl used
in the subject program, Each material is listed with the applicable vendor heat
number, chemical compositicn, and the results of the supplier's tensile tests as
obtained from the vendor certifications, A4ll material utilized under this pro-

gram sponsorship was procured to MIL-T-9046 requirements with all thermal processing

adhering to the requirements of MIL-H-81200,

A brief summary of the materials, source and number of heats is listed below:

Material Source Number of Heats
Ti-4A1-3Mo-1V Cond, A TMCA 5
. RMI 1
Ti-13V-11Cr-3A1 Cond. ST TMCA 5
Ti-6A1-4V Cond. STA TMCA 5
RMI 3
Ti-641-6V-2Sn Cond., A and STA T™MCA 15

In addition to the data obtained from the test program, data has also been
incorporated from North American's Engineering and Quality Control Laboratories
and test reports from the following vendors and users:

Titanium Metals Corporation of America

NASA - Langley

DMIC Data Sheets (Battelle Memorial Institute)
The Boeing Company

Reactive Metals, Incorporated

Material Certification

The following pages present the test material procurement specification
requirements along with the vendor certifications sent with the test material.
One heat of Ti L4Al-3Mo-1V Condition A was received without an attached certifica-
tion. Efforts to obtain this certification proved unsuccessful.



2,21 Material: Ti 4Al-3Mo-1V Cond A (Specification requirements)
Specification MIL~T-9046 Sheet, Strip and Plate
Type III
SPECIFICATION MINIMUM PROPERTIES (KSI)
Tensile Strength 125
Yield Strength : 115
0.2% Offset
Elongaticn 10
SPECIFICATION CHEMICAL LIMITS
i Total
C Fe Other
N Al v Cr Mo H Zyr 8n Mn 02 Ti Elenents
(Max. ) {{Max) (Max) (Max.)
0.08 [0.30 K0.05 5.5 (3.5 — — {0.015| — — — [0.20 [Bal 0.40
6.75 | 4.5




2.2,1 (continued)

MATERIAL:
VENDOR HEAT NUMBER:

T 4Al.3Mo-1V

NR/LAD IDENTIFICATION:

CHEMICAL COMPOSITION:

HEAT TREAT CONDITION:

CARBON
IRON

ALUMINUM

0.023
0.09

NITROGEN 0.008
4.6

G-1595

Heat 1

Cond., A
(™ca)
VANADIUM 1.1
MOLYBDENUM 3.3
HYDROGEN  0.012
OXYGEN 0.10

Annealed Per MIL-H-B81200

Tlt. 0.2%
Vendor Tensile § TYield
.| Test Test Mat'l. | Nom., | Spec. Strength] Strength
Moo | Temp, } Cond. | Gege IDirect.] ksl | ka1 | gElons,
F-86L49 Room Annealeq 0.034] Long 134.7 123.5 12.5
Trans.) 139.8 128.3 12.0
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2.2.1

(continued)

MATERIAL: Ti4AL-3Mo-1V Cond,

VENDOR HEAT NUMBER: G-895 (MCA)

NR/LAD IDENTIFICATION: Heat 2

CHEMICAL COMPOSITION:
0.023
TRON 0.09

VANADIUM
MOLYBDENUM

CARBON

NITROGEN 0.01k HYDROGEN

ALUMINUM 4.5 OXYGEN

HEAT TREAT CONDITION: Annealed Per MIL-H-81200

A

1.1
3.2
0.008

0.11

Vendor
Test

J-0679

Mo, | Temp, | Cound, | Gege IDipect, i Kal

T1t,
Tenaile

Strength

Test Mat'l, | Nom. | Spec.

0.2%
Yield
Strength

Room § Annealed 0.055 Long. 133.0

Trans. 137.3

124.1

131.8

4.0

10.5




2.2.1 {continued)
MATERIAL: Ti- 4A1-3Mo-1V Cond. A
VENDOR HEAT NUMHER: G-2hke
NR/LAD IDENTIFICATION: Heat 3
CHEMICAL COMPOSITION:
CARBON 0.022 VANADIUM 1.1
IRON 0.06 MOLYBDENUM 3.2
NITROGEN (.007 HYDROGEN 0.009
ALUMINUM 4.3 OXYGEN 0.10
HEAT TREAT CONDITION: Annesled Per MIL-H-81200
mt- Ooa
Vendor Tensile Yisld
Test Test Mat'!'l, | Nom. | Spec. Strength| Strength
J___JMLM_.M_M_LL _Kai 2 Elopg. |
J-0678 Room Annealedﬂ 0.063 ] Long. 131.9 123.8 15.5
Trans. | 136.5 130.8 12.0
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2.2.1

{ continued)

MATERIAL:

VENDOR HEAT NUMEER:

Ti- 4Al-3Mo-1V Cond.

NR/LAD IDENTIPICATION:

CHEMICAL COMPOSITION:

CARBON

TRON

NITROGEN

ALUMINUM

HEAT TREAT CONDITION:

0.025
0.09
0.010
L.y

G-1523 (TMCA)

Heat 4

VANADIUM

MOLYBDENUM

HYDROGEN
OXYGEN

Annealed Per MIL-H-81200

A

1.0
3.3
0.012

0.12

Vendor
Tes®

F-T737

Teat

_No. 1 Temn,

Room

Mat'l,

Ennealed

Nom,

0.051

i N

Ult.
Tensile
Spec. Strength

_Direct. }  Kal

0.2%
Yield
Strength

Kal_

Long. 134.8

136.2

Trans.

118.0

122.6

| -

13.5
14.0

el
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2.2.1 {continued)

MATERIAL: T4- 4A1-3M0-1V Cond., A

VENDOR HEAT NUMBER: G-1401  (TMCA)
NR/LAD IDENTIFICATION: Heat 5

CHEMICAL COMPOSITION:

CARBON  0.025 VANADIDM 1.2
IRON 0.09 MOLYBDERUM 3.3
NITROGEN 0.011 HYDROGEN  0.005
ALUMINUM 4.3 OXYGEN 0.12

HEAT TREAT CONDITION: Annealed Per MIL-H-81200

ult, 0.2%
Tensile Yield
Nom, § Spec. Strength] Strength
0.067 L 131.0 121.8 11.5
T 1404 136.0 13.5
N SE—— . -




2.2.1 {continued)
MATERTAL: T4-4A1-3Mo-1V Cond. A

VENDOR HEAT WUMBER: 321055 (RMI)

NR/LAD IDENTIFICATION: BHeat 6

A TR T D W PR B T

T

CHEMICAL COMPOSITION:

CARBON 0.015 VANADIUM 0.91 -‘ i
IRON 0.19 MOLYBDENUM 3.27 ‘
NITROGEN  O.00k HYDROGEN 62 PMM

ALOMINOM  3.80 OXYGEN 0.091

HEAT TREAT CONDITION: Annealed Per MIL-H-81200

R

mto 0!5
Vendor Tensile Tield
Test Teat | Mat'l, | Nom. | Spec. Strength] Strength
fMos 1 Temp. § Cond, 1 Cege iDixsat..s. Kal Kai 1 Eleng, }
- RT A 0.110 L 131.5 124,8 13.0
T 138.8 136.0 14.0 |

Note: Above tests performed by North American Rockwell, Los Angeles Division E

~10~




2.2,2

Material: Ti 13V-11Cr-3Al Cond A or ST

Specification MIL-T-90u46

Type IV

(Specification Requirements)

Sheet, S5trip and Plate

SPECIFICATION MIKIMUM PROPERTIES (XSI)

0.050 Other 0.050
Gage _ Gage
Tensile Strength 132 125
Yield Strength 126 120 (Min)
0.2% Offset
Elongation 8.0 10.
%
SPECIFICATION CHEMICAL LIMITS
' Total
Other
¢ Fe N Al v Cr Mo H Zr Sn Mn | 0o T Elements
(Max)}| (Max) {Max) (Mex. )
0.05 |0.15 |0.05] 2.5 l12.5 | 10 — 0.025 —_— — — |0.20 Bal. 0.40
0 ‘30 3 L] 5 1L|' L] 5 12

- 1] =
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2.2.2 (continued)
MATERIAL: ‘T{-13V-11Cr-3A1
VENDCR HEAT NUMBER: ' D-7855 (TMCA)

NR/LAD IDENTIFICATION: Heat 1

CHEMICAL COMPOSITION:
CARBON 0.017 : VANADIUM 13.7
IRON 0.15 CHROMIUM 10.9
NITROGEN .030 HYDROGEN 0.010
ALUMINUM 3.1 OXYGEN 0.13

AEAT TREAT CONDITION: Solution Treated

Ult,
Tensile
Strength

0.2%

Vendor
Tast

_Noo |
F-2102

Lab Aged 24 Hours at S00°F

- 12 -
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2.2.2 {continued)

MATERTAL: T1.13V-11Cr-3Al

VENDOR HEAT NUMEER: D-TT70 (T™CA)
NR/LAD IDENTIFICATION: Heat 2

CHEMICAL COMPOSITION:

CARBON 0.017 VANADIUM 13.6
IRON 0.16 CHROMIUM 10.8
NITROGEN 0.028 HYDROGEN 0.023
ALUMINUM 3.1 OXYGEN 0.12
HEAT TREAT CONDITION: Solution Treated
mt. 0.”
Vendor Tensile Yield
Test Test Mat'l. Strength| Strength
. Jexe, | Cond, Kai —Kal 2 Elong, |
F-19511 Room ST 134.4 129.0 18.5
140.9 136.8 4.0
Room gr(1) 193.5 175.2 6.0
205.0 188.9 5.0

(1) Lab Aged 24 Hrs. at S00°F




2.2.,2

(continued)
MATERIAL:
VENDOR HEAT NUMBER:

NR/LAD IDENTIFICATION:

CHEMICAL COMPOSITION:

Ti-13V-11Cr-3A1

D-T107 {TMCA)

Heat 3

CARBON 0.028
TRON 0.16

NITROGEN

.022

ALUMINUM 3.0

HEAT TREAT CONDITION:

VANADIUM
CHROMIUM
HYDROGEN
OXYGEN

Solution Treated

13.5
10.8
0.004

0.1k

(1) Lab Aged 24 Hrs.

long.

Trans.

Long.

Trans.,

mt.
Tenstile
Strength

Xal

0.2%
Yield
Strength

136.9
140.3

193.2
200.1

133.7
135.7
175.9
18k4.1

21.0
17.0
9.5
7.0

at 900°F

- 14 -
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2.2.2 (continued)
MATERIAL: T1.13V-11Cr-3A1
VENDOR HEAT NUMBER: D-7639 (TMcA)
NR/LAD IDENTIFICATION: Heat L
CAEMICAL COMPOSITION:
CARBON 0.023 VANADIOM  13.7
IRON 0.17 CHROMIUM  10.6
NITROGEN 0.025 HYDROGEN 0.015
ALUMINUM 3.1 OXYGEN 0.12
HEAT TREAT CONDITION: Solution Treated
uit. 0.2%
Vendor Tensile Yield
Test Test Mat'l. Strength| Strength
_No, Iemp, } Cond, Ksl Eal 2 Rlong,
c-9887 | Room ST 139.7 135.1 16.0
144,6 139.2 13.0
sra(D)| 197.9 179.1 7.5
208.9 191.4 5.5
_-____.

(1)

Lab Aged 24 Hrs., at 900°F

- 15 -
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2.2,2

MATERIAL:
VENDOR HEAT NUMBER:

NR/LAD IDENTIFICATION:

(continued)

T4.13V-11Cr-3A1

CHEMICAL COMPOSITION:

HEAT TREAT CONDITION:

CARBON 0.027

IRON 0.16
NITROGEN  0.026

ALUMINUM 3.0

D-7110

Heat 5§

(T™MCA)

VANADIUM
CHROMIUM
HYDROGEN
OXYGEN

Solution Treated

1‘3.7
10.8
0.m3

0.12

Vendor
Test

L No.
T-02Gk

Teat

Room

Mat'l.

ST

srall)

ﬂ

Ult.
Tensile
Strength

Xal

0.2%
Yield
Strength

Kai

2 Elong. |

133.6
138.1
180.1

179.8

130.7
135.9
164.1
165.7

!

22.5
17.5
9.0
6.5

(1) Lab Aged 24 Hrs. at 900°F

I L S




2.2.3

Material: Ti 6Al-4V Cond STA (Specification Requirements)

Specification MIL-T-90L6
Type III Comp C

Sheet, Strip, and Flate

SPECIFICATION MINIMUM PROPERTIES (KSI)

>1/4" |'91/2" tol3/4” to |1" to
to 1/2" |T3/W" 1" 1-1/2"
Tensile Strength (Min) 160 160 150 145
Yield Strength (Min) 145 145 140 135
0.2% Offset
Elongation % 8 8 6 6
SPECIFICATION CHEMICAL LIMITS
. Total |
C Fe N Al v Cr Mo H ir Sn Mn 02 Other
(Max) |(Max) (Max) Elements
(Max)
0.08 |0.30p.05| 5.5 3.5 | — — | 0015 | — | — — 0.20 [Bal. 0.40
6.75 | 4.5

-17 -



2.2,3 (continued)

MATERIAL:
VENDOR HEAT IUMEER:

NR/LAD IDENTIFICATION:

CHEMICAL COMPOSITION:

HEAT TREAT CONDITION:

CARBON
IRON
NITROGEN
ALUMINUM

T4~ GAL-LV
BT G 4956  (T™MCA)
Heat 1
0.025 VARADIUM h,1
0.10 HYDROGEN 0.009
0.010 OXYGEN 0.10
6.0

Type 3 Comp C

Solution Treated and Aged to MIL-T-QOLGE

Uit. 0.2%
Verdor 4 Tensile Yield
Test Test Mat'l. ] Nom. | Spec. Strength| Strength
 No, 1 Temp. | Cond, | Gege |Direct. L Kad Eai ulom_..,
J=3183 RT STA 0.250 L 166.6 153.0 8.5
T 183.2 | 171.8 8.0

- 18 -
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2.2.3 (contimued)

MATERTAL:
VENDOR HEAT MUMHER:

NR/LAD IDENTIFICATION:

T™-6AL-4YV

CHEMICAL COMPOSITION:

HEAT TREAT CONDITION:

CARBON
IRON
NITROGEN
ALUMINUM

0.026
0.15
0.015
6.4

BT G-4796

Heat 2

(TMCA)

VARADIUM
HYDROGEN
OXYGEN

4,2
0.005

0.14

Solution Treated and Aged to MIL-T-QOLEE
Type 3 Comp C 1700°F 1/4 Hr . W.Q.

Aged & hours - 1000°F A.C.
Ult. 0.2%
Vendor 4 Tensile Yield
Test Test Mat!l, | Nom. [ Spec. Strength| Strength
rm__hn_.m_mn_m —Kai Kai
J-4376 RT STA 0.250 L 176.0 164.0 9.0
T 180.2 174.3 10.5

- 19 -




2.2.3 (continued)
MATERTAL: Ti- 6AL-4V
VENDOR HEAT NUMBER: HT X-53788 (RMI)

NR/LAD IDENTIFICATION: Heat 6

CHEMICAL COMPCSITION:

CARBON 0.03 VAMADIUM 4.2
TRON 0.16 HYDROGEN 72 ppm
NITROGEN  ©.011 OXYGEN 0.107
ALDMINUM 6.1 |

HEAT TREAT CONDITION: Prod. Bolution Treated 1725°F for 10 minutes
W. Q. Aged 1000°F for 4 Hrs. and Alir Cooled

Flt. 0.2%
Vendor 1 - Tensils Yield
Test Test Mat'l, | Nom. | Spec. Strength| Strength
 No,. | Temp.{ Cond. | Gage |Direct.f. _Kal sl % Dlongs }
RT STA 0.250 L 168.0 156.0 8.0
T 168.0 151.0 8.0

e Do g o B ST




2.2.3 (continued)

MATERIAL: T4-6A1.4V

VENDOR HEAT NUMBER HT G-6539 (TMCA)
NR/LAD IDENTIFICATION: Heat 1

CHEMICAL COMPOSITION:

CARBON 0.024 VANADIUM h,2
IRON 0.16 HYDROGEN 0.005
NITROGEN 0.008 OXYGEN 0.19

ALUMINUM 6.2
HEAT TREAT CONDITION: Solution Treated and Aged to MIL-T-Q0LEE

Type 3 Comp C
Ult. 0.2%
Vendor ) Tensile | Yield %
Test Test | Mat'l.] Nom. [ Spec. Strength| Strength Red.
| No, __ 1 Temp. i Cond, 1 Gaga LDirect. t  Ksl —Ksi Area
J-3855 RT 3TA 0.500 L 171.1 158.1 19.0 hi.z
168.1 155.2 16.5 h2.6

- 21 -
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2.2.3 {(continued)

MATERIAL: ™. 6AL-4V
VENDOR HEAT MUMBER BT ©-7278 (TMCA)
NR/LAD IDENTIFICATION: Heat 2

CHEMICAL COMPOSITION:

CARBON - 0.025 VARADIUM L.2
TRON 0.17 HYDROGEN 0.005
NITROGEN 0.009 OXYGEN 0.20

ALUMINUM 6.4

HEAT TREAT CONDITION: Solution Treated and Aged to MIL-T-QO4L6E

Type 3 Comp C
mt. 0.5
Vendor 4 Tensile Yield %
Test Test | Mat'l, | Nom. | Spee. Strength| Strength f;:d-
Mo, 1 Temn. { Cond, { (ega fDirsct. i Kal Kl L Elong, } °Tree |
J-5801 RT STA  ]0.500 L 175.5 163.3 15.0 39.5
T 182.2 172.4 14.0 36.8

- 22 -




2.2.3 (continued)
MATERIAL: T4-6A1-4V
VENDOR HEAT NUMBER HT 302634  (RMI)
NR/LAD IDENTIFICATION: Heat 7
CHEMICAL COMPOSITION:
CARBON 0.02 . VANADIUM 4.3
IRON 0.12 KYDROGEN 42 ppm
NITROGEN  0.013 OXYGEN 0.168
ALUMINUM 6.4
HEAT TREAT CONDITION: Prod. Solution Treated 1725°F for 10 minutes
W.Q. Lab Aged 1000°F for 4 Hours Air Cooled.
Ult. 0.2%
Vendor 1 Tensile Yield
Test Test Mat'l, | Nom. | Spec. Strength| Strength
_xn.__xm.._mmﬁr_ﬁm_.nmﬂ_m Kad | % Eleng, J
RT 3TA 0.475 L 170.0 153.0 7.0
T 173.0 162.0 9.0

- 23 -
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2.2.3 (continued)
MATERIAL:

VENDOR HEAT NUMBER

NR/LAD IDENTIFICATION:

CHEMICAL COMPOSITION:

CARBON -
TRON
NITROGEN
ALUMINUM

™- 6A1-LV
HT G-7021 (TMCA)
Heat 2
0.022 VANADIUM k.2
0.18 HYDROGEN 0.004
0.12 OXYGEN 0.17
6.3

HEAT TREAT CONDITION: Solution Treated and Aged to MIL-T-QOMGE
Type 3 Comp C 1675°F, 15 Min., - W.Q. Age
i Hours 1000°F A.C.

Tlt. 0.2¢
Vendor Tensile Yield
Test Tast Mat!'l, | Nom. | Spec. Strength| Strength
Jo... 1 Temp. { Cond. 1 Gags 1Dirsct, Kad _Kal
J-4821 RT STA 1.000 L. 168.5 155.0 k.5
T 176.8 165.9 17.0

-2“-




2.2.3 (contimued)
MATERTIAL: Ti-6A1-4V
VENDOR HEAT NOMBER BT 29350k (RMI).
NR/LAD IDENTIFICATION: Beat 6
CREMICAL COMPOSITION:
CARBON 0.03 VANADIOM 4.4
IRON 0.08 HYDROGEN 30 ppm
NITROGEN 0.010 OXYGEN 0.160
ALUMINUM 6.4
HEAT TREAT CONDITION:
ult. 0.2%
Vendor 4 Tensile Yield
Test Test Mat'l. | Nom. | Spec. Strength] Strength
L 11.65?.'3/ 111:%.0/ 12.0/
> l [ -
RT STA 1.025 ° 1.0
T 5.0/ 143.0/ 11.0/
161.0 148.0 15.0

- 25 -




2.2, 4 Material: Ti 6A1-6V-2Sn Cond A and STA (Specification Requirements)

Speecification MIL-T-9046 Sheet, Strip and Plate
Type 1I1 Comp E

SPECIFICATION MINIMUM PROPERTIES (KSI)
Annealed . 3TA

To 1-1/27 | 1-1/2" to

Thick 2" Thick
Tensile Strength (Min) 155 170 160
Yield Strength (Min) 145 160 150

0.2% Offset ‘
Elongation [ Long) 10 8 6
(Frans) 8

SPECIFICATION CHEMICAL LIMIT3

_ ~ Total

c Fe N Al |V |cCr Mo | H Zr [ Sa | Mn| Oy (T Other

[(Max) | (Max) {Max) Elements

(Max )

0.05 ]0.35 pP.05(5.0 |5.0 | — { — | 0.005| — | 1.5} — | 0.20 [Bal| 0©.30
1.00 6.0 6.0 : 2.5




2.2.4 (continued)

MATERIAL: T™- 6A1-6V-25n
VENDOR HEAT NUMBER: HT G-3104 {TMCA)
NR/LAD IDENTIFICATION: Heat 1
CHEMICAL COMPOSITION:
CARBOK 0.011 HYDROGEN 0.006
IRON 0.73 TIN 2.1
NITROGEN 0.016 COPPER 0.61
ALUMINUM 5.6 OXYGEN 0.16
VANADIUM 5.7
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F P/M 25F
Ult, 0.2 %
Vendor Tensile Yield
Test Test Mat'l, Nom, Spec, Strength| Strength
J-0411 Room Jnnealed | 0.340 L 155.0 1L8.4 15.0
T 166.8 18.0

161.5

- 27 -
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2.2.% (continued)

MATERIAL:

VENDCR HEAT NUMBER:

NR/LAD IDENTIFICATION:

CHEMICAL COMPOSITION:

HEAT TREAT CONDITION:

CARBON
IRON
NITROGEN
ALUMINUM
VANADIUM

T1-6A1-6V~28n

0.02h
0.70
0.01h
5.4
5ok

Annealed

HT

Heat

6-3212

2

1300F P/M 25F

HYDROGEN
TIN
COPPER
OXYGEN

- Anneal Temp.

(T™CA)

0.007
2.0
0.66

0.13

Vendor
Test

J-0Olb1h

Test

Room

Mat'l,

—Jemp. 1 Cond.

knnealed

0.320

Ult,
Tensile
Strength

0.2 %
Yield
Strength

156.1
160.3

151.1
156.3

15.0
16.5

- 28 -
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2.2.4 (continued)

MATERTAL: P4 -6AL-6V-2Sn
VENDOR HEAT NUMBER: BT G-3211  (TMCA)
NR/LAD IDENTIFICATION: ‘Heat 3

CHEMICAL COMPOSITION:

CARBON 0.023 HYDROGEN  ©-006
IRON 0.71 TIN 2.0
NITROGEN 0.010 COPPER 0.67
ALUMINUM 5.6 OXYGEN 0.15
VANADIUM 545
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F P/M 25P
Ult. 0.2 %
Vendor _ Tensile Yield
Test Test Mat'l. Nom. Spec, Strength| Strength
J-0413 | Room [Annealed | 0.320 L 157.6 152.7 15.5
T 155.7 149.9 15.0




2.2.4 (eontinued)

MATERIAL: T1-6A1-6V-23n
VENDOR HEAT NUMBER: HT G-881  (mMcA)
NR/LAD IDENTIFICATION: Heat U
CHEMICAL COMPOSITION:
CARBON 0.025 HYDROGEN  O0.004
IRON 0.66 TIN 2.0
NITROGEN 0.012 COPFER 0.69
ALUMINUM 5.5 OXYGEN 0.16
VANADIUM 5.5
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F PM 2sF
Uit. 0.2 ¢
Vendor ‘ Tensile Yield
Test Test Mat'l, Nom, Spec. Strength| Strength
o. L Temp., ! Cond, ! Gage | Dirsct,l EKgi Xal £ Zlong, |
J=0412 Room Annealec* 0.315 L 157.4 151.3 15.0
T 160.5 155.4 18.0

- 30 -




2.2.4 (continued)

MATERTAL: T4. 6A1-6V-25n
VENDCR HEAT NUMBER:  Hr G 1537  (TMCA)
NR/LAD IDENTIFICATION: Heat 5
CHEMICAL COMPOSITION:
CARBON 0.025 HYDROGEN 0.00k4
IRON 0.74 TIN 2.0
NITROGEN 0.013 COPFER 0.76
ALUMINUM 5.5 OXYGEN 0.17
VANADIUM 5.6
HEAT TREAT CONDITION: Annesled - Anneal Temp.
1300F P/M 25F
Ult. 0.2 £
Vendor Tensile Yield
Test Tesat Mat'l, Nom, Spec, Strength] Strength
[ No, | Temp, } Cond. | Gege 1§ Dirscit.}  Kedl Kad f£ Zlong, |
J-0k15 Room Annealed] 0.310 L 159.8 154.7 1h.0
T 163.1 15.3

158.1

- 31 -



2.2.4 (contimed)

MATERIAL: T4 -6A1-6V-25n
VENDOR HEAT NUMBER: BT G-393 (TMCA)
NR/LAD IDENTIFICATION: Heat 1 -
CHEMICAL COMPOSITION:
CARBON 0.022 HYDROGEN  0.004
IRON 0.75 TIN 1.9
NITROGEN 0.009 COPPER 0.64 5;
ALUMINUM 5.5 OXYGEN 0.12
VANADIUM 5.3
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F P/M 25F
Tit. 0,2 %
Vendor , Tensile | Yield %
Teat Test Mat'l, Nom. Spec. Strength] Strength Red.
[ No, | Temp, | Cond, ) Gage J§ Dirsct.l  Kai Jal £ Elong, | Ares .
J-0L16 Room Annealed] 0.630 L 155.6 150.0 18.0 38.2 {
- T 155.4 151.4 16.5

35.7 ¢

-32-




2.2.4 (contimed)

MATERIAL:

VENDOR HEAT NUMBER:

T4 HAL-6V-23n

BT G-2443 (TMCA)

158.4

NR/LAD IDENTIFICATION: Heat 2
CHEMICAL COMPOSITION:
CARBON 0.023 HYDROGEN 0.004
IRON 0.67 TIN 2.1
NITROGEN 0.013 COPFER 0.66
ALUMINUM 5.3 OXYGEN 0.16
VANADIUM 5.7
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F P/M 25F
Ult. 0.2 %
Vendor Tensile Yield
Teat Test Mat'l, Nom, Spac. Strength] Stirength
o, | Temp. 1 Cond. | Gage {Direotu el | kel 1 fZlone, |
J-0420 Room Annealed| 0.610 L 159.6 156.9 16.0
T 162.0 18.0
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2.2.% (eccntinued)
MATERTAL: T4 6A1-6V-28n
VENDOR HEAT NUMBER: BT G-1971  (TMCA)
NR/LAD IDENTIFICATION: Heat 3
CHEMICAL COMPOSITION:
CARBON 0.023 HYDROGEN  0.006
IRON 0.68 TIN 2.1
NITROGEN 0.012 COPPER  0.70
ALUMINUM 5.3 OXYGEN 0.17
VANADIUM S
HEAT TREAT CONDITION: Annealed -~ Anneal Temp.
1300P  P/M 25F
Ult. 0.2 %
Vendor Tensile Yiald
Test Test Mat'l, Nom, Spec. Strength] Strength
_np..__r.nn.__m_m__mmz..__m Eal £ Elong, |}
J-b17 Room Annealed | 0.610 L 161.0 158.2 17.0
T 162.4 157.4 17.0
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2.2,k {contimed)

MATERIAL:

T4 HAL-6V-25n

160.1

VENDOR HEAT NUMEER: HT G-2504
NR/LAD IDENTIFICATION: Heat L
CHEMICAL COMPOSITION:
CARBON 0.023 HYDROGEN 0.004
TRON 0.66 TIN 2.1
NITROGEN 0.011 COPPER 0.66
ALUMINUM 5.6 OXIYGEN 0.16
VANADIUM 5.4
HEAT TREAT CONDITION: Annesaled - Anneal Temp.
1300F F/M 25F
Ult, 0.2 ¢
Vendor Tensile Yield
Test Test Mat'l, Nom, Spec. Strength| Strength
(Ho. .1 Temp. § Cond. 1| Gage 1 Direct, Xai Xal I Zlong.. |
J-0418 Room Annealed] 0.610 L 162.1 158.9 16.5
T 161.1 19.5
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2.2.4  (contimed)
MATERIAL: T4-6A1-6V-2Sn
VENDOR HEAT NUMBER: HT G-3106 {TMCA)
NR/LAD IDENTIFICATION: Heat 5
CHRMICAL COMPOSITION:
CARBON 0.016 HYDROGEN 0.005
IRON 0.77 TIN 2.0
NITROGEN 0.019 COPPER 0,59
ALUMINUM 5.6 OXYGEN .15
VANADIUM 5.8
HEAT TREAT CONDITION: Annealed - Anneal Temp,
1300F P/M 25¥
Ult. 0.2 ¢
Vendor Tensile Yield
Test Test Mat'l, Nom, Spec. Strength| Strength
J-0419 | Room [Annealed | 0.615 L 159.0 155.6 17.0
T 158.8 156.3 18.0
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2,2.4 (contimed)
MATERTAL: T4-6A1-6V-28n
VENDOR HEAT NUMBER: HT G6-3023  (TMCA)
NR/LAD IDENTIFICATION: Heat 1
CHEMICAL COMPOSITION:
CARBOR 0.023 HYDROGEN ©.004
IRON 0.67 TIN 2.0
NITROGEN 0.012 COPPER 0.63
ALUMINUM 5.5 OXYGEN 0.15
VANADIUM 5.6
HEAT TREAT CONDITION: Annealed - Anneal Temp.
1300F P/M 25F
Olt. 0.2 %
Vendor Tensile Yield
Test Test Mat'y, | Nom. | Spec, Strength| Strength
o, 1 Jemp, { Cond. L GCage 1 Direct.f  Xal Xal £ Rlong, |
J-0430 Room Annealed | 1.570 L 155.9 145.5 20.0
T 155.4 18.5

145.3
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2.2.4

(continued)

MATERTAL:

VENDCR HEAT NUMBER:

NR/LAD IDENTIFICATION:

CHEMICAL COMPOSITION:

CARBON
IRON
NITROGEN
ALUMINUM
VANADIUM

HEAT TREAT CONDITION:

T1-6A1-6V-25n

0.023
0.69
0.011
5.4
5¢5

Annealed

.Heat e

HT G-3214

HYDROGEN
TIN
COPPER
OXYGEN

= Anneal Temp.
1300F P/M 25p

Vendor
Test

J-0428

Test

- Iarp. | Cond,

Foom

Mat'l,

Annealed

1.510

Spec,

Ult.
Tensile
Strength

—Kal

0.2 %
Yield
Strength

155.4
156.0

149. 4
149.8

18.0

17.5

-38-
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2.2.4 (continued)

151.8

MATERIAL: T4.6A1-6V-23n
VENDOR HEAT NUMBER: HT G-2070
NR/LAD IDENTIFICATION: Heat 3
CHEMICAL COMPOSITION:
CARBON 0.023 HAYDROGER  0.007
IRON 0.73 TIN 2.0
NITROGEN 0.005 COPPER 0.73
ALUMINUM 5.6 OXYGEN 0.15
VANADIUM 5.6
HEAT TREAT CONDITION:; Annesled - Anneal Temp.
1300F P/M 25F
mit. 0.2 %
Vendor Tensile Yield
Test, Tent Mat'], Nom, Spec, Strength|] Strength
No, | _M__Jr_hn_lmr__m Xai | fxong, |
J-0427 Room Annealed] 1.570 L 155.k4 149,2 19.0
T 161.5 18.5
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2.2.k (continued)

MATERIAL: T4~ 6A1=6V.23n
VENDOR HEAT NUMBER: HT G-1971 (T™CA)
NR/LAD IDENTIFICATION: Heat &

CHEMICAL COMPOSITION:

CARBON 0.023 HYDROGEN ©O.00h4

IRON 0.68 TIN 2.1

NITROGEN 0.012 COPPER 0.70
‘ ALUMINUM 5.3 OXYGEN 0.17
VANADIUM 5.4

HEAT TREAT CONDITION: Annealed - Anneal Temp.

1300F P/M 25F
Ult. 0,2 %
Vendor Tensile Yield
Test Test Mat'l, Nom, Spec, Strength] Strength
No, M_MJLMHHL-JJ_-_JM_
J-0U431 Room Annealed ] 1.50 L 155.2 149.6 15.5

T 155.6 147.7 18.5




2.2.4  (continued)
MATERIAL: T4-6A1-6V-23n
VENDOR HEAT NUMEER: BT G-3024  (TMCA)
NR/LAD IDENTIFICATION: ‘Heat 5
CHEMICAL COMPOSITION:
CARBON 0.023 HYDROGEN 0.00k4
TRON 0.69 TIN 2.0
NITROGEN 0.015 COPPER 0.62
ALUMINUM 5.6 OXYGEN 0.15
VANADIUM 5.6
HEAT TREAT CORDITION: Annealed - Anneal Temp,
1300F P/M 257
Ult., 0.2 %
Vendor Tenaile Yield
Tast Test Mat'l, Nom, Spec, Strength] Strength
J-0429 Room Annealed| 1.60 L 156. 4 151.0 17.5
T 160.1 153.4 18.5
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2.3

2.4

2.b,1

THERMAL PROCESSING OF MATERIALS

All test materials with the exception of the Ti-6A1-6V-2Sn condition STA,
hed all the regquired thermal processing done by the mill prior to receival
by NR/LAD. The Ti-6A1-6V-2Sn material which was received in the annealed
condition was heat treated to the STA condition by NR/LAD. The thermal
processing of all test material both at the mill or at NR/LAD conformed

to the requirements of MIL-H-81200.

MICROSTRUCTURAL EXAMINATION OF TEST MATERIALS

A microgtructural examination of all test material was performed by NR/LAD.
The photomicrographs in conjunction with a brief analysis of the structures
observed and their relationship to the resulting mechanical properties are
presented in the following section.

Ti~441-3M0-1V, Cond. A: Photomicrographs typical of microstructures of

six heats of Ti-BAl-3Mo-1V, Cond. A, program sheet materisl ranging in gages
from 0.034" to 0.110" are shown in Figures 2-1 through 2-3. NR heat numbers
1 through 5 depiect uniform, equi-axed microstructures cconsisting of islands
of primary alpha phase surrounded by a matrix of transformed and retained
beta., NR heat #3 shows some slight banding of the alpha phase which is not
expected to have any unusual effect 1n terms of mechanical propertles. NR
heat #6, Figure 2-3 supplied by & different producer, exhibits a finer,

more directional grain structure indicating the probability of a lower finsl
rolling temperature in this instance. This particuler photomicrograph dis-
plays a very faint trace of a prior beta graln boundary suggesting total
rolling reduction may have been less than desired; however, mechanical
properties tests indlcate comparable mechanical properties with tensile
duetility at room temperature perhaps slightly better than the other heats
of Ti-4Al.3Mo-1V. In general, the microstructures of all six heats are
quite uniform, the above mentioned differences being subtle, and, as would
be expected, mechanical properties tests substantiate this microstructural
uniformity.
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FIG. 21

Cond A

T1 4Al-3Mo~1V

NR Heat #1

Nom Gage 0.034"

Heat G 1596

MR Heat #2

Nom Gage 0.055"

Heat G 895

500X
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FIG. 2-2

T{ 4Al-3Mo-1V Cond A

Heat G 2446 Nom Gage 0.063" NR Heat #3

n

Heat G 1523 Nom Gage 0.051" NR Heat #k
500X
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FIG.2-3

Cond A

T4+ 4A1-3Mo-1V

T

i o

-

i ROl Rt e TR o
ot L D RMIES, Shon < T P oo

Nom Gage 0.067 NR Heat #5

Heat G 1401

250X

NR Heat #6

Nom Gage 0.110"

Heat 321055

500X
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24 72Ti-13V-11Cr-3A1, Cond. A (ST)}: Typical microstructures fram five heats of
alloy Ti-13V-11Cr-3A1 sheet in the annealed or solution treated condition
are shown in Figures2-4 through2-4. The photomicrographs depict structures
considered normal for the material and 1llustrate the essentially single-
phase, beta microstructure characterlstic of the alloy as solution treated.
Microstructural variations among the five heats are slight, NR heat numbers
3 and 5 exhibiting somewhat smaller graln size than the others. Mechanical
properties of the heats are uniform and similar with NR heat numbers 3 and 5
tending to exhibit properties slightly higher than the average. This is not
considered extremely significent since NR heat #4 with comparatively large
grain size also exhibits higher than the average properties. Again, micro-
structural and properties variastions are subtle,




spinacts

FIG. 2-4

Ti 13V-11Cr-3Al Cond A or ST

Heat D-7855 Nom Gage 0.04O" NR Heat #1

Heat D-T7770 Nom Gage 0.038" NR Heat #2
275X

47
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FIG. 2-5

Ti 13V-1lCr-3Al Cond A or ST

Heat D 7107  Nom Gage 0.035 IR Heat #3

Heat D 7639 Nom Gage 0.038" NR Heat #4
275X

48

Approved for Public Release




FIG. 2-6

Ti 13V-11Cr-3Al1 Cond A or ST

Heat D T110 Nom Gage 0.037 NR Heat #5

275 X

Approved for4$ub1 ic Release




243 7T1-6A1-4V, Cond, STA: Microstructures representing eight heats of Ti-6A1-4V,
Cond. STA plate are shown in Figures 2-7 through2-10. In contrast to the other
program materials, & wide variation in microstructures from heat to heat was
obtained ard considerable variation in mechanical properties as a function of
gage, supplier, heat, and testing direction also noted.

With respect to the nominal 0.250-inch gage material, three different micro-
structures were obtained from the three heats of material represented., The
first, GL9s56, Figure2-7 shows a transus-type structurs, i,e., free from
primery alpha with aclcular alpha, and possible alpha prime, resulting from
guenching from high in the alpha-beta field, Some banding is also noted and
mechanical properties are considered satisfactory for heat-ireated material,
The second, heat G4796, represents material though stated to be heat treated
is, to the contrary, believed to be annealed. It is suggested the material
was thoroughly worked during rolling at relatively low final rolling tempera-
tures resulting in a mixture of equiaxed alpha and intergranular beta, It
might be argued that the photomicrograph represents material quenched from
low in the alpha-beta phase, approximately 1500°F or lower; however, proper-
ties obtained show a spread between ultimate and yield strength much more
indicative of annealed material than that associated with quenched and saged
retained beta, In addition, the level of mechanical properties obtained
would be quite low for material at 0,15% oxygen, solution treated at 1700°F
and aged at 1000°F, The third, heat X53788, represents material finished
from above the beta transus tempersturs and quenched from high in the alpha
beta field. The microstructure 1s uniform, fine-grained and exhibits gocd
strength, lower tensile ductility, and relatively good fracture toughness
associated with such structures.

Material in the nominel 0.500-inch gage again displays a variation in micro-
structure. Heats G6539 and G7278, are similer and more nearly typify struc-
tures normally associated with heat treated and aged thin-sectioned Ti-6A1-4V
products. Both show & mixture of primary alpha plus aged alpha prime with

the latter heat showing some gross rolling deformetion. Properies too reflect
typical strength levels and tensile ductilities for such material in both

cases, the latter indicating greater anisotropy, as might be expected. Material
from heat 302634, Figure2-9 again illustrates material finish rolled from sbove
the beta transus, quenched from high in the alpha-beta field and aged. Micro-
structure is similar to that of 0.250-inch gage heat X53788 with somewhat higher
strength, probably due to higher oxygen content.

In the nominal 1,00-inch plate gage somewhat different microstructures were obtained
for the two heats of material displayed, Figure2-10, representing somewhat

different working histories. Both display material rolled and heat treated

in the alpha-beta field; however, with properties expected of meterial so

processed,
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FIG.2-7

T1 6A1-4V Cond STA

Heat G L4956 Nom Gage 0.250" NR Heat #1

Heat G 4796 Nom Gage 0.250" NR Heat #2

250 X




FIG.2-8

Ti 6A1-4V Cond STA

Heat X 53788 Nom Gage 0.250" NR Heat #6

Heat G 6539 Nom Gage 0.500" NR Heat #/1

52
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FIG.2-9

Ti 6A1-LV Cond STA

Heat G T278 Nom Gage 0.500" NR Heat #2

ea 30263h No Gage 0.475" NR Heat #7
250 X




FIG. 2-10

Ti G6A1-LV Cond STA

Heat G 7021 Nom Gage 1.025" NR Heat #2

- - 7

Heat 293504 Nom Gage 1.025" R Heat #6
250 X

54
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244 Ti-6A1-6V-28n, Cond. A and STA: Typical microstructures of 1k heats of alloy
T{-6A1-6V-2Sn plate both annealed and fully heat treated are shown in Figures
2-11through2-25. Pnotomicrographs for annealed plate of the nominal 0.250 inch
gage (0.310 to 0.340-inch), Figures2-11 through2-i3depict thoroughly worked
microstructures of primary alpha phase in a retained beta phase metrix.

Phase delineation ls not distinct in any of the five, the microstructures all
showing evidence of considerable grain deformation from working at low, final
rolling temperatures, and of course fine grain gize. Variations among the
five heats are extremely small metellographically and, as expected, proper-
ties are aleo uniformly high.

As gages are increased, variation in rolling practice becomes evident. The
five heats of the nominal 0.500-inch gage (0.610 to 0.630-inch) plate shown
in Figures2-14through2-16, both annealed and heat treated, continue to
1llustrate a fine-grained, thoroughly-worked microstructure. Fhase demarka-
ticn is somewhat greater; however, even in the annealed material suggesting
higher finish rolling temperatures. This is a matter of small degree,
nevertheless, since annealed properties remain quite high for the annealed
0.500-inch material in comparison to the 0.250-inch. The effects of hesat
treatment to Cond. STA are quite clearly illustrated showing an increase in
the beta phase at the expense of alpha due to guenching fram high in the
alpha-beta field.

With increase in gage of plate to 1.50-inch nominal gage (1.50 to 1.60-inch),
the higher finish rolling temperature required becomes evident, particularly
in the microstructures of annealed material, Figures2-17through2-19 The
alpha phase 13 seen to be present, in all five heats, 1n the form of moder-
ately coarse platelet form, falrly well distributed throughout the micro-
structure with little evidence of prior bets graln boundasries. Properties
are correspondingly lower than the annealed thinner gage material, as would
be expected. Again uniformity of properties among the five heats is evident
both annealed and heat treated, in spite of the localized aberations noted
in two of the microstructures of Cond. STA material. Same rather pronounced
coarseness of the primary alphs plates with the suggestion of prior beta
grain boundary alpha formation 1s seen in NR heat #5, Figure2-24, and in
contrast, a localized enrichment of beta phase material is evident in the
microstructure of NR heat #10, Fi 2-25, due probably to chemical segrega-
tion of beta-stabilizer element( s?u-; the ingot. Nelther of these conditions
appears to be general throughout the material to the extent that mechanical
properties test results show no effect.
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FIG. 2-11

T4 6A1-6V-25n Cond A

Heat G 31C5 Nom Gage 0.340" NR Heat #1

Heat G 3212 Nom Gage 0.320 NR Heat #2
275X

56
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FIG. 2-12

T1 6A1-6V-2Sn Cond A

Heat G 3211 Nom Gage 0.320 NR Heat #3

Heat G 881 Nom Gage 0.315 NR Heat #L
275X

57
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FIG. 213

Ti 6A1-6V-25n Cond A

Heat G 1537 Nom Gage 0.310 NR Heat #5

275X

Approved for PubligsRelease




FIG. 2-14

Ti 6A1-6V-2Sn

Heat G 393 Nom Gage 0.630" INR Heat #1

Heat G 2443 Nom Gage 0.610" NR Heat #2
275X

59
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FI1G. 2-15

Ti 6A1-6V-2Sn Cond A

Heat G 1971 Nom Gage 0.610" MR Heat #3

Heat G 2504 Nom Gage 0.610" NR Heat #h
275X

w89




FIG.2-16

Ti 6Al-6V-2Sn Cond A

Heat G 3106 Nom Gage 0.615 NR Heat #5

275X

Approved for pbblic Release



FIG.2-17

Ti 6Al-6V-2Sn Cond A

Heat G 3023 Nom Gage 1.570" NR Heat #1

Heat G 3214 Nom Gage 1.570 NR Heat #2
275X

62
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FIG.2-18

Ti 6A1-6V-23n Cond A

Heet G 2070 Nom Gage 1.570 NR Heat #3

Heat G 1971 Nom Gage 1.50 NR Heat #4
275X

63
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FIG. 2-19

Ti 6A1-6V-2Sn Cond A

Heat G 3024 Nom Gage 1.60" NR Heat 5

275X

64
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FIG. 2-20

Ti 6A1-6V-23n Cond STA

Heat G 393 Nom Gage 0.630" NR Heat #6

Heat G 2443 Nom Gage 0.610" NR Heat #7
250X
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Ti 6Al-6V-25n

Heat G 2504

FIG. 2-2)

Nom Gage 0.610"

- Nom Gage 0.610"
250X

66

Cond STA

NR Heat #9
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FIG. 2-22

Ti 6A1-6V-2Sn Cond STA

neat G 3106 Fom Gage 0.615 NR Heat #10

250 X

67



FIG. 2-23

Ti 6A1-6V-2Sn Cond STA

Heat G 3023 Nom Gage 1.570" NR Heat #6

Heat G 3214 Nom Gage 1.5T70" NR Heat #°7
250X
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FIG. 2-24

T4 6A1-6V-2Sn Cond STA

Heat G 1971 Nom Gage 1.50 NR Heat 79

250 X




FIG. 2-25

Ti 6A1-6V-2Sn Cond STA

Heat G 3024 Nom Gage 1.60 NR Heat #10

250 X

70




Mechanical Properties Determined

2.5 The various mechanical properties determined from eech type of test performed
ere as follows:

1. Tensile Tests = Sheet and Plate

{a) Ultimete Tensile Strength

(b) 0.2% Offset Tensile Yield Strength

(c) Percent Elongation

(d) Percent Reduction of Area

(e) Precision Elastic Tension Modulus (Selected Semple )

2, Compresszion Tests ~ Sheet and Plate
(a) 0.2% Offset Compression Yield Strength

3. Bearing Tests - Shest and Plate
e/D = 1,5 and ¢/D = 2,0

() Ultimste Bearing Strength
(b) 2% Offset Bearing Yield Strength

4, Shear Tests - Sheet and Plate

{a} Ultimate Shear Strength
5. Fracture Toughness Tests - Plate

(a) Plane Strain Fracture Toughness Value (Kic)
6. Thermal Stability Tests - Sheet and Plate

(a) Ultimate Tensile Strength, 0.2% Offset Yield Strength,
% Flongation, ¥ Reduction in Ares for test specimens at
roon temperature and elevated temperature after exposure
to elevated temperature for prolonged periods of time.

7. Fatigue Tests -~ Sheet and Plate

(a) Stress versus number of cyecles to failure, as a function
of specimen geometry (smooth and notched) &s well as stress-
ratio,

2.6 Tlest Conditions

Room and elevated temperature, tension, compression, bearing, snd sheer mechanical
property tests for the longitudinal and transverse direction as well as limited
test in the short transverse direction for the four materials were performed in
an air atmosphere. The range of elevated test temperatures included LOCF, 6OCF,
and 800F. The thermal stability tests which determined the effects of exposure

-7 -
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in alr temperatures of LOOF, 600F, and 800F for times of 10, 100, and 1000
hours, were complied from tests at exposure temperature and at room temperature

after exposure.

Fracture toughness test data were obtained at room temperature in air. In
addition, fracture toughness tests were made on specimens at room temperature
which had been exposed at LOOF, 600F, and 800F for periocds of 10, 100, and

1000 hours.

Axial fatigue tests were performed on three of the materials in the longitudinal
direction using smooth test =pecimen configurations (Kt = 1.0) and notched test
specimen configurations (Ki = 3.0). The tests were run at room temperature at
stress ration of R = 1,0, -0.3, 0 and +0.3 where:

R Minimum Stress
® Maximum Stress

Test conditions for the complete program are shown in Tables II-1 through 11-6.
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Section ITI

TEST 3PECIMENS

Contained within this section are the; (1) test specimen identification
codes, (2) test specimen sampling, (3) test specimen configurations
and (4) test specimen preparation procedures.
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Test Specimen 3ampling 82
Test Specimen Configurations 84 -« 95
Test Specimen Preparation 96
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SECTION III

TEST SPECIMENS

3. SEECIMEN IDENTIFIGATION CODES

A typlosl test specimen identification would be as follows: TVI1ZLTRl. 1In
general, test specimen code numbers will have the above form with each letter
or number having & specific meaning as indicated below:

The letter "T" or "R" indlcates the producer which are Titanium Metals Corp.
and Reactive Metals, Inc.

The next letter in the coding system indicates the alloy:

A - Ti-641-4V (Cond. STA)

V = Ti-fA1-6V-25n (Cond. 4 and STA)
C - T1-13V-11Cr-3Sn (Cond, A or ST)
M - Ti-4A1-3Mo-1V (Cond. A)

The following number in the coding sequence identifies the heat number for
the particuler slloy. There cen be &8s many as 10 heats.

The next letter in the coding sequence relates to the gage of material being
tested. In this regerd these letters have been utilized in the following
manner:

X - Gages of Material < 0,250 In,
Y - Gages of Materisl = 0.630 In.
Z - Gages of Material 2 1,000 In.

The above appllies to both sheet and plate stock gages with all sheet specimens
using the X designation,

The next letter indicates test specimen orientatlion in relation to the rolling
direction marked on the raw stock. The directions test specimens were
teken are as follows:

L - Longitudinal (parallel to the rolling direction)
T - Transverse {perpendicular to the rolling direction)
S - Short transverse (through the thickness of the heavy gege plate)

LE - Refers to bearing specimens only, with the test specimen being
teken on edge parallel to the direction of rolling

TE ~ Refers to bearing specimens only, with the test specimens being
taken on edge perpendicular to the direction of rolling




The next letter refers to the type of test which is to be performed. The
following indicetes the types of tests:

T - Tension

C - Compression

S - Shear

Bl - Bearing ®/p = 1.5
B2 - Bearing ©/p = 2.0

F - Fracture Toughness

V - Fatigue

W - Room Temperature Stability

X - Elevated Temperature Stability

Where & stablility teat 1s indiceted, the type of stability test is identifiled,
i.e,, (X) with the type of test specimen following, i.e., (T) tensile.

The next to last letter or number in the coding sequence refers to the test
temperature or the exposure temperature:

R - Room Temperature
4 - LOOF
6 - 600F
8 - 800F

The last number in the sequence reflects individual specimen replication
(i.e., 1’ 2 &nd 3).

Misecellanecus notations and exceptions to the coding system: The last number
in the coding sequence of the thermal stability test specimen refers to the
exposure time rather then specimen replication. In this regard:

1 - 10 hours exposure

2 = 100 hoursa exposure

3 = 1000 hours exposure

An example of the coding system is shown in the diagrsm below:

TV 1 ZTT 6
| | 4 Specimen replicstion
Test temperature (6OOF)

Type of test (Tensile)

Specimen direction (Tranaverse)

Y

Gage of material tested ( 1.000 In.)

h 4

»Hoat of material tested (Heat 1)

s—Alloy tested (Ti-6A1-6V-28n)

»— Producer (Titanium Metsls Corp.)
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3.2 SPECIMEN SAMPLING

Due to the fact that most of the test meterial wes received from the two
suppliers as blts and pieces, the layout of test coupons was necessarily
dictated by the size of the piece of material. A typical test specimen
layout for one of the sheet gage heats is shown in Figure3-l, As can be seen,
removal of committed test coupons resulted in & minimum of surplus materisal,
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3.33PECIMEN CONFIGURATIOR

Typieal test specimen configurations used on this program are shown in
Figures3- 2 through 3-12. The configurations selected were tallored

to material sizes avallable. The use of sub slize speclmens were avoided
with the exception of those test specimens taken in the short transverse
direction (through the thickness) of the heavy gage plate stock and the

round bar fatigue tests. All test gpecimens conform, where applicable,
to AST™ Standards.
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FIG. 3-12

2.00 NOTES:
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4——\%——— ——‘—;—-’- 1. Coupons are nominally 0,25 in.
- thick. 1In order to meet the
A specimen thickness callout

2 an equal amount of material
3191.09  5hall be removed from both
l surfaces of the coupon

= 0.230 £ 001 (see Note 1)
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Figure 2 Recommanded Single-Edge-Notch Tensile Specimen Geometry
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3.4 SPECIMEN FREFPARATION

Every effort was mede to insure that the varliations in test results would

be due to material properties, by requiring and holding close test specimen
mechining tolerances, The conditions for machining were carefully chosen

to provide & minimum of distortion and surface defects which might influence

the resulting test data, Additionally, care was exercised to insure that

the material was not overheated during any of the cutting or machining operations.




Section IV

TEST EQUIFMENT

crwained within this section are the various pieces o test equipment used
in this investigation,

Page
3tatie Tests 38 - G4
Fatlgue Test: 2G
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SECTION IV
TEST EQUIPMENT

4)3IATIC TESTS
41)Loading Appapatus

The loading apparatus used in the performence of tension, compression, bearing,
shear, frescture toughness, and stability tests, are as followsa:

One Instron Univeral Testing Machine - 10,000 capacity

One Instron Universal Testing Machine - 20,000 capacity

Cne Baldwin-Lims~-Hemilton Universal Testing Machine - 50,000
capacity

One Baldwin-Lima-Hamilton Universel Testing Machine - 120,000

capacity
One Rlehle Universal Testing Machine - 120,000 cepabity

All of the above mentioned machines are equipped with strein-rate pacers
and sutogrsphic recorders,

412 Extensometers

Weideman Duel Range Extensometer, Model TSHD
Weideman Dual Range Extensometer, Model KSMD
Weldeman Averaging Type Extensometer, Model PS-SM
Weideman Averaging Type Extensometer, Model PS-3MH
Instron Strain Gege Extensometer, Model G-51~12
Instron 5train Gage Extensometer, Model G-51-11
Baldwin Strain Beams, Model SBIE

Aminco-Tuckermen Optical Strein Gege System

With the exception of the Tuckermen opticel strain gage system, the above
listed extensometers and strain gage extensometers were used with sutographic
recording equipment which are built in to the various Universal testing
machines to measure load versus deformetion.

413 Furnsces

The furnaces used for achleving the static eleveted test temperatures are
as follows:

(1) Pacific Scientific Forced Air Furnece - 1LOOF capability
Honeywell-Brown "Electronik" recorder controller

(2) Hevi-Duty Split Tube Radiant Furnace - 2000F capability
Wheelco pyrometer controllers

(3) Messimers Circulating Air Chember - 1000F capaebility
Brown proportional contrcller

(¥) NR/LAD built Split Tube Radiant Furnaces - 2000F capability
Wheeleo pryrometer controllers
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The furnaces used for thermal stability exposure work were:

(1) Pacific Scientific Forced Air Furnsces -~ 1LOOF capability
Honeywell-Brown Pry-0O-Vane controllers

(2) Areweld Radiant Tube "Dial-O-Matie" Furnace - 2000F capability
Honeywell-Brown controllers

The furnsces used for hest treating the Ti-6A1-6V-25n materisl to Cond. STA
are as follows:

(1) Hevi-Duty Radiant Furnece - 2100F capesbility
lLeeds and Northrup controllers

(2) Pacific Scientific Forced Air Furnaces - 14LOOF capability
Honeywell=-Brown controllers

42 FATIGUE TEOTS

The fatigue test mschines used to construct the Goodman Diagrams included:

(1} Amsler Vibraphone Fatigue Machine - 22,000 Lb, capacity,
60 - 300 CPS

(2) Baldwin-Sonnteg Fatigue Machine - 10,000 Lb, capseity (has a
5:1 load multiplier 50,000 Lb.),
30 CPS

(3) Krouse Direct Stress Fatigue Machine - S000Lb, capacity (has a
2:1 load multiplier, 10,000 Lb,)

NOTE: The fracture toughness tests were pre-cracked using the sbove listed
Krouse Direct Stress Fatigue Machine
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Section V

TEST PROCEDURES

Contained within this sectlon are the procedures utilized for the various
mechanical properiy tests performed 1n this investigation

Page
Tensile Tests 101
Compression Tests 102
Bearing Tests 103
Shear Tests 104
Fracture Toughness Tests 105
Metallurgicael Stability Tests 105
Fatigue Tests 106
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SECTION V
TEST PROCEDURES

5.1 TENSILE TESTS

Tensile tests on the subjeet program were performed using a Riehle, Baldwin-
Lima<Hamilton, and Instron Universal test machines which ere fully equipped
with sutographic recorders and automatic strain pacers. These machines are
calibrated at least once eamch year to the appropriaste ASTM Standard to ensure
loading accuracy.

Tensile specimens tested at the indicated elevated temperatures were heated
by means of a Pacific Scientific forced air furnace that has a capabllity
of 140OF and tube radiant-type furnaces that have a temperature capability
of 200F, All furnaces are capable of maintaining & S5F over a 2-inch gage
length,

3pecimen temperature measurements were made by means of 20 AW.G diameter
chromele«alumel thermocouples attached to the center of the test specimen
and calibrated potentiometers for ohtaining emf readings.

£1]1 measurements of individual specimens for area determinations were made
using a calibrated micrometer capable of measuring + 0.0001 inch of the
nominal specimen dimension., A minimum of five width and thickness measure=-
ments were taken over the individual specimens' gage length for the
cross-sectional area determination.

Determination of the tensile yield strength and the elastic modulus of each
individual specimen tested were performed by attaching a Baldwin-Lime-Hemilton
or an Instron strain gage extensometer to the gage length of the test specimen.

An automatic strein pacer wes used to monitor the induced straln to the
tensile yield strength. A strain rate of 0.005 in./in./min. was maintained
up to the yleld strength. After yielding occurred, the loadlng rate was
incressed s¢ as to produce fallure of the specimen in approximetely one
minute, '

" In addition to the autographically recorded load-elongation graphs, a limited
number of stress-strain plots were made, using Tuckerman optical strain
gages, 'This instrument conforms to ASTM E83-57T, Class A, requirements which
limit the maximum error of indicated strain to 0.00001 or 10 times as limiting
as the requirements specified for Class B-1 extensometers. Data generated
using this instrument serves as a base line for comparing subsequent test
data obtalned using the conventional autographlc extensometers.

Typical full range stress-strain curves for each of the materials tested
in conjunction with the precision elastic modulus obtalned for the variocus
materials are reported in Section VII of this report.

Typlcal room temperature snd elevated tempersture tensile setups are shown
in Figures 5-1 and 5-2, respectively.

- 101 -



G e e g e s e b Pt e e i A

5.2COMPRESSION TESTS

Compresaion testing of the four materials was accomplished by employing

a compression subpress in conjJunction with & Universal-type testing machine.

One of the compression subpresses used was designed &nd built at NR/LAD, and
employs & rigld frame containing & lower carbide loeding anvil whiech is parallel
to the bed of the testing machine. Within the frame, a sliding plunger is
contalned which accommodeates the upper carbide loading anvil, The plunger

is riglidly sligned within the support freme by the use of low-friction grzphite
plugs.

Specimen side support is provided by & plate assembly made up of small car-
bide balls backed up by a carbide plate with the balls protruding through

a front retaining plate in which the holes for the balls are large enough
to ellow rctation end translation of eech ball while, at the same time, re-
taining the ball within the plate, This method of support provides nearly
frictionless contact even at high temperstures,

A special fixture 1s used to make gege merk indentations on each side of the
specimen into which the hardened points of the extensometer arms fit. The
extensometer arms pass through an access hole in the bottom of the subpress
frame and, in turn, are conneeted tc a common linesl differentisl transducer
located in an amblent temperature zone. The extenscmeter system used meets
ASTM Standard E83~57T, Class B~l, requirements,

The NR/LAD built compression subpress hss proven to yileld exceptionally
reliable snd highly reproducible compressive yileld strengths as well as
elastiec moduli on a variety of materials tested in it from room temperature
to 1300F., Materials with known moduli have been tested and the results ob-
tained from the subpress agree remarkably well with the known values. The
reproducibility of the subpress has been demonstrated time and again on large
NR test programs where replication of test effort has been necessary.

Elevated tempersture compression testing is provided for by a speclally
constructed resistance wound furnace, which is designed so that the elements
are in close proximity to the subpress body. Temperature uniformity is
measured by three thermocouples inserted in the side support plates adjscent
to the specimen. The test machine employed temperature measurement and
specimen measurement techniques, as well as strain pacing parslleling those
described for the tensile. All compression tests were conducted in accordance
with ASTM E 209-63T, Figure 5-3 shows the NR/LAD built compression subpress.
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5.3 BEARING TESTS

Bearing tests on the program were performed using a Universal-type testing
machine and a bearing fixture. One of the fixtures used, Figure 5.4 accommo-
dates the bearing test specimen and is basically an adjustable clevis that
contains the loeding pin as well as providing for sppropriate deformation
measurements,

When the specimen is in place within the test fixture, the extension arms em-
ploying point contacts, locate on the sides of the bearing test specimen,

When a load (tension) is applied, the relative displacement occurring between

the pin, which is an integrsl part of the test fixture, and the pieckup arms
located on the sides of the test specimen is transferred to 2 1linear differentisl
tranaducer. The obtained signal is, in turn, fed into the teat machine's
autographic recorder, providing the necessary load-deformation plots necessary

to obtain the 2 percent bearing yleld strength.

The beering fixture itself is made from Haynes 25 and contains carbide bush~
ings that accommodate the loading pin., The loading pins themselves are
fabricated from hot work die steels, heat-treated to the 280 - 300 Ksi range
to resist brinelling during test.

Temperature measurements were made by sttaching a thermocouple to the test
specimen in the area of the pin,

Elevated test temperatures were achieved using a tube furnace previously
deseribed in the Tensile Test section,

All bearing tests were performed in accordence with ASTM E 23L-6LT,
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54 SHEAR TESTO

Shear tests on the subject progrem were accomplished using an NR/LAD-built
double shesr subpress, shown In Figure5.5., A Universal-type testing machine
previously described provided the necessary loading requirements.

The shesr subpress is basicelly a rigid freme containing the necessary load
bearing edges which are carbide, and provides the reguired laterel restrasint
of the sheet shear specimen during test. Contained within the frame is a
plunger which, in turn, 1is plsced within the freme. By applying & compressive
load, the subpress imparts a double-shear loed condition to the restrained

specimen, When the shear subpress is properly adjusted, the respective carbide

load bearing edges,conteined within the plunger and frame, pass within 1/100
of an inch of each other during tests. It has been NR/LAD experience that
this subpress provides highly reprocducible and reliable shear test data,

NR/LAD has tried a variety of shear test specimens and fixtures in an effort
to obtein consistent and reliable shear property data. Methoda trled and
discerded after proving unsatiafactory have included the conventionsl single-
shear tension sheet specimen as we well as fixtures which test apecimens in
single shear. The double-shear subpress deseribed has proved superior to

the various other methods explored so far as producing both reliable and
reproduclible shear test data,

Elevated test temperatures were achieved using a specially constructed
resistance-wound furnace designed for use with the shear subpress, Tempera-
ture measurements wers mede from a thermocouple which iz inserted Into the
subpress in very close proximity to the test specimen,

Since only ultimate load was determined, no deformation measurements were
made.

Specimen measurement techniques pareslleled those described for the tensile
tests,

The single-shear ultimate strength wos derived from the double shear load
by merely taking half the failing load and dividing it by the cross-sectional
area of the sgpecimen,

The shear tests performed were in accordance with ARTC 13-5~1 detail
requirements,
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55FRACTURE TOUGHNESS TESTS

The fracture toughness test used to obtain plane strain (Kr,) values for
the four titanium alloys employed the single-edge-notch tension-type speci-
men. Selection of this configurstion was based on several considerations:
First, and most important, specimens conforming to this configuration yield
correct and consistent Ky, values, References 1 and 2 . Secondly, while
this configuraticn provided the necessary plane strain test data for the
program, it also has the advantage of substantial meterial ecomnomy.

Precracking of the individual test specimens to the desired predetermined
depth was accomplished using a fatigue machine., The total depth of the

sawed crack, plus that induced by fatigue (natural crack), will equal approxi-
mately one third of the specimen width, with the sawed crack depth being

equal to or less than 0.75 of the total crack depth. Crack growth induced

by fatiguing was carefully monitored by means of a binocular microscope.

Tengion testing of the precracked fracture toughness test specimens was
performed using a Universal-type testing machine., Iload deflection curves
were obtained for each specimen tested using a Class B-1 extensometer applied
to the edege of the specimen across the crack zone as a compliance gage. A
cross-head speed of .05 In./Min. was used for the fracture toughness tests.
Upon completion of testirng, the load versus deflection plots were &nalyzed
for "pop-in" load. Ky, values were then determined by means of the follow-
ing relationship:

o [] (O & [rse o) ) )

where ?

gpecimen thickness

crack length at "pop-in" (in)
specimen width (in)

Poisson's ratio

- € @B o
s 1

A1l of the fracture toughness testing was conducted at room temperature

" and was limited to the l/h—inch thick materials.

56

METALLURGICAL STABILITY TESTS

The effect of exposure to selected elevated temperatures for prolonged

.periods of time was determined for the four selected alloys using tensile

and fracture toughness tests as the measuring criteria,

Tensile test specimens of the appropriate configuration were exposed to
elevated temperatures of YOOF, 600F, and 80CF for time durations of 10, 100,
and 1000 hours., After exposure, some of the test specimens were tested at
room tempersture with the remaining being tested at ithe elevated temperatures
at which they were expcosed.
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Fracture toughness test specimens were exposed at 4OOF, 600F and 800F for
10, 100, and 1000 hours, and tested at room temperature after elevated
temperature exposure.

Test equipment, fixtures and procedures for each type of test are describad
in the preceding text.

PATIGUE TEST i

Fatigue tests were performed on the subject program using the equipment
described in Section IV. All tests were at room temperature, employing
both smooth and notched (K¢ = 3.0) fatigue test specimen configurations,
Four minimum-to-maximum stress ratios (R factors) were used. These were :
R=-1.0, R= =0.3, R =0 and R = #0.3. The streass levels were varied 1
within a group of specimens so that S5=N curves could be constructed. From 3
the various 53=-N curves generated for the four R facters for a given alloy i
and Kt, constant life diagrams were then constructed. A photograph of ¢

one of the fatigue test machines employed in this investigation is shown
in Figure 5-6.
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Section VI

SUMMARY AND ANALYSIS OF TEST RESULTS

Contained within this section are the statistical analysis procedures used
to obtain the "A" and "B" Design Allowables, in addition to summary tables

of the test results obteined in this investigation.

Methods of 3tatistical Analysis - R.T. Design Allowables
Discussion of R.T. Design Allowables

Data Presentation

Populations Used to Cbtain Allowables

Summary of Room Temperature Test Results
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6.1 MEINODS OF STATISTICAL ANALYSIS - R.T. DESIGN ALLOWABLES

This analysis was accomplished in accordance with "MIL'HDBK«5 Guidlines
for the Presentation of Data", AFML TR-66-38 Battelle Memorial Institute.

The mechanical properties presented here are identified by a letter (i.e., A
or B) to indicate the basis upon which they were established. An "A" value is
the property above which 99 percent of the population is expected to fall with
a confidence of 95 percent. A "B" value is the property above which 90 per-
cent of the population is expected to fall with a confidence of 95 percent.
There are two methods of obtaining these values and they are:

1. Directly Calculated Values - The directly caleculated "A" values are ob-
tained as follows:

"A" value = x - KS,

Where = Z2x__

(n = 1)

where x 13 the average value of individual measurements, Sx standard deviation
of individusl measurements, n the number of individual measurements and X,

the one-sided tolerance factor for normal distribution and specified probability,

confidence, and population {i.e., for "A", X = K. ggs 95 n)e
The "B* values are calculated as follows:

‘B’ value = X = KSy

Where K - K.go, .95, n*
The values of K were obtained from the table "One-Sided Tolerance Factors for
the Normel Distribution and a Confidence of .95", in Tables of Normal Fro-
bability Functions in above referenced document.
An additional requirement is that the population, n, must consist of at least
100 points from-a minimum of ten different heats of material., Because of the

scarcity of available data, this requirement usually can be satisfied for
room temperature tensile ultimate and yield only.
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2. Derived Values - These values are established through their relation=-
ship to directly calculsted "A" or "B" values of Fyy, or Fi, as obtained in
the foregoing section. This method consists of pairing individual ultimate
strength values (i.e., Fiur Fauo F ) with individusl tensile ultimate
strength values, or indivgduai yiekgustrength values (i.e., Ftys Fbry) with
individual tensile yield strength values, determining the mean ratioc” of
these pairs with a2 probability of 95 percent and multiplying the directly
calculated "A" or "B" values of Fy, or Fty by this factor. Derived values
are therefore equal to:

(T -t o557) F (A or B)
or (* - t.OSSF) Fty (A or B)

where r=_2p
n

S; = ZLI‘ _1")2
n{n -1)

and t .05 is the two-sided tolerance factor for the "t" distribution, &
probability of 95 percent and the population, n, involved, The values of
t .05 were cbtained from & table in the referenced document. The derived
values of the mechanical properties have the same validity (A or B) as the
velues of Fyy, or Fy. used in equations (4) and (5). Ten pairs of measure-
ments (n = 10) are ¥he minimum for establishing a derived allowsable.

LIS OF STATISTICAL SYMBOLS

A A" basis for mechanical property values

B VB" basis for mechanical property values

K One-sided tolerance factor for the normsl distribution and the
specified probability, confidence and population

n The number of individual measurements or paired measurements -
population i

r Ratio of two paired measurements

i ratic of two paired measurements

Sg Stendard error of palred measurement ratios

Sy Standard deviatlion of individual measurements

r Two=-sided tolerance factor for the "t" distribution and the
specified probability and population

x Value of an individual measurement

X The average value of individual measurements

b The summation of
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6.2

6.3

DISCUSSION OF ROOM TEMPERATURE ALLOWABLES

The values of all the mechanical properties for the Ti-LAl-3Mo-1V Cond. A
sheet, T1-6A1-4V Cond. STA plate, and Ti-6Al-6V-23n Cond. A and STA plate are
presented as "S" values. This was a result of insufficient quantities of
producers and users test data being supplied to NR/LAD during the solicita-
tion of data phase of the subject contract. It should be noted that NR/LAD
solicited the industry for test data applicable for the slloy ccovered in

the scope of this contract. Much of the data obtained as a result of
solieitation eculd not be used because of 1t not belng the proper gage

range, wrong condition, or inadequately identified to confidently be used.

The desired property values (i.e., all properties except Fiy, Fiy and e)
for all alloys are limited because only five ratios were used to cobtain
each value, while a minimum of ten ratios is required by the MII-HDBK-5
Guidelines.

The Fgy, Fgy and e values for the Ti-13V-11Cr-3A1 sheet alloy are valid "A"
and "B" values to the extent that sufficient number of test data were avail-
able to establish wvalid statictical values; however, all test data reflect
one preducer only. Additionally, much of the applicable data wes obtained
in summary form which did not show the distribution. Therefore, a test for
normality could not be made.

Table VI-1 to VI-4 indicate the populations and other pertinent information
used in calculation of the allowables,

DATA PRESENTATION

6.3.1 Effect of Temperature Curves

These curves are presented as Per Cent Strength at Room Temperature vs Test
Temperature., The procedure used to obtain these curves is as follows:

a. Plot the individual values for the property at each temperature.

b. Indicate the average value at each temperature,

c. Draw the curve passing through the average at room temperature
and either the average or 5 percent above minimum velue, which-

gver is lowest, at each elevated temperature.

d. Obtain the curve value at each temperature as a percentage of
the curve value at room temperature.

e. Plot the per cent values and fit the curve.
To cbtain in a smooth curve in step (e), engineering judgement was used and

the curves do not necessarily pass through the stated values at each
tenperature.
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6.3.2

6.3.3

3.k

Effect of Exposure Curves

These curves are presented in "Per Cent Strength at Room Temperature vs
Exposure Temperature"”; they show the effeect on the properties of specimens
tested at rcom temperature after exposure to elevated temperature. These
curves are drawn using the same technique described above.

The working curves (steps (a), (b), and (c¢)) can be found in the Appendix.
Where aging has cccurred and strength has increased with either temperature
or exposure time, as in the case of Ti-13V-11Cr-3A1, a dashed line indicates
this phenomena., In accordance with the MII-HDBK-5 Guidelines, the working
curve 1s drawn so that strength is not shown to increase with either temp-
erature or exposure time,

Stress-Strain Curves

The method used to obtain these curves 1s as follows:

a. For each alloy and at each temperature, select several well
defined typical curves.

b. Measure the plastic stirains at different percentages of the
yield strength and compute the average plastic strain at
each percentage.

¢. Select the modulus values to be used: at room temperature
use the value obtained by precision modulus measurements
made in this program; at elevated temperatures obtain a
value from data contained in MII-HDBK-5, where available,
or from date generated in this program.

d. Use the average value for the yleld strength at room temp-
erature; find the elevated temperature average yleld
strengths using the appropriate "Effect of Temperature”
curve and the room temperature value.

e, Draw the straight line portion of the curve using the selected
modulus; add the plastic strain and the elastic strain at the
percentages of the yield strength chosen in step (b) to obtain
the remainder of the curve.

Constant Life Diagrams

The fatigue constant life dlagrams presented in Section VII for the test
materials were congtructed from the S5-N curves contained within the Appendix.
Engineering judgement was exercised in the construction of constant life
dlagram to smooth out some of the humps.
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6.3.5

6.3.6

Fracture Toughness Tests

The fracture toughness test results are presented in Section VII
in tabular form. As there is no standardized treatment of these
test data listed within the "Guidelines" for inclusion into
MIL-HEDBK-5, pertinent detail test data is included along with the
computed fracture toughness values. No attempt was made to
summarize elther the fatigue or fracture toughness test data.

Summery of Room Temperature Test Results

A summary of room temperature test results for the various materials tested
are presented in Table VI-5 to VI-9, The summary presents averaged test
values for the various mechanical property tests performed with the
exception of the fatigue teats and plane strain fracture toughness tests.
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6.4 POPULATIONS USED TO OBTATN ALLOWABLES

Table VI - 1
Ti 441-3Mo-1V Condition A
Meterial Form Values ¥ -
and Property Direction | Obtained | Method | Pairs | Heats | Vendors Specimens
Sheet
Itu L 3 Direct 9 3 19
LT 3 Direct 8 3 17
Fiy L S Direct 9 3 15
ir S Direct 8 3 17
Fey L S Derived| 6 6 2 6
LT 5 Derived| 6 6 2 6
Fay L S Derived | 6 6 2 6
LT e 2 2
Fpry (e/D=1.5) L S Derived| 6 6 2 6
T 2 2 2
(e/D=2,0)] L S Derived | 6 6 2 6
LT 2 2 2
Fpry (e/D=1.5)} L S Derived | 6 6 2 6
LT 2 2 2
e 3 Direct 9 3 36

* See 6.2 for discussion of the validity of these values.

** Direct "S" values were taken from MIL-T-S0L6.
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6.4 (continued)

Table VI - 2
Ti 13V-1lCr-3Al Condition A
Material Form "} values#
and Property Direction)] Obtained | Method |Pairs| Heats | Vendors { Specimens
Sheet
Fiy L A&B Direct Unknown 1 4385 7
IT A&B Direct Unknown 1 2929 3
Fty L A&B Direct Unknown 1 4385 F
LT A&B Direct Unknown )3 2929 1
e, L A&B Derivea | & | 1 b
T A&B Derived 5 5 1 5 2
i
Fau L A&B Derived | 5 5 1 5 F
T 1 1l 1 :
Foru (e/D=1.5) L A%B Derived 5 5 1 5 '
LT 1 1 1
(e/D-2.0) L A&B Derived 5 5 1 5
17T 1 1 1
Fyry (e/D=1,5) L A&B Derived 5 5 1 5
T 1 1 1
(e/D=2.,0) L A&B Derived 5 5 1 5
LT 1 1 1
g y P -
e L A Direct Unknown 1 2828
LT A Direct Unknown 1 2962

* See 6.2 for discussion of the validity of these values.
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6.4 {cont'd)

Table VI - 3
Ti 6Al-4V Conditlon STA
Material Form Values "
and Property Direction] Obtalned | Method Heats Vendors Specimens
Plate
250 to .300
Fin L 3 Direct 15 2 33
LT S Hrect 13 2 29
Fty L 3 Direct 15 2 33
LT S Direct 13 2 29
Foy L 3 2 3
LT 3 2 3
Fau L 3 e 3
LT 2 2 3
Fpry (e/D=1.5) L 3 2 3
T 2 2 2
(e/D=2.0) L 3 2 3
LT 2 2 2
LT 2 2 2
(e/D=2.0} L 3 2 3
LT 2 2 2
e 5 Direct 15 2 62
Plate
.500 to .630
tu L 3 Direct 20 2 35
LT g Direct 11 2 21
Py L S Direct 20 2 35
LT 3 Direct 11 2 21
Fey L 3 e 3
LT 3 2 3
Fau L 3 2 3
LT 1 1 1
Fbru (e/D=1.5) L 3 2 3
LT 1 1 1

#* Direct "S"

values were taken from MIL-T-G0L6.

- 121 -




i vl i et

D 2y

il ok 0 A

iR bt

e i b

6.4 (cont'd)

Table VI-3 (Cont'd)
Ti1 6A1-4V Condition STA
Material Form Values > I
and Property Direction | Obtained Method Heats Vendors Specimens
(e/D=2,0) L 3 2 3
T 1 1l 1l
Fory (e/D=1.5) L 3 2 3
T 1 1l 1
{(e/D=2.0) L 3 2 3
LT 1 1 1
e S Direct 20 2 56
Plate
. 750 to 1.000
Fiu L 5 Direct 5 2 27
LT 3 Drect 5 2 27
Fiy L S Direct 5 2 27
LT 3 Direct 5 2 27
Foy L 2 2 2
T 2 2 2
Fay L 2 2 2
LT 1 1l 1
Fpry (e/D=1.5) L 2 2 2
LT 1 1 1
(e/D=2.0) L 2 2 2
LT 1 1 1
Fpry (€/D=1.5) L 2 2 2
LT 1 1 1
(e/D=2,0) L 2 2 2
LT l 1 1l
l e s Direct 5 2 Sk
j Plate
1,200 to 1.500
b Fey L s Direct 9 2 16
T S Direct 9 2 16
Fiy L s Direct 9 2 16
LT S. Direct 9 2 16
€ S Direct 9 2 32

-

* Direct "S" values were taken from - 122 =
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6._11- (cont'd)

Table VI - &~
Ti 6Al-6V-23n Condition A
Material Form Valueg * %
and Property Directicn | Obtained | Method |Pairs Heats |Vendors | Specimens
Plate
«250 to .300
Feu L 3 Direct 7 1 15
LT 3 Direct 7 1 15
Fty L S Direct 7 1 15
LT 3 Direct 7 1 14
Fcy L S Derived 5 5 1 5
LT 3 Derived 5 & 1 5
Fsu L 5 Derived 5 5 1 5
T 1 1 1
Foru (e/D=1.5) L S Derived 5 5 1 5
LT 1 1 1
{e/D=2.0) L 8 Derived 5 5 1 5
T 1 1 1
Fory (e/D=1.5) L S Derived 5 5 1 5
LT 1 1 1
(e/D=2.0) L S Derived 5 5 1 5
LT 1 1 1
e 3 Direct T 1l 30
Plate
.500 to .630
Fiu L : S Direct 6 1 12
LT S Direct 6 1 12
Fiy L S Direct 6 1 12
LT g Direct 6 1 12
Fc:)r L S Derived 5 5 1 5
LT 3 Derived 5 5 1 >
Fsu L 3 Derived 5 5 1 5
! LT 1 1 1
¥ 3ee 6.2 for discussion of the validity of these values

#* Direct "S" values were taken from MIL-T-9046.
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6.4 (cont'd)

Ti 6A1-6V-23n Condition A

Teble VI - 4 (cont’d)

Material Form Values * ™
and Property Direction]| Obtained | Method | Pairs Heats} Vendors Specimens
Plate
.500 to .630
!
Fypy (e/D=1.5) L s Derived | 5 5 1 5
LT ' 1 1 1
(e/D=2.0) L g Derived 5 5 1 5
LT 1 1 1
Fpry (&/D=1.5)| L 3 Derived ! 5 5 1 5
g LT i 1 1 1
(e/D=2.0) : L s Derived 5 5 1 5
; LT 1 1 1
1
|
e | 3 Direct 6 1 2k
Plate E
21.50
Fry L 5 Direct 5 1 10
LT 3 Direct 5 1 10
i Fey L S Direct 5 1 10
i LT 3 Direct 5 1 10
Foy L 8 Derived 5 5 1 5
LT s Derived 5 5 1l 5
Feu L 3 Derived 5 5 1l 5
LT 1 1 1
Fop, (€/D=1.5) L S Derived { 5 5 1 5
LT 1 1 1
(e/D=2.0) L S Derived 4 4 1 L
LT 1 1 1
| Fpry (e/D=1.5) L 5 Derived [ 5 5 1 5
LT 1 1 1
! (e/D=2.0) L S Derived | 5 5 1 5
i LT 1 1 1
i e g Direct 5 1l 20
L

#%  Direct "S" values were taken from MIL-T-G0L6

*¥ GZee 6.2 for discussion of the validity of these values
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Table VI = 5

Ti-6A1-6V-25n Condition STA

Material Form Values * *
and Property Direction | Obtained | Method | Pairs Heats Vendors Specimens
Plate \
.500 to .630
Fin L S Direct 5 1 5
T ] Direct 5 1 5
Py L 3 Direct 5 1 2
LT s Direct 5 1 5
Fcy L S Derived 5 5 1 5
7 S Derived 5 5 1 5
Fau L 3 Derived 5 5 1 5
T 1 1 1
Fppy (e/D=1.5) L S Derived 5 5 1 5
LT 1 1 1
(e/D=2.0) L S Derived 5 5 1 5
T 1 1 1
Fory (e/D=1.5) L S Derived 5 5 1 5
LT 1 1 1
(e/D=2.0) L S Derived 5 5 1 5
LT 1 1 1
e 3 Direct 5 1 10
= 1.50
Fiu L 5 Direct 1 5 1 5
Lr 5 Direct 5 1 5
Fty L S Direct 5 1 5
T <] Direct 5 1 5
Fc}r L s Derived 5 5 1 5
LT ] Derived 5 5 1 5
Fou L S Derived 5 5 1 5
LT 1 1l 1l

* See 6.2 for discussion of the validity of these values.
**  Direct "s" velues were taken from MIL-T-90L6,
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Ti 6A1-6V-2Sn Condition STA

Table VI - 5 {continued)

Material Form
and Property

Direction

Values ¥
Obtained

=
Method

Pairs

Heats

Vandors

Specimens

Foru (e/D=1.5)
(e/D=2.0)
Pory (e/D=1.5)

(e/D=2.0)

L
r

L
LT

Derived

Derived

Derived

Derived

Direct

Fw W

kN

=\ | 4]

o

10

* 3ee 6,2 for discussion of the validity of these values.

¥t Direct "S" values were taken from MIL-T-90h6.

- 126 -

R R

S R

s
B AT A IR R AT A TP T




T

T4 4A1-3Mo-1V

Table VI-6

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Annealed Condition

Property Thickness Direction No. of Tests Property Value * AJ
Tensile Ultimate , L & 131.1
Strength - 110
(XST) T 6 136.7
Tensile Yield L 6 12h,2
Strength < +110
(Ks1) LT 6 132.8
Compressive Yield L 6 127.6
Strength < 110
(Ks1) LT 6 136.3
Bearing Ultimate L 6 210.8
Strength (KSI) = .110
e/D = 1.5 LT 2 219.7
Bearing Ultimate L 6 277.3
Strength (KSI) ~ .110
e/D = 2.0 LT 2 283.9
Bearing Yield L 6 171.4
Strength (KSI) -~ .110
e/D = 1.5 LT 2 177.9
Bearing Yield L 6 202.9
Strength (K3I) 27 110
e/D° = 2.0 LT 2 218.6
Shear Ultimate L 6 82.8
Strength (KSI) < .110 LT 2 84,2

*  Average value for more than 1 test.
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Table VI-T

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti 13V-11Cr-3A1 Annealed Conditicn
‘roperty Thickness Direction No. of Teats Property Value *
Tensile Ultimate < .110 L 5 135.3
Strength '
(KSI) LT 5 137.8
Tensile Yield £.110 L 5 134.6
Strength
(KSI1) 1T 5 136.9
Compressive Yield L 4 132.3
3trength £.110
(KSI) LT 5 137.2
Bearing Ultimate L 5 221.5
Strength (KSI) £.110
e/D = 1.5 LT 1 22k.0
Bearing Ultimate L 5 303.4
Strength (KSI) £ .110
e/D = 2.0 LT 1 311.0
Bearing Yield L 5 173.0
Strength (KSI) £.110
e/D = 1,5 LT 1 176.9
Bearing Yield L 5 192.0
Strength (KSI) < .110
e/D = 2,0 LT 1 205,0
Shear Ultimate L 5 96.8
Strength (KSI) X .110 LT 1 98,2
* Average value for more then 1 test.
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Table VI-8

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti 6A1-4V  STA Condition
! Property Thickness Direction No. of Tests Property Value *

.250 to .300 L 3 121.&
LT 3 167.1
Tensé%igﬂ;ﬁimate 500 to .30 T 3 175.9
(KST) LT 3 178,2
L 2 152.9
2 1,00 LT 2 159.0
ST 2 152.9
.250 to .300 L 3 149.7
Tensile Yield LT 3 155.5
Strength .500 to .630 L 3 161.7
(Ks1) LT 3 164.5
T 2 146.2
2 .00 LT 2 151.4
ST 2 145,0
.250 to .300 L 3 157.1
] LT 3 176.5
C°m§§§:§éz§ flel 7500 to +630 T 3 T7L.6
L 2 150.0
2 1.00 LT 2 158.7
ST 2 153.2
.250 to .300 L 3 262.G
LT 2 268.8
Beg;‘j.;‘ﬁgﬂfim“ 500 55 1530 T 3 . T
( KSI ) T 1l 2714 .1
e/D = 1.5 L 2 250.9
- > 1.00 LT 1 267.3
LE 1 233.8
TE 1 22,0
.250 to .300 L 3 317.9
Bearing Ultimate LT 2 330.8
Strength .500 to .630 L 3 339.2
(KST) LT 1 331.2
e/D = 2.0 L c 3L5.7
’ 2 1.00 LT 1 334.3
LE 1 310.8
TE 1 299, 4
.250 to .300 L 3 202,58
LT 2 232.9
Bearing Yield .500 to 630 L 3 240,2
Strength (KSI) LT 1 2L0.9
e/D = 1.5 L 2 215.9
2 1.00 LT 1 217.8
1E 1 21k.0
TE 1 207.7

*

Average value for more than 1 test.
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Teble VI 8

(cont'd)

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti 6Al-4V STA Condition

Property Thickness Direction No. of Tests Property Vaelue *

250 to. .300 L 3 256.0

=‘ Bearing Yield LT 2 279.3

: Strength .500 to .630 L 3 283.8

1 (KsT) 1T 1 271.7

e/D = 2.0 L 2 251.1

: LT 1 64,2

; 2 1.00 LE 1 265.8

L _ TE 1 257.3

E k— +250 to .300 L 3 98.7

: r 2 105.L

i | Shear Ultimate .500 to ,630 T 3 103.6

3 Strength T 1 98.3

(KSI) 2 1.00 L 2 95.2

j LT 1 102.0

; *  Average value for more than 1 test,

;

4

i

E]

!

i
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Table VI -9

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti 6A1-6V-2Sn  Annealed Condition

Property Thickness DHrection Ho. of Tests| Property Value *
.250 to .300 L 5 161.2
LT 5 171.2
Tensile Ultimate —.500 to .630 T 5 160.9
Strength Y 5 163.5
(XSI) : T 5 1546
1.00 LT 5 154.1
ST 5 154,8
.250 to .300 L 5 158.8
LT 5 166.6
Tensile Yleld ,500 to .630 L 5 158.3
Strength LT 5 160.2
(KSI) L 5 148.5
1.00 LT 5 149.1
ST 5 143.1
. 250 to .300 L 5 162.6
LT 5 184.3
Compressive Yield .500 to .630 L 5 170.6
Strength LT 5 173.2
(KsT) : L 5 161.%
1.00 LT 5 157.5
ST 5 153.6
259 to .300 L 5 261.8
LT 1 27h .6
Bearing Ultimate ~ .500 to .530 L 5 275.5
Strength ' LT 1 264,14
(Ks1) T 5 65,1
e/D = 1.5 1.00 Ly 1 256.4
LE 1 2kl 9
‘ TR 1 212.9
. 250 to .300 T 5 330. 8
LT 1 354.3
.500 to .630 L 5 384T
LT 1 392.9
Bearing Ultimate L 1 337.6
Strength 1.00 LT 1 327.4
(xs1) LE 1 317.4
e/D = 2.0 TE 1 20h4.5

*  Average value for more than 1 test.
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Ti 6Al-6V-25n

Table VI- 9 (cont'd)

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Annealed Condition

Property Thickness Direction No. of Tests | FProperty Value *
.250 to .300 L 5 22h.5
LT 1 212,2
Bearing Yield “500 t0 .630 L 5 230.2
Strength LT 1 222.5
(Ks1) L 5 218.%
e/D = 1.5 1.00 LT 1 217.3
LE 1 215.6
_ TE 1 200.6
.250 t0 .300 L g 250.8
. LT 1 286.1
Bearing Yield .500 to .530 T, 5 Z71.6
Strength LT 1l 307.1
(X31) _ L 5 26004.,0
e/D = 2.0 1.00 LT 1 253.4
LE 1 267.7
TE 1 256, 4
.250 to .300 1, 5 ~99.6
Shear Ultimate | LT 1 108.7
Strength .500 to .530 L 5 106.0
(Ks1) LT 1 108.2
1.00 L 5 102.0
LT 1 105.3

*  Average value for more than 1 test.
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Table VI - 10

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti 6A1-6V-23n STA Condition

Property Thickness Direction | No. of Tests Property Value *
.250 to ,300 L 1 18k4,6
_ LT 1 191.2
Tensile Ultimate 500 to .630 L 2 153.1
Strength LT 5 183.5
(Ks1) L g 167.4
> 1.00 LT 5 188.3
. ST 5 182.3
250 to .300 L 1 176.5
LT 1 166.0
.500 to .630 L 5 177.1
Tensile Yield LT > 176.5
Strength L 5 176.2
{KsI) 2 1.00 LT 5 179.0
ST 5 167.6
<250 to .300 L 1 8.1
LT 1 206.0

Compressive Yield .500 to .630 L ) 155.8

Strength LT 2 188.3
(ksT) L 5 195.4
> 1.00 LT 5 191.k4
ST 5 194 .4
.250 to .300 L T 298.6
. 500 to .630 L 5 291.5
Bearing Ultimate LT 1 287.4
Strength L 5 295.4
(KSI) > 1.00 LT 1 289.0
e/D = 1.5 IE 1 261.1
TE 1 251.7
.250 to .300 L 1 360.4
Bearing Ultimate .500 to .630 L 5 365.2
Strength LT 1 350.2
(Ks1) L 5 3Eo.6
D = 2.0 LT 1 343.7
e/ 21.00 LE 1 350.3
TE 1 342.5

* Average value for more than 1 test.
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Table VI- 10 (cont'd)

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

T4 AAl-6V-2Sn STA Condition

Property Thickness Direction No. of Tests Property Value *
«250 to .300 L 1 277.7
500 to .630 L 5 263.5
Bearing Yield LT 1 265.1
Strength L 5 270.9
(ksS1) 2 1.00 LT 1 266.5
e/D = 1.5 LE 1 240.0
TE 1 2he.5
.250 to .300 L 1 206.7
.500 to .630 L 5 296.3
Bearing Yield LT 1 208.1
Strength L 5 304.9
(KSI) 2 1.00 T 1 283.3
_ TE 1 312.0
.250 to .300 L L 107.0
Shear Ultimate -500 to .630 L 2 111.8
Strength LT 1 118.0
(KSI) > 1.00 L 5 11,6
LT 1 111.0

*  Average value for more than 1 test.
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Section VII

TEST RESULT3

Contained within this section are the results of the various mechanical
property tests performed in this investigation.

Page
Ti-4Al-3Mo=1V Cond. A 135 - 1lhkg
Ti-13V-11Cr-3A1 Cond. A 150 - 158
Ti-6Al-4V Cond. STA 159 - 180
Ti-6A1-6V-2Sn Cond. A 181 - 205
Ti-6A1-6V-2Sn Cond. STA 206 - 226
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Ti-13V-11Cr-3A1 Allcy Sheet at Room Temperature
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7-5 Typical tensile stress-strain curve (full-range) for solution
treated and aged Ti-6A1-4V alloy sheet at room temperature.

- 170 -




T €6 008 I TROLXIVYE gERLES X IWM 00E" 93 0&e”

666 009 I T9OLX9VH '

g 6Tt 001 L THOIX9VYE

£-¢6CT Iy I THOLX9VY

L'20T 00§ T TEOTIXIVH

7 €0T 009 1 T90TXOVH

€ LTT 00N T THOIX9VYH

7991 Iy 1 TEOTXGVY gQLES X IWY

27191 Iy h THOTXSYL g6LYy D ASULL

g'05T 4 T TYOTXEVL 96l D JoUWL

0'2ET 008 L TROLXTVL 9¢6t £ IBUWTL

2 enT 009 L T9OIXTVL i

2°06T oo L THOLXTVL

6°98T Iy L TYOIXTVL

gr66 00g 1 TQIIXTVL

0°ETT 009 1 TOOIXTYL

L*gTT 001 T THOTXTIVL [ *

A (N T4 T TIOTXTVL 966 D FPWLL 00g* 0% 052°
(vo1; (do) UOF30eIT(q JoqEny "o jwey pue (soyouy)

y ¥ sinjsledme] E1-TN 4 usmyoedg Jdean?)ounuey SINWPOTUL

180}

{

VIS C“ANOD AY-TV9 L

8483 ucolssaaduo] AR

- 171 =



2 ia S e i

L gnt Iy IS THISUEVL T20L O IPWLL 00°t <
9 L6T e I TUOLZEVL T20L D 38uLL ﬁ
0°94T L T THOTZEYL T20L o 39uWL 00°T <
€ TLT Ly & TYOLALYVY qE9208 L 0£9y* o3 00&"
T° 19T bR 1 TYOTALYY HE920E Ind '}
g €91 Ly h THOLAZVL gi2L o 8wl
ADIA L4 T TIOTACYL glzl o 18ULy
grloT 00g L TQOLATVL €69 D ISUWLS
7°Q0T 009 hA T9OLATYL I\
7° 62T oon i THOLATVL
L 69T 1Y h TYCIATYL
0°20T 00g T TQITATVL
CAR AT 009 T T90TATVL
LelzT 001 1 THOTATVL Y 1
5 2lT Id T THOTATYL 6£59 O F9WIL 0EG*® O% 0U%
(v3) (do) UOT1983F( Zequny “ON 3%eH pus (vonour) |
Loy em)sledua] 189] uswmyoedg JleJnjoejauey FESUXNOTYL
189]
8789 ] saad AR
VIS "PUOD  AN-TV9 T F8SL HOFsSeLEiey otk e

R T T MR T e AT

- 172 -

i AR R B R R (DS P IVEY TS



168 008 I8 T80SZ9VY 70SE€62 TWY 00;T &

T°96 009 18 T90SZYVH * +

0°21T 00K IS THOSZ9VY

LMLt At IS THOSZIVH

L g6 008 b TQOIZOVY

$* 10T 009 I 1901Z9VY

T*LTT oot I THOLZ9YVY

16T L4 I T4OLZoVH

7°66 00g it Tg0TZoVY

196 009 T 190129 v

o NTT oot T TROTZOVH { Y

G- LGt IM 1 THOTZ9VY 70SE6E LY 00T T
(vs1; (do) UOTROSIT(J Joquny *ON 189 puw (9oyour)

Loy ) sledme ], 188% uswpoedg JeIN0 e Jutiey 8SPUXOTYL

3801
VIS *puod AY=TY9 TL §183] UO1IsSaIduio)) AR )

- 173 -



K e SR DRSO A P, R

T
paaseied uauioads T 3Y0J1q UTdy
6 162 9 6ee 14 0'Z 1 RSV GA 96L% O IPWIL
9°2ne L 66T Iy ST 1 THTETYEVL 96L7 O 1eWL] 00E * ww 052"
nelse $ 112 008 0°% I 1g2dIXTVL gG6h D IPULY
g oLz RAY 009 0°2 L T92IIXTVL +
L €92 € o042 00t 02 L THedIX TV
%0 HE €682 ht 0°2 h THCHIXTVLL
g hEz 7902 00g 02 1 TEEdTX TV
¢*T€2 L6512 009 0°g ¢ 192dTXTVL
6°TS2 2 612 00% 0"z 1 THedTXTYL
¢ H2E 2° 692 Rt 0°'2 T THSATXTVL
T*g6T S ELT 008 $'1 I TQTILXTVE
0'€12 6°€Q9T 009 S 1 I : T9TLIXTVL
622 7" 96T 001 6T b THILLXTVL
T°gle g lge I ¢ T I THTIIXTVL
9°48T LT9LT 008 e T T TR ITIXTVE
8 96T S 06T 009 6T 1 TOTATXTVL
T /T2 9° L6T 001 ST T THTETXTVL Y Y
87952 2 Tz Id 6T T THTETIXTVL 9664 D 39UWLL 00€* 03 052°
(1) | (398330 %) (do) a UoT30ed1q Tequny *ON 3% puv (soqouT) |
. (v#3) ﬂu«““loa /o 380 uemoeds I8N} ouNGeN seeUXoTyL
py o _
£retL
VIS "PUOD  AH~TY9 1L

- ]_Tll....




T qle 6° 0% LY ¢ T L THTELATVL 6EGY D FPUWIL 0€9° 03 006°
L*9ozg LrLLit 00g A T TQTLTATVL
0" /T2 Q°SLT 009 a1 T TOTEIATYL
g°9te 0°26T 00% ¢'T T TRTETATVL
9'glLe 6 0n2 I ST 1 TUTETATVL 6£59 © 19Uy, 0£9° ©3 005°
9°gze € LLT 009 02 I TRSHIX9VYH 8gLES X Y 00g" 93 062°
Lrgee 0° 68T 009 0'2 L T924IX9VH I\ A
G h92 z-qTe 00% 02 L ThedIXgvd
9°L1E €692 Iy 0'e I <1 THedIX9vH
AR 17 9 H6T 00g 0-¢ 1 TR2LTX9VY
6 142 FARAHY 009 0°¢ T T9ZHTX9VYH
6°tlie 6°goc 00y 0°c 1 Thed1X9vd
£°REE T Lll2 L4 0z T THZHIX9VYE
T 19T 6 gst 00g L b TETILX9VH
L get 9°¢9T 009 A L T919ixX9vy
AT 0°6LT 00y T L THTEIX9VY
f* 652 £-gcc L €T I THTELX9VYH
27981 8°4ST 003 6 1 o1 TQTEIX9VY]
9°002 L 691 009 ¢'T 1 T9TEIX9VY]
8912 . 0°6LT - 00t <1 g! THIETX9VY Y
27692 St lee Id 61 T THTEIX VY| QGLESX IWY 00E" 03 052°
(1) | (3e330 %) (do) UOT3OIT( Jequny *ON jwey puv (seqour) |
mes, (393) éuﬂu&ﬂ. /e 380L gemyoedg ZeIT)OuFnuw S8eUNOTYL
e, 189}
. 5483 Jurased [ )
vis ‘Puod  An-tv9 T

=175 ‘=



Q°n2e L*Loe 1Y ¢ T qL THTEILZIVY HOSE6E WY 00°1 <
grece 0" H1z 1M <1 i THTEATZGVH . v
€19z g L1z Bt $' T b TYTAIZOVY
6°LLT 7051 008 §*1 T TQTEIZ9VY
L 69T 8'95T 009 g1 1 T9TIIZIVH
9° 602 8°g9T oon 6T 1 THTETZIVY
6'€42 $T 6Tz IM $'1 1 THTAIZIVH HOSE62 TWM
L*90€ 0" L4z 14 0°2 1 THRE 1Z2 YL T20L D I9WLL 4
g* Lz 2212 1M 61 1 TYTTIZEVL T20L D 39WL, 00°T <
T'0£€ T*6L2 hAt 0°2 1 THHTALYVY HEGZOE IWY 0£9° ©3 00%°
5292 2 The I8 1 1 TYTETALYE #£920€ Dl k
[ ]
7" 9€€ 0°9.2 IH 0°2 1 THRITHIVLL glel D 1ewWiy
. €182 9° Qe hA% $'1 1 THTITIASYL gLzl D WLy
L Al £33 L Tle M 02 I TUEIATVL 6569 5 3WLL
0-6£2 2°go2 009 0z 1 TQSHTATVL
0°992 1602 009 0°2 T T92dTATVL
L9L2 Qa2 00N 0'2 1 THSTIATVL
0°TSE 7 E62 hAY] 8'z 1 THSHIATVL 6EC9 D JPUWLT 0£9° 0% 006"
(W) [ (aee330 52) (20) uoT3oesTa Zoquny "ON JveH puw ?ISSJ
P (v3) eang saedue] d/e 180L uempoedg JOIN.0 0 JONIO sseuyoTyl
I89] .
H!h
§489] FuTawayg £ )
*puo)

TR S T IR Y

T N SR S BT S T S R T

AN~TV9 TL

s

e R i

- 276 -



TH S e —
n*66c £ lag IH VA CAY THCHALZIVY tQsE6c I Q0°T <
g 0TE g°492 4 0°c a7l THCEATZ9VYE
£ et 2°f9¢ LY 0 2 L THSHLZGVY
G612 2991 00g 0 °c T TgcHTZ29VYH
o yte 6'6LT 009 0-e T AN VAL L
9°g%2 CNUET2 00% L0 e 1 THSETZ9VH _
9°q2t T 662 Ld 0*e I THSHT29Vd #0GE62 IWH 00T <
(VX)) | (3330 %) (do) q TOT}IeITQ Jequny ‘ON 3weH puw a-!oﬂuvl
P (193) oam;} sxadmal /e 3801 uenpoedg JeIng ouniwy sseu{OTYYL
189,
ey, d
. s188] Juraeoq crE )
VIS ‘pao) AY=IV9 WL

- 177 -



TR R R e SO T

- 178 -

£°q6 I¥ b THSLATVL 6£69 H L] 0£9° o3 006°
f°LL 008 1 19SILIVL
Loyl 009 1 T9SIXTVL
€89 ooY b THSILIVL
£°96 Iq 1 THSIXTVL 6£69 O 3BWTY, 0£9° 0% 006"
0°2L 00g h T9SLX9VH gaLesX TWH 00E* 03 0%2°
g8°9L 009 i 19XV 4
(o3 ¢] ooR b A THSLXIVY
Loy I h THSIX9VY
e el 008 1 19SIX9VY
9°1L 009 1 T9STX9VH
£l 00K 1 THSTXVY
0°20T1 I 1 TUSTXOVYH 98LLSX D&
2° €6 Id 1 THS T2V 96LY D IPWEY,
2'6L 008 b 19SIXTIVL 946N D JeuWT]
£-69 009 L T9SIXTVL
L 69 00y L THSIXTVL
0°E1T I A TYSIXTVL
%9 008 1 18SIXTYL
g4l 009 1 TS TXTVL !
0°99 00Y 1 THSIXIVL 4
0'101T hAt| T THSTXIVL 9864 D WL 00£* 0% 052°
(39X) (do) uoTIONIT( Joquny *Off jeef puw (=egqou])
ne i sanjeixime] 19e] nowypoedg J6IN73 0% Jrw SEMONOTYL
189]
8389] J9ays f°£°L
VIS "PUO) Ax-TVI-TL

R TR A R T R T TR ST



0'20T 14 I THSLZ9VYE HOSE62  TWY 00°T <
G €L 008 T 18S1ZoVY I\
00l 009 T T9STZIVY :
9°LL 001 T THSTZOVY
0°20T hati 1 THSTZ9VY hosE6z I
|
€98 I T THSTZZYL T20l © 3owWTl 00°T<
0°90T hRt| T THSTALYT RE9Z0E TWM 0£9° 0% 005"
0°90T I T THSTAZVL glel o qeuTy 0€9° 03 00§*
(193) (do) UoT308ITq Jequmny o J99f pus (seqour)
., sun easdus] q88] uewtoedg ECX LY 300 SesUNOTYL
380} .
s3saf Ieeys N €L
VIS ‘P03 AH-TV9 TL

- 179 -



ogLTt "Ly S*'19 | %09°9 | oLL° 00£6 | 1M - - h THLLXVY goLESX D 00£-0sT
09601 S g 0°99 gn°9 | o9L- | oo2Or | I¥ - - T TILTXOV goLESY DR ¢ .
osog 9°g¢ wes | gL fools |ooel | - - 1 TIDZVL | 96L% D 3T 8
0919 €y o'on | €9 |on | ooos | au - ]- & THAIXTVE | 956% w ouTy .
" OELS 9°93 7°6€ 96°L jogg | 0664 | au 000T |00g 1 COMITXTVL
0hg9 24t 0°*6¢ 96°9 | o0g” 0095 I 00T joo0g T SOMTITXTIVL
036l 5'Sh %°3t og°L | oeg” 005% | IM ot joog 1 TOMITIXTIVL
091l 2°gt 9°6¢ oz L | oeg” 0055 | IH 000T | 009 T COMITXTVL
olsL 9°6¢ Ly 96°9 {00g° | 0059 | Id 00T }009 1 SOMTIXTVL
oS4l T°LE 5°9% %99 | 06l° | 0059 | Id ot }o09 1 TOMIIXTVL
sl %°SE L €y #3°9 | O6L° | 0ON9 | Id 000T }00% i EQAITXTVL
0895 (A 2'%e 6L°'% | 009" | ogys | Id 00T  |0O% T ZNMITXTYL
otEg Mam m.i gq'9 jool { 0sg9 | au o oot 1 THALTXTVE Y |
0ts ney “trh 96°9 | 00g° { OOR9 | ¥ - - 1 TEIIXTVL | 9964 D 39WFL 00" - 052°
(%) | T Ny wdag | (sat)| - “sam) | (4.,)] uors _
axnTed | uy ‘qY3Buaasg .|7 1039w 4 p £1:5 &) n,m:.a 18 ( ) .%_Bv nw“mm *ON 199 pue (saqout)
3w peoy | amaouwiy jef oI ¥ | ¢ _puoT | ng ‘ 123maou NN | SSFOTYE
8989, ssauyBnol aanydexy §-E°L
YIS “pue)  AR-TV9-TL




ji
IanTres of ‘H
000°624° T 29 000°46 0 0°T 7 ZTHATZOVY HOGE62 THY 00°T <
000°*22¢ €L 000°0TT 0 0T 1 TTHATZOVH ﬁ 4
000°29¢E LL 000°gTT 0 0°'T 1 OTHATZIVH
000°g6T 18 000° 62T 0 0'T T 6 UATZOVYH
000°gQ #6 000°SnT 0 0T 1 g UATZ9VH
000 EqE ] 000°0ET 0 0" 1 1 L HATZOVY
000°29£° T %S 000°glL €0~ 0T 1 BTHATZIVH
000°669°T (44 000°4g £ 0~ 0°1 1 LTHATZOVY
000°5S6 59 000°00T £ 0- 0" T 1 9THATZIVY
000“9TL 2 8% 000°06 £°0- 0T 1 CTUNIZOVE
000°9T €L 000°0TT £°0- 0°T T HTYATZIVE
000°02 0 000°0ET €' 0- 0" 1 T ETIATZOVYE
=4—-000°000°0T OR 000*29 0°1- 01 1 HSHATZOVYE
000°g9oL®S 2n 00059 01— 0T T C2UATZOVH
000°g09 25 000°0g 01~ 0T T 2SHATZOVH
. 000°2L 65 00006 0T~ 0T 1 TZHNTZOVY
r " 000°18 $9 000°00T 0T~ 0°1T 1 02YATZIVH # _ 1
000°€T gL 000 02T 0T~ 0"t 1 6 THATZOVH 0SE6C IWY 00T <
~l'=g (79X) .now.._.o!-ua Joqury *of Jeey puw seguy
” ."u-nov Mig | xw L Re | 389L uewtoedg ZeInyownues am.nxoqaw
| A L |
LoEGT = ma, gsay snBrivd 9'E°L
YIS PUop

AR-TV9 1L

- 1B) -



o L ol i3 g S b e N R e i

5; 1
3INTTR of
000° 9HT 2 0" 6€ 0°€ T ZH-¥ATZOVY 706£62 INY 00;T<
000° LE 1z 0°ey 0°€ 1 TH-HATZOVH w ¢
000°6¢ & 0" 4y 0°€ 1 ON-¥MATZY9VE
000°02 L () ¢ 2s o€ 1 6€-HATZOVH
= 000°000°0T L Gt LE 0°€ T RE-UATZOVYH
000°ST 6¢ 0°09 0°€ 1 LE-MNTZOVY
. 000*€S w© 6*le 0°T 0°€ 1 gH-MATZOVH
000*gEQ 91 0" 42 0°T o€ T Ly~¥ATZOVH
L.......ooo.oE..mH o 0°S$T 01 0°t 1 9—HATZOVYH
000¢0Te 6% 0°0E 0T 0'€ 1 CH~YATZOVY
0000 62 0°Sh 0T 0°€ 1 HH—UATZOVYH
000°0T 39 0'09 0°T 0°¢t 1 Eq-UATZOVY
s.gﬂ‘_m 2% 0°08 £°0 + o'l A § ﬂ@éﬁ
000°99T Y 65 0°06 £°0 + 0T 1 9-HATZ9VY
000°LEZZ <9 0°00T | €0 + 0°T 1 S-UATZYVY
000°$02 16 004t €0 + 0T 1 H=NATZOVH
_. 000°T0T' T €l 0°01T €0 + 0°T 1 £-¥ATZOVYH
000° Lok <) 0°0ET £°0 + 0°t 1 Z-HATZOVY Y +
000 “ 654 gL 0°02T £°0 + 0T T T-¥ATZ9VY 70SE6C TNY 00° 1<
SERTyN (¥8X) 1 woT3oeIlq Jocquny *off jweg puw (segour)
o3 eetako) Bag | czwm ¥y 18] usmpoeds | Jeamowsmey sssaxoTyy
[ ]

PaoO AN-TV9 1L

s389y sufired a-g-)

- 182 -




aanTTed ON

YIS *Puc) Af-1V9 TL

000° LLE € ¢ es €0 + 0°€ T 9CUNTTIVY HOGE6C THM 00T <
}e—00000g°6 52 068 €0 + 0°€ 1 CETATZIVY A +

000 L 6¢ 0°09 €0 + 0'€ T HEMATZOVY

000°ct 6% 0°4L €0 + 0'€ T ECYNTZIVH

000°gT o1 0'06 €0 + 0°€ 1 ZEINTZOVY

000°60T°T 62 0°6q €°0 + 0'¢t T TEUATZOVE

000° Lo%" ¥ 61 00t 0 0°€ 1 0EHATZOVYE

000°wl0o"2 g2 0" &€ 0 0°€ 1 62HATZIVH

000°20T 62 0° S 0 o€ T QeUATZOVY

000°0T 8% 006 0 0°¢ al L2YAT79vY

- 000°L2 64 0°4l 0 0°€ 1 9ZUNTZOVE [ Y
000° L. 6E 0°09 0 0-€ 1 GTUATZOVY 706£62 WY 00°T <
(eamTTed lpr (vox) UOT3I9Tq Zequny “oN jweH .

”? .“Aguw Mg | cxe 4 )| 1891 usmpoedg usaocu!m” -Mh“ﬂw.
Lest = My s3seg andraed  5°E°L

- 183 -



TR R

OgT

09T OXt

ogT

00T

08

09

15y ‘ssaNng wnwiuip

ot 02

0

oml

0= 09~

0g- 00T~

oct-

Oqﬂ-_.—«-.-._-,—‘-_ﬂ—-__——-___-_-a-_u.—-——-numﬂnh\.u_.\f._'uuﬁlm-——_-u—-—--—-ﬁ-\-——_-u--l_o
o N 000000 3.
1 - S J .
m _.Nowﬂﬂo.‘“w:miz USTUTA 0 ..ll... =
Of [Tmawy :aaaydsouwyy X A \.—.% . — Ok m
.....-. o - uhswmhwnawn. ahr x ’f %.-.0 3 5
05 E3i & KK RN e, e
L 38 TS LU€ST = sin ™ N4 “”» %, 4 @
og R37T VIS “PHOD AT-TYY TheT R s\\\ "(»/ " % o &
= nﬁ(‘\. A"“ e, ~JootE
oot - \\A » ' 7 “ : Ola
KIS A PARS A
,”. %\“\\ Z8 < NAT S "’4‘ “
18 : T =
e AN AR IS A‘ NZt 2
V% d <X P / .
1 K K P PADADROX
oo _a\_ | N _ _ LN |
o' g0 90 0 20 -y 20- v0- 90-
0 10 G20 - €0 190 =¥ Sl €ce ov

Figure 7~t

- 184 -



067
02

043
0i4

-
:

Lo 60 B0 100 120 10 160 180 0O

& 8 8 8 ¢
BEEEE S
AR DN
Qv oum
HEg, 288
NS L
En BEZ
0 o~ i -
@ s 508
3 -’m* E'E ' E
S, & C .
\\\ ‘s 4‘9" g x
r'd
X Ay
\\ \“’ 000
‘\\‘ *
\\\\\
SR

40 233
-06 -0.4

}
<4

‘b
‘p

llll]_llllllllJLIl[IlllJIlIlllllll:

IlllllllllllllllIlllllllll

Figure 7-7

&
—

O
Minimum Stress ksi

-60 =40 20

-120 -100 -80

8 8 8 % & ©

ISY ‘85815 WnWiXxDN

- 185 -



e g e

S b il

S 0 L e Bl ot T 1 S 5

Ti-6A1-6V-23n

7.4

Ti-6A1-6V-23n Cond. A

T.lh.1

T A ST AT R W g T, T mRa e o

PRERCTTENTER

A a L G B

B AT

e TR B R S 2 B S BT

- 186 -




T L9T

1

-

- 0'9T S 79t Id ha THLIXEAL 11D 32wty | O0OE* o3 oG2*

= 0 Tt €7 91T 67 20T 00§ 1 TGITXEAL i

- CUET £°L2T 02T 009 1 TOITHEAL

- 0°TT 0°6ET Al 00% 1 THITXEAL

- 0°¢tT 7191 0°651 I T TELTIXEAL TT2ED 38Ul

- 02T 27 .91 2 79T LY I TULIX AL 2T2ED IBUTL '

- 0°ET 9 11T g 66 00§ T TRLTXEZAL =

- 01T £°921T 9'60T 009 1 TOLIXZAL ~

- G et L HET LR TA Q0% T THITXSAL !

- 59 9 79T T°291 I 1 THITXZAL ZT2ED 8uLy

- 0° /T 0°LET 0°9TT 008 L TGLIXTAL GOTED 39WIL

- 06 61T LTTET 009 I T9LLXTAL i

- 02T L 06T 9 RET 00f L ThILX TAL

- S 9T 6°9LT 0°TLT 1y T [HLLX TAL

- 0°¢T 67601 £ L6 008 1 TQLTXTAL

- 0°0T AAA 6°L0T 009 1 TOLIXTAL

- A 0°TET 6°gTT oon T THITXTAL 1 |

- 0°6 17651 €Lt N ot TULTX TAL ¢OTED PewiL | Q0L ©3% 062°

1 sely GoTyeFGoTa §15 )] ~ (7%1) “(do] | uor3eeaiq Joquny “ON jueH pus {@eqouy)
uoyIonpey % ) 3 w, £ 4 aunjsiadue] 1891 uempoeds Jeang owJnuey SSUNOTYL

189] : :

v

*Puad

USe=A9-TVg~Td

1sa], oTIsusl L[ 'T'f°L
paTeauuy  1°'R'lL




e T e L R o et R R T

WAL, ok e AR i 65 B R R L D S e i Tt i S0

G Ly 0761 T°LTT T'¢0T 008 L TQLIATAL £6€ D 39WIL | 0£9" O3 00§°
Loy ¢ gt grlat COECTTE 009 i TOLLATAL i
T'ef 0°gt B'9ET A oot I THLLATAL
f1° /e ¢*LT 6" 65T g E£ST Iy L THLLATAL
695 02 T°61T G201 008 T TRLTATAL
609 0°'LT 6°LeT AN " 009 T TOLTATAL
9' 06 $ 9T 07 9T 6'€2T 00K T THITATAL 1
T° 04 G- LT 1°94T T 48T Iy 1 THLTATAL €6€ D 29WIL | 0£9° ©3 00§ _
. 3
- 0°6T T'GLT 0°691 Id A TULIXSAL LEST, D 98WILY 0OE" ©% 0S2
- 0'€T 2'1et g Lot 008 T TQITXGAL )\
- ¢°oT 2°0€T L*aTt 009 T TOTTXSAL
- 00T G 6ET B A § 0of T THITXSAL
- 0°et $°09T 9°gSsT g T TUITXGAL LEGT D 3emWig
- 0°¢T S 69T €191 Iy L THLIXHAL g8 D I8WLL
- 0°ET IAN G'é6 008 T T@ITXHAL
- 0°TT T°4%2T 71801 009 T TOLTHHAL
- 0'el : g 9£T g'wet 00k 1 ThHITAAL |
- 0°TT T 19T £°96T IH T THITX AL 189 D IBULL | 00E" ©% 0G2°
T "%y uoryesuold | (30%) | (vs9) {do)] | uotadedid Joqwmy o 3ueH pue (®eqour)
uopjonpey % p 4 n} 3 £q d sanjexIdual 198] uewyoedg Jdeanjovntuy BSeuyOTYL
188L . .
R § L
2983 2TIsuU’] — paTesuuy

¥V CPUO)  ugZ-A9-TV9-TL e’

s SRR T AR AT RS T A AR 8 OB e T S

S LTS




L
91N 002 6°L01 § 40 008 Is TQISZTAL €20t 9 39uWy] 00°t <
614 05T 6°L1T 9°€6 009 Is THLSZTAL )\ #
0Lz 0°ST 1°2¢1 9111 O0h IS THISZTAL
gLz 0°01 L°951 2'gtt Id IS TULSZTAL
2°6n 012 £ 70T . 6'99 008 L TQLILZTAL
2 TH 061 L1t 596 009 € TOLLZTAL
LG 061 £ogt £°60T ooY L THIIZTAL
9-1¢ 0°LT 0 gst 0'6R/1 B h TULLZTAL
LS 061 L*S0T1 9°99 008 T TRLTZTAL
QoY 061 9-911 §° 00T © 009 1 TOLTZTAL !

2 64 ¢ 9T g 2T 0 L1t 00t 1 THITZTAL , Y
91t 0°LT 0°9sT o 6n1 I 1 THITZTAR £20€ D 18w 00'1<
1 LE G LI L"99T1 £ q91 Iy €L TYLLASAL gOTE D ISWE] 0L9* wp 005 !
&
%6t 0L 6°191 2651 Iy 1 THLTASAL 90Tt O 39ULL o
]
#°LE G*91 6°991 L €91 Id B TMLLAHAL 7062 9 9L,
L GE ¢ LT T°591 g 191 1 1 THLTANAL #0%2 O 3PWTL
1°€€ 0°91 9°291 09T I h TULLAEAL TLE6T D IPWIL
6°qE 5 91 27291 27651 IM 1 TUITAEAL TL6T D Uy
6°2¢ oLl 9°191 0°66T1 Iy he TELLAZAL EHh2 D ISWEL t
0N (A ¢ 9°99T 2-Lat hAt | T THITXZAL EHhe D IBUTL 0£9° 03 006°
..T voly Gotedaoid | (101) (751} {do) [ EETES 4 Iequny *oN jvey pus (esqsur)
wogIonpey ¥ y 4 LT £y amjetadmay 1897 usmypoeds Jednjouynue SeeUROTYL
1897 . .
h 5353, ST}sSUal parewauuy 1 I'H°L

(9]

‘.MJ._.ﬂH .;f.”)

us2-A9-Tv9-TlL




TL: ..... " ,MEI.“ L j};’ 3 Ty EW
Arep oFeD UuT PPITE ()
L6 0 g 2 g TST 2 EnT 14 LS TYLSZSAL 720 o 15WLL oo—.H <
1" GE 0°8T 0" 14T 8 60T Iy L TULLZSAL m ¢
g 2t 0°91 9°261 FAUR IH 1 THTTZGAL #20€ D 39WIL Q
o~
9°GE 0°6T g HsT g unT | IS THLSZHAL TL6T § 39wl '
9-2¢ 01 £ /ST 0" TST A b TYLIZHAL m
T°62 0'02 g 16T 2 LT Iy T TYLTZHAL TL6T D 3°mLL
0°qE ) 6725t 9 eqT IH A TYESZEAL oLoz 9 3WHL
6 1e S /T 1°09T T°64T T4 h TYLIZEAT -
9°9¢t 0°9T 0°24T LAFA AN Id T TUTTZEAL 0L0Z D 3°WL
¢ TT (#) 6°C Q- LeT L ohT Iy Is TYISZIAL #I2€ D 3ISWIL
8°9¢ 0°LT 2 94T 1 €61 T4 L THILZZAL T 1
L T¢ G LT 984T 9*TG¢T it 1 TULIZS AL #7IgE D I9WL], 00°'T<
T vy GoTyeNuOTH §1) VIS (7o) {do] | uot3oedyq | Jequny "o jueH puw {®oqouy)
worjonpey ¥ b 3 n} i £y i sanjeaadmey 189] wewpoudg JdeJn) ounuwy SsNOIYL
189]
L -

¥ ‘PUO) USZ-A9-TIV9 L

sq88] °TTSU3] paTeauuy T°T'#° L

e TR S

A Y AR PR T P YR



v .nVEHI Uouﬂvﬂn\h samire} Hon upd 18 Paysalay L

T L AYOIT o
1 '
~
A
I
- 1t £ 021 6°50T 008 0001 00g 1 tOXFIXTAL] SOTE D IWLL JOOE* 93 042°
— £1 6° €11 %66 008 00T 00Q T 29XDTITAL * |
-_ 9 1°g01 1°66 00 01 00 1 TOXEIXTAL
—_ »1T g et 6°L0T 009 0001 009 1 EIXITXTAL
— 2t 6221 £-goT 009 00T 009 1 SIXTIXTAL
- TT L A4 9°LoT 009 ot 009 1 TOXETXTAL
- 221 N 1Et £-oet 00 000T o0Y 1 ENXITXTAL
- £1 LA g ¢ £'131 00H 00T oM T SHXLTXTAL
— 1t g EET g tet QoN o1 00N 1 THXTIXTAL i
_ *#nS £9T 291 .| 0001 00g 1 EOMITXTAL
- 11 Qs1 71 £ 001 00g T COMLIIXTAL
- 14 951 £S1 B e ot 008 1 ﬂ@gh
—_ iR gs1 1194 pA- 0001 009 1 COMITXTAL
— et LSt 1291 oL 001 009 T COMLTIATAL
— £ LSt 119 ¢ Iq ot 009 T TOMLTXTAL
— 11 gst Lt A 0001 OO 1 ENMITITAL
- %9 29t 251 I 00T oon T ZHATIXTAL \ | 4
— Tt 10,014 L81 hal 0T o0Y T THMLIXTAL] SOTIE O 3IawWTL fOo0L* 03 052°
Jlll?ndl xﬁﬂzgﬂ. 18X 151 AHU ("8IH) (do) UoTIO8IT( Jeqump | coN jeeH puw (seqouy)
uogIonpey X . Juscled amjuaeduag onpl jomjeaedwey] qsel | uemyseds | zeamyowynuuy sseuwydIql
ny g £y 4 380] .
sunsodxg

—— H.. , 81891, £3FT7qe4S FTFsUay pareavuy T°T°T %L

¥ "PUO] USZ-=A9-TV9-TL




mE

1
o
A
a 1
7l 8 9q1 2st Iy 0001 003 T EOMITZTAL €208 D 3ISWEL 00°1 <
L2 ¢1 941 64T I 00T 004 T SOMITZTAL
g2 91 #6T gnt I4 ot 009 1 TQMITZTAL
62 91 14T IR Iy 000T 009 1 COMITZTATL
113 LT 16T ant 14 001 009 1 ZOMLTZTAJ
183 L1 €91 Nt Id 0] 009 T TOMLTZTAL
2t 91 6T SHT I 0001 o0 T ENMITZT
€€ Lt 2a1 aHl Id 00T 00N T ZHMITZT
nt 81 26T aHT L ot 00t 1 THMLTZT €208 D ISULL 001
L1 1T 69T 291 hAL 0001 003 1 £OMIIXT £65 O 28wl  0£9° ©3 005°
133 91 691 851 Id 001 008 1 ZOMITAT
6¢ LT 291 LGT Id ot 008 1 TEMLIXT
ot g1 851 "1 I 0001 009 1 E9MITIXT
LE LT Q51 761 Id 00T 009 I ZOMITIKTS
H gt Q6T }®61 I 0t 009 1 TOMITAT
oh L1 LGT 38T XL 000T 00t 1 CHMITAT
LE L1 091 951 I4 00T ooy} 1 ZHMITAT
oY IR 05T 1 I9 ot o0t 1 THMIIATAL €6 9 28wl | 0E9 0% 00§°
sy UcT3eBUCTq (y9x) (T8X). (do) (*9aH) (do) UOTFOSITA Jequny | coN jeeH puw A-osonCL
Top3onpey § JUSDIA eanj eleduag oWyl |oumjsdedmel| 3sel | uswyseds | JIsangowynuwy sseunoIyl
nyy L34 189]
euaneodxy
b —_
£3T1TA8YS STTsuUay paresuuy T T 1%L

TN T R T A i 19 SR

P ERE RN

STND ugg-A9-1V9-TL

S S T A T S R R B T




g9-¢1 L T THLTXTAL GOTE D 3oy 00E =052

mOH b3 alny et adumeay, TOTROAT T JTIqUIN *O) BaH pusB (seqout)

ol 1-1:\4 4887, aamTodg JaanaoeJnaey] S8 ITUL
UoTstoalg

V QNOD USC-A9-TVO-TI

{WOWISON], ) SNINPON OT356[d UOTE|oadg - S189] orr8ual, z L 1%L

- 193 -




(K31)

3THES3

Figure

200

180

160

140

120

100

60

4o

Longitudinal

‘ e —

= 16.1 %

10° psi (

ical E

a8 measured with

Class B ex

tensometet)

Precisioc

i Measured

16 x 106 g

7-3 Typical Tensile Stress-Strain Curve (full-range) for Annealed
Ti-6Al-6V-25n Alloy Plate at Room Temperature.
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Figure 7-11Typical Tensile Stress-Strain Curve (full-range) for Solution
Treated and Aged Ti-6Al-6V-2Sn Alloy Plate at Room Temperature
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SECTION VIII

MI.-iDBK-5 DATA PRESENTATICN

Contained in this section are the room temperature design allowables, effect
of temperature curves, and stress-strain curves, for Ti 4AI-3Mc-1V Cond. A,
Ti 13V-11Cr-341 Cond &, Ti 6A1-4V Cond, STA, and Ti 6A1-6V-25n Cond. A and

Ti 6A1-6V-25n Cond. STA., Refer to Section VI for a discussion of the limita-
tions of the allowables contained herein.

Page
8.1 Design Allowables, Ti-4A1-3Mo-1V Cond, A 235 - 241
8.2 Design Allowables, Ti-13V-11Cr-3A1 Cond, A ohp - 248
8.3 Design Allowables, Ti-6A1-4V Cond. STA ohg - 255
8.1 Design Allowablea, Ti-6A1-6V-25n Cond, & o56 - 262
8.5 Design Allowables, Ti-6A1-6V-25n Cond STA 263 - 267
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Teble VIII-1

8.1 ' Design Mechanical and Phyﬁiéal‘Properties of Ti-4Al.3Mo-1V
Alloy MIL-T-404& Type III Comp. B
Form | Sheet and 3trip
Condition Annealed
Thickness or dlameter, in. $ -10
Basis 3
Méchanical properties:
Ftu, ksi _ 125
L .
LT
Fry, ksi 115
L
LT
Fcy, ksi 112
L
T
Fsu, ksl ki
Pbruy, ksi
(e/D = 1 5) 191
(e/D .0} 260
Ty ksi'
(e/D = 1.5) 150
(e/D = 2.0) 175
e, per cent:
In 2 in. 10
In kD
E, 105 psi 16.2
. E¢, 106 psi
G, 106 psi

Physical properties:
, 1b/in.3
C, Btu/(1v)(F)
K, Btu/ (hr){(£t2)(F)/rt
» 10-6 1n./in./F
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Figure 8.1.5 Effect of temperature on the compressive
yield strength (Foy) of annealed
Ti-4A1-3Mo-1V alloy sheet.
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Figure 8.1.6 Effect of temperature on ultimate shear

strength (Fg,) of annealed Ti-4Al-3Mo-1V
alloy sheet.
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Figure 8.1.7 Effect of Temperature on ultimate
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Table

VIII-2

8.2 Desiga Meohanicel and Physleel Properties of T4 13V.11Cr-3A1

Alloy
Form

Condition

Thickness or diameter, in.

Basis

MIL-T-9046 Type IV Comp. A

Sheet and Strip

Annealed

< .110

Tentative
B A B

Mechanical properties:
Ftu, ksi
L
T
Fty, ksi
L

LT
Fcy, ksi
L .

LT

Fsu, ksi

Fbru, ksl
(e/D = 1.5)
(e/D = 2.0)

Fpry, ksi:
(e/D = 1.5)
(¢/D = 2,0)
e, per cent:
In 2in. L

LT

132
136

126
131

134
139

12
13

119 122
123 126
90 92

207 212
286 292

156 160
174 178

E, 105 psi
Ee, 106 psi
G, 106 psi

1.6

Physical properties:
, 1v/in.3
¢, Btu/(1v)(F)

K, Btu/ (hr)(ft2)(F)/ft

, 10-6 4n./in./F
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Figure 8.2.4 Effect of exposure at elevated temperature
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Effect of temperature on the compressive yield
strength (Fo,) of annealed Ti-13V-11Cr-3Al

alloy sheet,
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Figure 8.2.6 Effect of temperature on the ultimate shear
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Table VIII-3

8.3 Design Mechanical and Physical Properties of T4-6A1-4V

Allcy

Form

Condition

Thickness or diameter, in,
Basis

MIL-T-904€é Type III Comp. C

Plate

Solution Treated and Aged

.188 to .750 .751 to 1.000

Mschanical properties:
Ftu, kal
L

1T
F kst
EY:

7
Fov, ksi
i

T

Fgu, ksi

Pory, ksi
(e/D = 1.5;
(e/D = 2,0

Fory, kei:
(e/D = 1.5)
(e/D = 2,0)

¢, per cent:
In 2 1n.
InkD

160 150

145 140

E, 106 psi
G, 106 psi

16.2

Physical properties:
, 1v/in.3
C, Btu/(1b)(F)
K, Btu/ (nr)(£t2)(F)/rt
» 10-0 4n, /in./F
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Figure 8.3.1 Effect of temperature on the ultimate
tensile strength (Fyy) of solution
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8.4 Design Mechanical and Physical Properties of T1-6A1-6V-2Sn

Table VIII-k

Alloy

Form

Condition

Thickness or dlameter, in.

Basis

MIL-T-904L6 Type III Comp. E

FPlate

Annesled

«250 to .300 +500 to .630

1.50

S 8

Mechanical properties:
Ftu, ksi

L : .

LT

Fty, ksl

L

LT

Fc s ksi

&y

LT

Fsu, ksl

Fbru, ksl
(e/D = 1.5)
(e/D = 2.0)
Fory, ksi:
(§7D = 1.5)
(e/D = 2.0}
e, per cent:
In 2 in,
In4 D

150 150

140 140

141 147

234 251
275 301

195 201
212 223

10
10

150

140

L2

95
2hg

310
198

237

10

E, 106 psi
Ec, 106 psi
G, 106 psi

15.6

Physical properties:
, 1b/in.3
C, Btu/(1b)(F)
K, Btu/ (hr)(££2)(F)/ft
5 10-0 in, /in./P
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8.5 Design Mechanical and Physical Properties of Ti-6A1-6V~29n

Aloy MIL-T-9046 Type III Comp. E

Form Plate
Condition Solution Treated and Aged
Thickness or diameter, in. .500 to .630 1.50
Basis S 3
Mechanical propertiles:
Ftu, ksi 170 160
L ' .
LT
Fty, ksi 160 150
L
LT
Foy, ksi 167 . 156
L
LT
Fgu, ksi 98 gl
Foru, ksi
(e/D = 1.53 260 2l
(e/D = 2.0 325 290 .
Fbry, kSi.
(e/D = 1.5) 232 020 -
(e/D = 2.0) 268 238
e, per cent:
In 2 in.
In 4 D 8 6
E, 106 psi 16.1
E¢, 106 psi
G, 106 psi

Physiecal propertles:
, 1b/in.3

C, Btu/(1b)(F)

K, Btu/ {(hr)(ft2)(F)/ft
» 10-6 1in,/in./F
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Per Cent Fy,, and Fty at Room Temperature

Per Cent Fgy at Room Temperature-
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Figure 8.5.3 Effect of exposure at elevated tempera-
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Per Cent Fbry at Room Temperature
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APML-TR-65-213, "Development of Standardized Test Methods to
Determine Plane Strain Fracture Toughness”, G, L. Hanna and
E. A. Steigerwvald.

ASTM STP 410, "Plane Strain Crack Toughness Testing of High
Strengtn Metallic Materisle", W. F, Brown Jr., and J. E,
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APFENDIX

Contained within this Appendix are the; (1) Mechanical property
working curves, and, (2) Fatigue S-N curves.

Section Page

A. MECHANICAL PROPERTY WORKING CURVES 271-3E0

B. FATIGUE S-N CURVES 381-3€2
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A, WORKING CURVES

1.1 Ti-b4Al-3Mo-1V Cond. A Figures 1.1.1 to 1.1.13
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A, WORKING CURVES (Continued)

1.2 T1-13V-11Cr-3A1 Cond. A Figures 1.2.1 to 1.2.18
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A.  WORKING CURVES (continued)

1.3 Ti-6A1-4V Cond. STA Figures 1.3.1 to 1.3.43
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B. WORKING CURVES

1.4 T1 6A1-6V-2Sn Cond. 3TA Figures 1.5.1 to 1.5.29

- 335 -



0 1] 7 [T -
(T [ ] :y Wﬁr J_M T Tr ;v..v TIT
o 1t 4 40 JE 1] H B ]
Enipl Sy ; i 1y e
sigiiaaddigna * RS el dl d bn 1 S fnunainnns
uuaa T1T3 7 *. _w 4L LEEr (I!M. 1 T
H ﬂ sEscsabiat] , sednduansat fiasilsEnaRs
- R B! .HHFJ {314 ; jB g dnaw »
1 1 1
g enagl uouEt SR NRS shtus s xll b= 11 L I
o s § Ly N fuene T LI
a ] . 4 It + 2
sudfbisy H e d ub SRR,
IR e L rw..“ﬁr H m YT
H-—-1 + 1+ H-t 14 ; 1
LT ; ; .
[} it I ]
1
y ] ! 1
i Hi
L puy is. I
nas s I I
#33 t
» : i
5 1
TR T
1 I I \D
T o
o + m
.IA. I.|+ —
. e +H
i
15] et v conaTe - 1
[T TWEPITING] - WOT108I KT ]
H 1T 00€" 03 0G2° - eevER T
H- unn WT0d WIm] tenprafpat - X
H1T T /T 03 dn ammdsy T TRIEPNI Y] - WOTISeII
b SINLE BEZ-AS-TYY Ta velly PR peswesl H . OOE* o3 oSz - esaRoTyL
[T uoTatres Jo Wiy wo sumamredmeg o jeeipy .
rt e N ‘1 g/1 o3 dn amsodrg
Iag 2°¢°t  EEwtL pan WL VERSAYTVE 1L pally pow pawaly
smms I ; UORINTOE J0 “Yi uo amisiaimel o 108z
t N
g “ Bt
I H ]
[T e
HH 5 : Ecsisiiagask:
T LR

R Ay T 3 S G




T i) T
™ T 1 T
T T T
I
+ 1AL -
i P
L Ly Y
R N
Cpid L
ES :
11 1
Iy T
9 ARRW] A FRAR.
e
A It T
- i I
JH oy R ++1L.
H H 1
3 :
T
+
BERS. AN EEREN
byl

e SR
T
T

- 337 -

- (11
| ¥
T VI TWNETATROL - X ! g
IRIIANTULY, - WOPIIRITA g m\ns&_bh—uonun :
| DEG” 03 O0L" ~ wRaIXITHL agrrg nmmm>man<m 5L yely pow pegeszl +
“IH 2/T o3 dn aumsodwy woEnTop Jo 414 oo ammeredEel Jo 12eI5E r .
1] PINLd USZ=A9-TYY L peBy puw pagesl e
TUORINTOE S0 ¢ uwo sInjeredmal yo 13e1rg w.n 1 _En.h ‘ “ ﬂ
RE5S ERET1 FN R Enh o TI !
RO L Ensag IS nEsuRt! M
- HT . HH
! 1 T w8
[ESEE BERS - : I
SUES SRS FUes il
.
SIS ERE: I
HUSY SEIRS M faabadntsn :
i e an + i
sl T .IIH.ITI* il
P . st ppriort
s LT F




s

- e vl 5 s

T e 7T T T T
T THHE Ste
Wl L T T 1ot P
T . o 1T
HiH S
1% i et
[T17T 1 H
SEERY A54b4 b o ; T
| it I " Ny [P
H L . 11
HE 1 M .
11 ._m w et sagg o
! bbed T p.
SORRE MORE T -
b 4+ . - . . L - n b -4
L. iy . . A .-
il i i S i
+ ik it
ANUEE R pomgn
i L . =+
T ¥ " b
anu il B ¥ i T
§ TR :
] HH HoH
faudgbandgeny i L :
[ LT TT +
isgdd fun g ﬁ e "
8 pans +H
' T i
HH It iNEE : spbrbepel
yugw ir f 1
1 L i
00T T : : . ! T
s iy ! + 1 A H H
: i R i SHit
] I
1 e - O uw - O !
3oTog WiRg TPPTATOI - X PO PPRI TWNPIATRIL - X : L
H T SRR - BOTRAITE ngussm ORI POT - GOTISSIWT i = I
0fg* ©3 QU5 - FMOEITYG GE9® 03 004" - ENFTIRTYL ! ]
1
1 H1 ~af 2/t o3 dn emecdag -5 g/1 = dn sxusodxy i
nEtd us2-A9-TYS T1 Dafly puw pmmaxy T S54RI GS2-A9-TVO TL DIBY pum DIadl 4
OIINTOE Jo iy wo amsmradmal Jo 3235 - aoiIntes jo "I oo smyessdmel Jo 18935E ™ ++
- s ; y.
9°C'T MO £75°T  mEwTd Tk |
T P T H 1 T Lo 1 H
T e gl e
T 1 . T T " T
SEEREasEEs EREE aduw i L1 -
SoRlu s T I + mm
Seofe SREpS Yyl 7 1 t ! :
AT T " : 1
- gea, o ST i
i1 + 3 T
IS T EFEREY puaAS Siy H H— ; 0 BAEIEY S ++
Frrt b chit T ; a f -
-1 : 1
i [ESan saban AR Rt e i : ot I T

R N 0 P A S R

1
O
(48]
o

'




TET

o i

HE

e s AN :

=

e

a

e

44
R

Io1ad WEQ

TeRphs [Ruo

11

aniddil

O] WIE] TWNPTATPUY - X

T

“IH ¢f1 o3 dn axnecdxg

Jadq i FE

1

IH g/t 03 dn ameodxy
~49~T¥9 1L Paly paw pajwsal
oo TRyIsdmal 3O 3IRLEE

-AQ-T¥9 KL bafly puw pajwasy
14 go ammisaadual jo 309350

eI

s

- 339 -

Tenprayl - X




gt

TT TT T
i
geias 2
L T
L
Y
v 1
Sdm h
; : ,
. o1 } L Vi
H i : iH
] H * B I ,h W v
-ttt - . 14
[Raan ﬂ g
ITET T T
1 . - i
T T T
i
T U g T e 1 o B
-4 Bofge. buy ._ sipa!
— L1 W RN
p! . SN
H
T T TR+
manng Lt
— + i l.r
i §
T r 1 N Y
i ¥ T TTH
pud b e T 1 an
T T s fafals
R §EASE sasgl Sulm ,,Lm“m T PR
eEiiiE A
1
vﬁ? HL: L
Fit T
umaM - O g .
WIOd W] TRRTATPEL - X ame "
TPFp o] - UATISEIRD H H ]
[1 1 - EREINHTH HH e - O
aem JuFed R teoplaTpay - X
“1g z/1 01 dn saneuixy H SRTAANINIZ WIORS - DOTADAITG
g Wz sAS-TV9 TL elly puw P b 00'T v - swemeyRl +
wolIntos JO V] GO sunmjuaadmml Jo 339531 T , “
IR N\A oy dn amwsodyg +
0161 HENOLd IWId USZ-AG-IVD T Pally Tame peameal |
RORINToE Jo A1 ue amimasdms] jo 30954
] H 1T -
} ﬁWW‘TJL:. £°5"T THOOTI

= 1 w
= ! f
— . e :
i = : Hor it "
trid WD EEE; t T L I i

- 340 -




bt

T

T

=3
ok
M
.
HiT 3
1 =
t JUFOd WIWQ TENPTATONI - X
- s FEISAFURIT, - TOTIIRINT
Uuy - 0 D N 00°T T - FNIONDTRL
Wiad vIwQ TWORRATRWE - ) e
FRIPAPTRLL, LIOQE - GOFISMK] - I m\.n 03 dn auneodry
COTT T - "eMWITUL ] FI0Td UE-A9-THY W paly pem pemaa
- WOTINTOS JO "3 uo ammgexwdsRy 7O 3995FT
~T§ 2/1 @3 dn aumsodxy -
#WTd UEZ-AG-IVO HL pely P pawar - TUS'T  AWNDT4
QOTARTOE 30 iy po amjuradun] jo 303153 _T e
g s |

)

- 341 -



it

e Nidtinla

R T N TR

iy 1 T 1 I e )4
T : NS T Tt
P it Ln 5/ Tt
= + |
]
v ! .
rw I Tl..l.l 1444
R -4 4 -
" T .
. ruaansy vi
3 I L
— 4L T
- L. -
i 14
. 11
4 ¥ 1]
! T
At
1 3 b
! : .
t
: | : -1+
1 H il T
- + 1 Hn I
L +- ‘ P o
! i SN
i3ssiisscasanes
] 1 R
; & AN T ]
T - t
] ] s nnund SO3R4
T.. 30 n sEaE THH
_ H-H
i }
i I
e I
- Tl
.
3 : 1 T
I + . | L
L1+ T
18 881 .
+
& T
T IBa 8
=
1
i ' Hl +
T T n
7
..... T ) f I b T
[t T —Hrit I N
I T HE L TIITTT

T4 wimg TWNPIATpOL - X
FRIMANTRLL + GOERMITE

OE9* o3 QoS - "SRRI

“TH 2/T 0% dn aumsodyg

ST USEpAG-T L pely puw pagwaxy
mmumwmu—.wa:uﬂuﬁl.u Jo erra

woyIntog jo

P ST Qe ru L-ﬂ lnu.ﬂu
2 . I
- T [or

o - o

WA TR EPTATIUT - X
TeIfpry o] - RoTIaaIuy
OEY" o3 005

IE 2/1 03 dn amsodxg
SIETd UEE-AGTTVY LL PaBy DaOe pawasl
ToRINToE Jo A% go aumjwaadmay jo joerry

- SRR ]

1
o
=t
o

'

R T R




aaL
I
i
ik
!
. R
. .
sk LR
Xoa3
WRTE L \M;
. [ N I
ot SRR N i www - 1] g mp——
1 il N —— 3UIO WIR TNRIAFPUL - X 3 t -
L : R . <k TearEnaiRoT - woplawE Lo}l THA Y
i: : - ot o'tz - mmewNRlRR T I t — ]
e T T T
[ DR RS I X P “af z/1 v3 dn ameodsy o - H=C= |_i..:“
N IO DOa Lol T FILL TR-AG-TYD WL PIY PO peiwaay RS04 fosne sanes sahan i "
- Qolinios Jo um ug ammysaadmag, Jo 333134 : [ -
T [ e s v -
1 o - 0 n S1°5°1  TUNOLd e sy b = 4=
JMTad €3NI TUNPTATDUL - X - TTTIT : e * =
291340URLL - UOTIIM T ehois Famils St Skuiont Saseel i 3 s R S -1-
L 00°T T v RRAMITAL : P e e I [ PP APy Sov iy M SN SN S I RO B
T
! 1y /T o1 dn aaneodxg B e T ; —
i oo 1 ' + 7
Lt 21914 0SZ-A9-TVY TL Paly puw DIuaIL] ,. N i SRS S ;
uelinrog Jo 497 2o AMIRIMWAL IO 30311 w 1 T
T R I = ~ et
i 9TGT  TNDLL . 'S T 7] agas
. N S - ; P
........ SRR EEES AP B S Bt s Fom g P Sy e N
__ ——_——__ - = = JREEE

- 343 -



e i

o e e g )

bt

P g

A

T

S DRDON 2Y

Eoitorh

(111317 o TA.I
hl.m
7] UTOd 9IMI TWNPIAPPAl - X
1] ¢t =g/ ISP TINOT - WOTIFREEI
L 0£9° ©3 00G' - ERRIRIND
HUm “IH 2ft 04 dn aamsodwg
a IVLd URZ-AG-TV9. TL bally pue peawasy
TORINTOE JO 3 o aanywsedmay JO 309552

9151 MADLd

Sl i

ISERS EEatY B

1TTOE VI TORTATRT + X
QRIGASIULL HIONS - TOTIDAITY
00T 2 - EgadYOTY]

~Ig g/t o1 dn aumsodxg
Lciar e ~A9-T¥9 TI1 P8y puw polear]

HOTINTOg JO AV 10 armisIaER] O IDRIFA

2

LUCTT manbTd

Sl e

| 1

g T e o v e e

- 3hY .




e o,. +—
5 I I R e e
SIFREE SRR ] A SRHY RERT S midd 5SS B

o - O L
Io{od W] TEWPIARPST - X
[ 42 OR: 71 T ] ~ CopiaATig -
09" ©3 00%* - semopEL (110

4a70d EQ TEMpTaypRl - X
o'z = t/a TORTPRITRIOT - uSLLARIR]
09" ©1 004* - EERUNITYYL

P "Xy 2/T o dn amacdxg i
: FIWId UE2~A9-TV9 T paly paw pajesay Sl
i woRINTos jo MUY tdo ainjwrsdwey jo 30317

e MU I (N RN B “Ig /T 0% dn aunecdxg
LAl 8 O LL : FETEOD SNPUIRE N - I Sdmnma-—%éqmﬁvuaquﬁvﬂ-nﬁ -

PSP R ISR R 1 . P woliniog Jo 4 w0 amisIadmal Jo 30817E
AR S D 6T°5°T WAL :
s T+ R ] - [ Y R Y .....|_|,||| e &
fally oL : sl e L B RO
. : n - R S DTS SETy sy st i -
: ........... B b By S L \‘W--H‘.u\ [ -
: I S R - z T g Pl ol e q= e

- 345 -



o e i 5 e s R ! ik ol

[§ity paasa

T
1

- 346 -

—
PO Ry SHEE D SPOSE §

=
i

H—T. -

el .
ana g e

!
N L

1
I

T

i

(133

- UFad wIWI (WNPRATROT - X o JUF0 WIMT TVNPTATRGI - X

pa $*1 = afe TP ERUCT - moliosslg 24T 02 af? TYOTPN3 ol - 90TI9AIKI

yERe [+ 8 - aRaITAL apnn 0£9° 03 00§ - SEIMNITOL
1T ~ag g/t o3 dn emeodxy r;.w,ulurw “IE gfT 0% dn amsodry

VL4 T5Z-A9-TYD Bl pefy pow paysarg

[ MUY UEZ=AQ-TVO T PARY DUV PRl
wopyntog Jo 07 g sumqesedeRl JO 9353

ol aolnies Jo o uo IH—JPI.H“-]H O RIIHE A S W

[-Ill 12°6"T  FHNOLd v : e

T R S T [ N M ===
- »w._. [PRRY PR DA ATERGRDR JUNRISINE SN 4

p— ot CEBEE BEGEE BREDS Erviol Eoiues s
AR TR S SRS 35S [N SR RATI R [y e S S

ISR ke A A g St 4 Y Loy - e o s e e g R P T T AL S I R T T T, S T




TT

H I
T

TN - o
Wiad wImp TOPIAINT - X
$'1 = gfs  TECEEMTRRO] - wofidaryg

T -

OFed BRI TenpTATPEl - X

0% = G/%  TWEIMINENOT - UOT}AIM
00'1<T - ESIEXOTUI

3 Z/1 03 40 amaodxg
#ITg OEZ-AS-TY9 Il pally pow paimaag
BIINTOG Jo T uo amjezedeRl JO 399L5T

*AH 2/T 03 dn auneodwg
g -AS-TYS Tl pady puw pagmasy
aeTInTos Jo 7 oo amywiadwey Jo 198XJE

PTTr T

- 347 -



R b A e e et i i e e s y e vt b e

- 348 -

TL LT TTITEITT! L T ¥
m.nuw» T B $paga spana b 1 I %4 &
SH T 1 18 By yhdSv IS NN ND
R SR
Ar_ﬂ_: as T
allss e ; ‘ azed
S Seuns sraALaRaas 1 tﬂ - + H
nd fadetatusanadlld T ;
Sm ,T..f.flﬂHrW ﬁUu AT nudis:
Ba Sl | Spall fanas BEREN Rhaas bl hus B 208 T v
i R S P e nEy H | BRNRNEDN RPYNRER T
= Tf #edr- I -+ - H
Sy prEus pREEE T H | T .
maSl oy ins -
EEeh SEEES nntay exupy Fp=azaseafoe
o S I >
L i
mary + 1 ¥
saugy T *
: o I o
: n ] . jwut i i
- I
— seom -
- [11 T
; 1
aR
i +
ssun 1 1
bt 4 e i
FH iy
. T 1 T
I I
el T - o
TG wIM] TOORTATRUE = X 1T TG WA TWPIATREL = X
- TeaIpnypiee] - QoTi2asiq P 0'2 = /5 TWTpTRIOT - UOTIAAlN
.z It 069* ©3 oo&' - ewmEOTAL . a88sy 00t € - esaupatay,
LT r1j g/t 93 dn aaneodxg ,[.M.ILP ~a g/T 0% dn arneodey
ﬁ #ELd TS2-AG-IVY T Py Tite perwany jpuni *3u1d -A9-T¥9 ¥I paly pm P L
GOTANTOE Jo Py no smiwasdiay jo 33R35E b WOIIRTeE JO  uo armjmaadssy jo 153LR
[t HrE
naEy §276°1  mandnd
; =t ; st P T
- JWﬂ ] ] 8 SR u e ame 1
- = * oo o e TR
5 SSEIgEanansaey] seeestes:
s e Amans RERAE s LS ana:
1T
. : 1] .:. T 1Tt Lm}
: paman § gy sadnnnags 8w
= L
——er NI BRGNS M
e s 5 S : =
i S Gpeus S g b

e T om0 AT R AP e P o A LT S TR




1 TTiTIT I
I I T 1 I3
|y ; ¥
] 13- 7] 1
1T R i [4 . 8
u b B "
- _ T u
Wy +H - v
u ] L : —
H ! u f e 01T 3 T
H et 2 aaas ! tH ayanny aaRiial bR cnaul 8 (i paan!
3 FH et -1 { : | ! Hi BA A S S u ] .
H T inar tnddw st dn ! i yw e i ndn -
a = i in PRCEL I H.. -
L p ] et 1 + LB T aue
. . WkS BANAA A3 Sus = : T TS L
. u I1lwld..r. B . L 1 - -
L I
oo }
. I :
A "y . an :
1]
i
1+t + - T
- H T L HIH EEES SRRy O
" T
UI— !vl : 1 1
H 1 o] T
-4 T 1
Hiftt assw
- H i
wJ onilf - O
3 WE0d Wyl DWREAIPIL ¢ X
£3 TP TiN0] -~ TOTIMII
4 ae i 00°TE - WRRORTAL
I,
H == 15 2/ o3 @ amao
1 113 . LI WH-AT-IVO K DSy paw pejsesy
WOTINTog JO “Nf o amgwisimel Jo 3285JE
avew - ] -
WS wIwl TWRTATPHT - X pu
Twen 1IUoT - BoTieaw 0L
a 0f9* o3 005 - sssaworqy m %
“JH 0001 o3 dn sanwodey ‘ . H 114+ F + F 11 - L
I UEZ-A0-1VY AL - ] pam
Dafly Riw pERRAIL UOTINTOR Jo PA; puw A1y as :
axmeaedeng woy uo smecdyy o 30533 L]
®'5°T oL T I T 1+
. Sgsagiiasasit
et S L - e
b + 1338 + HESNE 8! t
t :,:___.____.r‘_ww_; i S sH

- 349 -



e - o
ITIO] W0 [WNPTATEMT - X
TSRIPITINOT ~ woYjesuny
S-ﬂM - ERRORDTUYL

“TH 00OT o3 én ameodry

2IVTY UpE=A9-TYT T
PRy paw pujwasg BOTINTOE jo B3 pow fly

AmijsradEn], w00y o amecdxy Jo 399037

&St mumorz

T .mw,,.w..__w_w_?m.ﬁ.mmﬁﬁ_‘..

ez

e g M AT T I

T

T R I P i T R T AN 8 S

oh R e

- 350 -

b g e,

b
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2.1 Ti-h4Al-3Mo=-1V Cond, A Figures 2,1.1 t: =z.7.2
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DISTRIBUTION LIST

DESIGN ALLOWABLES FOR TITANIUM ALLOYS

APML-TR-69-161

APMI. (MAAE/C.L. Harmsworth) (Remaining Cys)  SAMSO

Wright-Patterson AFB, Ohio 45433 Attn: L. Hjelm
AF Unit P.C.
APML (MAAM/Library) (2cys) Los Angeles, Californie 9004S
Wright-Patterson AFB, Ohio 45433
. SSD (SSPRE-2)
AFML (MAAA/D. Shinn) AF Unit P.O.
Wright-Patterson AFB, Ohio L5433 Los Angeles, California 90045
APML (MAT) (2 cys) US Army Materials Research Agency
Wright-Patterson AFB, Ohio 45uL33 Attn: (AMXMR-TMS) Library

Watertown, Mass., 02172
AFML (MAM) (2 cys )

Wright-Patterson AFB, Ohio L5433 AF Machinability Data Center
Metcut Research Assoec., Inc.

AFML (MAS) Attn: Dr. J. F. Kanies

Wright-Patterson AFB, Chio 45433 3980 Rosslyn Drive
Cincinnati, Ohio 45209

AVIM

Wright-Patterson AFB, Ohioc 45433 Mechanical Properties Data Center
Attn: A. J. Belfour

AFFPL (APFT) Belfour Engineering Company

Wright-Patterson AFB, Ohio 45433 13919 West Bay Shore Drive
Traverse City, Michigan 45209

AFFPL (APT)

Wright-Patterson AFB, Ohio 45433
The Boeing Company

ASD (ASNPT) Commercial Airplane Division

Wright-Patterson AFB, Ohio 45433 Attn: C. E. Parsons, 6-8746, M3 67-60
P.0. Box 3707

ASD { ASNFD-30) Seattle, Washington 98124

Wright-Patterson AFB, Ohio 45433

AFFDL (FDT)
Wright-Patterson AFB, Chio L5433

Hg RTID
Attn: Lt. Col. Hollyfield
Boling AFB, Washington, D. C. 20332

ASD (ASEP)
Wright-Patterson AFB, Ohio L5433
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Aerojet-General Corporation
Attn: Tech Library
Downey, California 90241

Aerojet-General Corporation
Attn: Tech Library

P.0O. Box 296

Azusa, Californis 91703

Aero jet-General Corporation
Attn: Tech Library

P.0. Box 1947

Sacramento, Californias 95809

Aeronautical Standards Group
Attn: M. J. Crane/Rm. 317
8719 Colesville Road

Silver Spring, Maryland

Aeronautical Structures Lab (8-3)
Attn: M. 3. Rosenfeld

Naval Air Engineering Center
Philadelphia, Pennsylvania

Aerospace Corporation

Attn: Library Tech Info. Group
P.0. Box 95085

Los Angeles, California 90045

Aerospace Corporation

Attn: Library

2400 E. El Segundo Blvd,

El Segundo, California 90245

Aerospace Industries Assoc.
Attn: J. P. Reese

1725 DeSales St., N.W.
Washington, D.C. 20036

Alr University Library

Attn: 7575
Maxwell AFB, Alabama 36112

Alcoa Research Labs.

P.0. Box 772

Attn: G, W. Stickley

New Kensington, Pa. 15068

lerospace Industries Corp,
lech Service Secretary
660 Beverly Blvd.

)3 Angeles, California 90036

Allied Research Assoc., Inec.
Attn: H. Becker

Virginia Road

Concord, Mass.

Aluminum Co. of America
Attn: Tech Library

P.0, Box T72

New Kensington, Pa. 15068

America Machine & Foundry
Attn: Library

1025 N. Royal Street
Alexandria, Va. 22314

Armco Steel Corporation
Attn: Library
Research Labs.
Middletown, Ohic 45042

Arthus D. Little, Inec.
Att: Library
15 Acorn Park
Cambridge, Mass 02140

Avco Corporation

Attn: Tech Library
550 S. Main St.
Stratford, Conn., 06497

Aveo Corporation

Attn: Research Library
Research & Adv. Dev, Div.
201 Lowell Street
Wilmington, Mass. 01887

Aviation Material Command
Attn: AMXAV/C. W. Wright
P.0. Box 209, Main Office
St. Louis, Mo.

Army Materials Research Agency

Attn: Morman L. Reid
Wetertown, Mass. 02172




Battelle Memorial Institute
Attn: IMIC (2 cys)

505 King Avenue

Columbus, Chio 43201

Bell Aircraft Corporation
Attn: Tech Library

P.O. Box 1

Buffalo, New York 14205

Bendix Aerospece Div,
Attn: Library

717 Bendix Drive

South Bend, Indiana 46620

Boeing Company

Aercspace Division

Attn: Library 13-84

P.0. Box 3707

Seattle, Washington 98124

Boeinz Company

Attn: O, Ritchie

P.0O, Box 3707

Seattle, Washington 98124

Brush Beryllium Corp.
Atin: Bryce King
17876 3t. Clair Avenue
Cleveland, Ohic 44110

Chance Vought Aeronautics
Attn: Library

P.0.Box 6267

Dallas, Texas 75222

Chrysler Corp/Missile Div,
Attn: Technical Info. Ctr
P.0. Box 2628

Detroit, Michigan 48231

Curtiss-Wright Corporation
Wright Division
Attn: Library
Woodridge, New Jersey OTOTS
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Curtiss-Wright Corporation
Curtiss Division

Attn: Engineering Library
Caldwell, New Jersey 07006

Curtiss-Wright Corporation
Attn: Library
Quehanns, Pa.

Defense Documentetion Ctr
Cameron Station (20 cys)
Alexandria, Va. 22314

Dept. of the Navy
Buresu of Weapons
Attn: Mr. Goodwln
Washington, D.C. 20025

McDonnell-Douglas Acft Co.
Attn: Library

3855 Lakewood Blvd.,

Long Beach, Calif S0801

McDonnell-Douglas Aeft Co.
Data & Services Section
3000 Ocean Park Blvd.
Santa Monica, Calif. 90405

MeDornell-Douglas Acft Co.
Attn: G. E. Bockrath
Dept. A2.260

Santa Monica, Calif. 90L06&

Dow Chemical Company

Attn: A, A. Moore

Metal Products Dept/Hopkins Bldg.
Midland, Michigan 48640

Federal Avimstion Agency
Attn: Library Sec. (M3-112)
Washington, D.C. 20360

The Garret Corporation

Ajresearch Manufacturing Co., Div.,
Attn: Tech Library

9851-9951 Sepulveda Blvd.

Los Angeles, Californis 90009
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General Dynamics/Fort Worth
Attn: Library

P.0. Box T48

Fort Worth, Texas 76101

General Dynamics/Gen. Atomics
Attn: J. F. Watson

P.0. Box 608

San Diego, Calif. 92112

General Dynamics/Pomona
Attn: Structures & Matl's Seec.
Pomona, California 91766

General Dynamics/Convair

Attn: Library & Info Services
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