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FOREWORD -
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"Design Information Development". This work was performed under the direction
of Lt. Harold Lachmann and Sidney O. Davis, Project Engineers, Air Force
Materials Laboratory, Research and Technology Division.

This report covers work that was conducted between 27 June 1966 and 31 May
1967.

Manuscript released by authors, 31 May 1967.

Work was conducted under the direction of Mr. H. B. Sipple, Department
Msnager, Materials Engineering. Mr. R. M. Brockett was Engineering Project
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x ABSTRACT

&

5 Mechanical property data for Ti-6A1-4V, Ti-8Al-1Mo-1V and Ti-6ALl-6V-2Sn extruded

;3 shapes in annealed tempers were obtained at test temperatures from -ilO°F to

- +800°F to provide a base for development of design information for these

-3 materials. Data obtained included ultimate tensile strength, tensile yield

] strength, compressive yield strength, shear, bearing, impact properties, creep,

L sl

stress-rupture, fatigue, and fracture toughness characteristics.

Separate heats of material in each of the three alloys were obtained from

i ié separate suppliers. Two section sizes were obtained from one of the suppliers
f? to provide information on size effects. Tests conducted provided data insofar
:3 as precticable within the scope of this program on property variations and on
gé scatter.
5
,2 Results of testing indicate that with consideru:ion of effect of temperatures

used in extrusicn processing, extrusions may be utilized in the same manner
E as titanium materials produced by other methods such as rolling or forging.
ki A Data obtained generally indicate that extruded material may be expected to
g have not oniy the cost advantages which result from economy of shape design,
B but will possess advantages in delayed fracture characteristics and creep

E o characteristics when compared with conventional alpha-beta processing of 1
E -~ rolled or forged material.
(Distribution of this abstract is unlimited).

4

3

F RN SR AN IS O

144

ny
‘:‘i'f

,,
1]

b

ol

LY .
™

,( 4
P,
i

o

f

i

S

4
7,

.;i:»‘i’%

&




- o aa e . ae Cmm o e = sk -~ —nwme . — N U P Bt s e G i, i T,

TABLE OF CONTENTS

Section Page
FOREWORD i1
AESTRACT 144
NOMENCIATURE xv
I SUMMARY 1
£l Background 1
. Materials 1
& Test Objectives 1
o Test Results 3

. B ‘
- B 1I MATERIAL 13
7.' Background 13
E Materials Producers 13
K 3 Eeat Treatments 13
» Processing Data 14
Metallographic Control 17

E
o] - II1 MATERTALS PROPERTY TEST PROCEDURES 21
B Tensile Tests 21
- Compression Tests 2l
N Tension and Compression Modulus of Elasticity 1
Shear Tests : 231
= Bearing Tests 24
on Temperature Effect Test Procedures 2k
Creep and Stress Rupture Tests oh
- Charpy Impact Tests 26
- Plane-Strain Fracture Toughness 26
N -] Delayed Failure Tests 30
i S-N Fatigue Tests 30
v DISCUSSION OF RESULTS 33
3 = Basis for Evaluations 33
X Uniformity of Properties 33
= Relationship Between Vendois Lo
= Modulus of Elasticity Lo
it Temperature Effects on Tensile and Compressive

Properties 40




[ [ "

#
J
TABLE OF CCNTENTS (Continued) ’
Section Page
Bearing loy
Shear L
Creep and Stress Rupture i
3 Impact Properties 5T
3 Fracture Toughness sud Delayed Failure 59
: Fatlgue 59
v PRELIMINARY DESIGN INFORMATION 67
2 Ti-6Al-UV Tentative Design Properties 67
3 Ti-8A1-1 Mo-1V Tentative Design Properties 67
3 Ti-6A1-6V-25n Tentative Desigr Properties 84
:( . VI CONCLUSIONS AND RECOMMENDATZIONS 12
. AFPENDIX - TABULATION OF TEST RESULTS a7 4
\ ¢
~ -




« 2
i
LIST OF FIGURES
Figure Page
1 Cross Section, Thin Extrusion 2
] 2 Cross Section, Thick Extrusion
3 Comparison of Typical Fracture Toughness and Delayed
2 Failure Characteristics of Ti-6A1-UV, Ti-8al-1Mo-1V and
Ti -6A1-6V-28n Extrusions, and Typical Forgings and Bar Y
I Comparative Creep Characteristics of Extrusions and
g Other Product Forms 5 .
' 5 Comparison of Typical Ultimate Tensile Strengths of
: Ti-6A1-4V, Ti-8A1-1Mo-1V and Ti-6A1-6V-2Sn Extrusions at
3 Various Temperatures 6
iz 6 Comparison of Typical Tensile Yield Strengths of
- Ti-6A1-4V, Ti-8A1-1Mo-1V end Ti-6A1-5V-2Sn Extrusions
& Y at Various Temperatures T
3 7 Comparison of Typical Compressive Yield Strengths of
3 ' Ti-6A1-4V, Ti-6A1-1Mo-1V ~nd Ti-€Al-6V-2Sn Extrusions g
j - at Various Temperatures 8 5
r{ . 8 Comparative Short Time, Rapid Heat and I.oad Creep r
-3 Characteristics at 800°F Yield Strength 9 -
r ', 9 Comparative,Short Time Rapid Heat and Load Creep .
3 Characteristics at 800°F 10 X
10 Comparative Maximum Stresse. for 105 , and Zl.O7 cycles t
for Ti-6Al-bV, Ti-8A1-1Mo-1V and Ti-6Al-6V-2Sn
Extrusions 12
n Macrostructure and Microstructure of Ti-GAl-LV
Extrusion 18 E
12 Macrostructure and Microstructure of Ti-8Al-1Mo-1V ]
" Extrusion 19 i
13 Macrostructure and Microstructure of Ti-tAl-6V-2Sn ]
Extrusion 20 3
1k Round Tensile Specimen 22
¥ 15 Flat Tensile Specimen 02
16 Compression Specimen ' e
[
. 17 Shear Specimen a3
vii




g

ATk

, &ﬁkﬁm&&%ﬁ 5 ‘,'q. 3

1)

-

Figure
18
19
20
21
22
23
ok
25
26

27

28

29
30

31

33

3l

35

LIST OF FIGURES (Continued)

Bearing Specimen

Creep and Stress Rupture Specimen

Charpy Specimen, Thick Extrusion

Charpy Specimen, Thin Extrusion

Fatigue Cracked Bend Specimen, Thick Extrusion
Fatigue Cracked Bend Specimen, Thin Extrusion
Smooth Fatigue Specimen

Notched Fatigue Specimnen

Comparison of Variation in TUS and TYS with Location
in Cross Section, in Length, and Between Vendors,
Sections and Heats Ti-GA1-U4V Extrusions

Compaerison of Variation in TUS and TYS with Location
in Cross Section, in Length, and Between Vendors,
Sections and Heats Ti-841-1Mo-1V Extrusions

Comparison of Variation in TUS and TYS with Location
in Cross Section, in Length, and Between Vendors,
Sections, and Heats, Ti-6Al-6V-2Sn Extrusions

Typical Distribution of Test Results Annealed
Ti-6A1-4V Extrusions

Typical Distribution of Test Results Annealed
Ti-6A1-6V-28n Extrusions

Typical Distribution of Test Results Annealed
Ti-8A1-1Mo-1V Extrusions

Comparison of Effect of Temperature On Ultimate
Tensile Strength of Annealed Ti-6A1-4V Extrusion
and Ti-6A1-4V Sheet and Bar

Comparison of Effect of Temperature on the Tensile
Yield Strength of Annealed Ti-bAl-4V Extrusion
and Ti-6A1-4V Sheet and Bar

Comparison of Effect of Temperature on the
Compressive Yield Strength of Annealed Ti-6A1-4V
Extrusion and Ti-6Al-4V Sheet and Bar

Comparison of Effect of Temperature on the Ultimate
Tensile Strength of Annealed Ti-8Al-1Mo-lV Extrusion
and Ti-B8A1-1Mo-1V Sheet

viii

Page
25
25
27
eT
28
29
51
31

L3
42

b3

L7

Ls

49




. . v oo S A
BB e e ¢
. | . ' Y T e -, 2, .‘\‘ sl

®

Figure
36

37

39

Lo
la
k2
b3

b5

w7
b8
i
50
51
52

55

LIST OF FIGURES (Continued)

Comparison of Effect of Temperature on the Tensile
Yield Strength of Aanealed Ti-8Al-1Mo-1V Extrusion
and Ti-8A1-1Mo-1V Sheet

Comparison of Effect of Temperature on the
Compressive Yield Strength of Annealeu Ti-~-8Al-1Mo-1vV
Extrusion and Ti-8A1-1Mo-1V Sheet

Comparison of Effect of Temperature on the Ultimate
Tensile Strength of Annealed Ti-6A1-6V-2Sn Extrusion
end Ti-6A1-6V 2Sa Forgings

Comparison of Effect of Temperature on the Tensile
Yield Strength of Annealed Ti-6A1-6V-2Sn Extrusion
and Ti-6bAl1-6V-2Sn Forgings

Charpy Impact Properties of Ti-6A1-LV Extrusions
Charpy Impact Properties of Ti-8Al-1Mo-1lV Extrusions
Charpy Impact Properties of Ti-6Al-6V-28n Extrusions
Delayed Failure Characteristics »f Ti-6A1-4V Extrusions

Delayed Failure Characteristics of Ti-B8Al-1Mc-1V
Fxtrusions

Delayed Failure Characteristics of Ti-6A1-6V-25n
Extrusions

Effect of Temperature on the Ultimate Tensile Strength
(Fy,) of Annealed Ti-6A1-4V Extrusions

Effect of Temperature on the Tensile Yield Strength
(Fty) of Annealed Ti-6A1l-UV Extrusions

Effect of Temperature on the Compressive Yield Strength
(Fcy) of Annealed Ti-6A1-4V Extrusions

Effect of Temperature on the Ultimate Shear Strength
(Fsu) of Ti-6A1-4V Extrusions

Effect of Temperature on the Ultimate Bearing Strength

(Fbru) of Ti-6A1-4V Extrus.or.

Effect of Temperature on ihe Learing Yield Strength

(Fbry) of Ti-A1-4V Extr. .os

Typical Tensile Stress-Strain Curve for Ti-6A1-4V
Extrusion at Room Temperature

Typical Compression Stress-Strain Curve for Ti-641-4V
Extrusion at Room Temperature

Page

51

52

53

54
60
61
62
63

6k
65
69

T0

T2
3
T4
(¥

76




67

68

69

(Y

71

LIST OF FIGURES (Continnued)

Typical S/N Fatigue Curve for Kp = 1.0, Ti-6A1l-LV
Extrusions at Rnrin Temperature

Typical S/N Fatigué Curves for = 2,76
(A= o, A=0.98, A=0.4), Ti-6A1-4V Extrusions
at. Room Temperature

Typical S/N Fatigue Curves for K, = 2.76 (A = =,
A= 0.98, A = 0.4), Ti-6A1-LV Extrusions at LOOF .

Typical S/N Fatigue Curves for Kp = 2.76 (A = =,
A =0.98, A = 0.4), Ti-6A1-4V Extrusions at 600F

Constant-life Fatigue Diagram for Notched Ti-6Al1-LV
Annealed Extrusions at Room Temperature

Constant-life Fatigue Diagram for Notched Ti-6Al-LV
Arnealed Extrusions at LOOF and 600F

Effect of Temperature on the Ultimate Tensile Strength
(Fty) of Annealed Ti-8A1-1Mo-1V Extrusions

Effect of Temperature on the Tensile Yield Strength
(Fty) of Annealed Ti-8A1-1Mo-1V Extrusions

Effect of Temperature on the Compressive Yield Strength
(Fcy) of Annealed Ti-8Al-1Mo-1V Extrusions

Effect of Temperature on the Ultimate Shear Strength
(Fvu) of Ti-8Al-1Mo-1lV Extrusions

Effect of Temperature on the Ultimate Bearing Strength
(Fppy) of Ti-8A1-1Mo-1V Extrusions

Effect of Temperature on the Bearing Yield Strength

(Fb ) of Ti-8A1-1Mo-1V Extrusions
rv :

Typical Tensile Stress~Strain Curve for Ti-8Al1-1Mo-1V
Extrusions at Room Temperature

Typical Compression Stress-Strain Curve for Ti-8Al1-1Mo-~1lV

Fxtrusion at Room Temperature

Typical S/N Fatlgue Curve for Ky = 1.0, Ti-8A1-1Mo-1V
Extrusions at Room Temperature

Typical S/N Fatigue Curves for Kp = 2.76 (A = =,
A=0.98, A = 0.,4) T1-8A1-1Mo~1V Extrusions at Room
Tempereture

Typical S/N Fatlgue Curves for Kp = 2.76 (A = =,
A =0.98, A =0.4) Ti-8A1-1Mo-1V Extrusfons at UYOOF

Typical S/N Fatigue Curves for K, = 2,76 (A = =,
A =0.98, A = 0.b) Ti-8A1-1Mo-1V Extrusions at 6OOF

b 4

Page

(4

78
79
80
81
82
85
86
87
88
89
90
91
92

93

94

95

96



w

O
S .

-
I
4

Figure
T2

73

T

75

76

(i
78

19

81
82

83

84
85
86

87

LIST OF FIGURES (Continued)

Constant-Life Fatigue Diagram for Notched
Ti-8Al~1Mo~1V Annealed Extrusions at Room
Temperature

Constant-Life Fatigue Diagram for Notched
Ti-8A1~1Mo-1V Annealed Extrusions at 4OOF and 600F

Effect of Temperature cf Temperature on the
Ultimate Tensile Strength (Ftu) of Annealed
Ti-6A1~6V-2Sn Extrusions

Effect of Temperature on the Tensile Yield
Strength (Fty) of Annealed Ti-6A1-6V-2Sn
Extrusions

Effect of Temperature on the Compressive
Yield Strength (Fcy) of Annealed Ti-6A1-5V-2Sn
Extrusions

Effect of Temperature on the Ultimate Shear
Strength (Fg,) of Ti-6A1-6V-28n Extrusions

Effect of Temperature on the Uitimate Bearing
Strength (Fpy,) of Ti-6A1-6V-2Sn Extrusions

Effect of Temperature on the Bearing Yield
Strength (Fbry) of Ti-6A1-6V-2Sn Extrusions

Typical Tensile Stress~Strain Curve for
Ti-6A1-6Y-2Sn Extrusion at Room Temperature

Typical Compression Stress-Strain Curve for
Ti~-6A1-6V-25n Extrusion at Room Temperauure

Typical S/N Fatigue Curve for = 1.0,
Ti-6A1-6V-2Sn Extrusions at Room Temperature

Typical S/N Fatigue Curves for Kp = 2,76, (A = =,
A =0.98, A =0,4) Ti-6A1-6V~2Sn Extrusions at
Room Temperature

Typical S/N Fatigue Curves for Kp = 2,76, (A = =,
A =0.98, A = 0.4) Ti-6A1-6V-2Sn Extrusions at LOOF

Typical S/N Fatigue Curves for Kp = 2,76, (A = »,
A =0,98, A = 0.4) Ti-6A1-6V-2En Extrusions at 6OOF

Constant-Life Fatigue Diagram for Notched Ti-6A1-6V-2Sn

Anneeled Extxusions at Room Temperature

Constant-Life Fatigue Diagram for Notched Ti-6A1-6V~2Sn

Anneaied Extrusions st U4GOF and 600F

Page

98

99

100

101

102

103

10k

105

106

107

108

109

110

112

113




Figure

38

89

LIST OF FIGURES (Continued)

Tyvical Cross Secticn Locations, Longitudinal
Spe.~imens

Typicai T=n-= Lection Locations Trensverse
Specimens

Specimen Locations, Pieces I and III (Part of)
Specimen Locations, Piece I (cont)

Specinen Locations, Piece III (cont)

Specimen Locations Pieces II and IV

Specimen Locations, Piece V, Thick Extrusions

2

x11

Page

119

120
121
123
125
127
129



o e b KA B Ao gt SR Ay e RIS <04 s T Gyl

e IO TR
CEEE 1“*’*25 4%

L xvIIz

i v z <k
LIST OF TABLES
Page 3
I Chemical Composition of Test Extrusions 15
II Extrusion Processing History 16 N
III Ti-6A1-4V Extrusions, Variation in Properties with Cross -
Section Location, Position in Length, and Piece 34 s
Iv 74-841-1Mo-1V Extrusions, Variation in Properties with | 28
Cross Section Location, Position in Length, and Piece 35 i
v Ti-6A1-6V-25n Extrusions, Variation in Properties with -
Cross Section Location, Positica in Length, and Piece 36
VI Effect of Temperature on Ultimate Tensile Strength of
Titanium Alloy Extrusions 45
VII Effect of Temperature on the Tensile Yield Strength of
Titanium Alloy Extrusions L5
VIII Effect of Temperature on the Compressive Yield Strength
of Titanium Alloy Extrusions : L 46
X Ultimate Bearing Strengths of Titanium Alloy Extrusions 55 %
X Bearing Yield Strengths of Titanium Alloy Extrusions 56 &
X1 Shear Strength of Titanium Alloy Extrusions 57 g
XII Comparison of Creep Strain Under Varying Loading 58 ;‘
Conditions ,5
o
X111 Fracture Toughness and Delayed Failure Characteristics &
of Titanium Alloy Extrusions 66 =
XIv Tentative Design Mechanical and Physical Properties of
T1-6A1-4V Titanium Alloy (Extrusicns) 68
xv Tentative Design Mechanical and Physical Properties 5
of Ti-8A1-1Mo-1V Titanium Alloy (Extrusions) 83
&
XvV1 Tentative Design Mechanicsl and Physical Properties of =
T1-6A1-6V-28n Titanium Alloy (Extrusions) 99 [e
XVII Tensile Test Summary 131 j
Compression Test Summary 142 E2




Table

XXIX

XX

X1

XII

XXIII

XXIV

XXvI
XXVII
XXVIII

XXIX

LIST OF TABLES (Continued)

Tensile Modulus Summary

Bearing Test Summary

Shear Test Summary

Charpy Impact Test Summary

Fracture Toughness Test Summary
Delayed Failure Test Summary

Creep Test Summary

Rapid Heat and Load Creep Test Summary
Fatigue Test Summary, KT = 1.0

Fatigue Test Summary K., = 2.765, Room Temperature

T
Fatigue Test Sumary K, = 2.76, Loo°F

Fatigue Test Summary K, = 2.76, 600°F

xiv

Page
150

151
157
162
165
167
169
177
183
187
190
194



TYS

CYS

tu
Fty
F

cy

bru

bry

W

Kte
K1y

o)

ksi

la }

mean

awz

NOMENCIATURE

Tensile Ultimate Strength, observed value

Tensile Yield Strength, observed value

Compressive Ylield Strength, observed value

Ultimate Tensile Strength, room temperature minimum value
Tenslle Yield Strength, room temperature minimum value
Compressive Yield Strength, room temperature minimum value
Bearing Ultimate Strength, room temperature minimum value

Bearing Yield Strength, room temperature minimum value

Shear Ultimate Strength, room temperature minimum value

Plane Strain Critical Stress Intensity Factor (Fracture
Toughness )

Sustained load envirommental stress intensi£§ limit
(Delayed Failvre)

Ratio of Alternating Stress (Fatigue Tests) to Mean Stress
Theoretical Stress Concentration Factor

Longitudinal

Transverse

Kips (1000 pounds) per square inch

Highest Value of Gross Area Stress

Mean Gross Area Stress

Number of Cycles

Ratio of Minimum to Maximum Stress

Room Temperature



AN ]

-

P ~‘m&}?ﬂ% RS P
'!

;ﬁgcopertiel, and fatigue characteristics.

Section I

SUMMARY

BACKGROUND

Major increases have occurred in the use of titanium alloy extruded shapes for
aerospace applications. These applications include sub-sonic systems operating
in conventional environments where advantage is taken of titanium's favorable
strength to density relationship and supersonic vehicles where the elevated
temperature strength of titanium is exploited.

Today's typical titanium extrusion is produced using billet temperatures such
that finai working occurs in the beta field witi the result that the metallur-
gical structure differs from that of products such as sheet and plate, bar, or
forgings where final processing occurs in the alpha-beta field. The gross
titanium extrusion produced, while producing radical savings in material because
of closer shape approximation, requires overall machining since tolerances and
surface conditions are not suitable for direct application, and since an alpha
case on the extrusion must be removed to provide a satisfactory metallurgical
surface.

Since the bulk of the present published data on properties of titanium alloys
has been determined using rolled sheet and bar material or using forged mate-
rial with final hot working occurring below the beta transus, this program has
been established to provide a base of data from which values necessar for
reliasble design can be established when analyzed in conjunction with data
from other sources.

MATERIALS

Annealed material in each of three alloys, Ti-6A1-4V, Ti-8A1-1Mo-1V and
Ti-6A1-6V-2Sn was obtained from two vendors for analysis. The thin tee section,
Figure 1, was supplied by both vendors to provide data on effect of heat and
source on test results. A heavier section, Figure 2, was also obtained ii:each
alloy from one of the vendors in order to probe size effect on annealed extru-~
aions, and in order to expand the data base.

1EST OBJECTIVES

Mechanical property tests were conducted with the Ti-&l-hv, Ti-BAl-1Mo-1V, and
T{-6A1-6V-25n extrusions at temperatures ranging from -110°F to 800°F. Tests
included tensile and compressive property determinations, shear and beering,
creep and stress rupture, fracture and delayed failure properties, impact
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TEST PESULTS ;
S Girientation of testing and analysis of deta has been directed in ruch manner

as to define relative advaatages and limitations of extruvded materials in
compsrison to competitive alternates. Presentstion bas been directed tovard
development of MIL-HDBK-5 date when supplepsnted by date from cother sources.

Pocm temperature tensile and compressive properties were anaiyzed to establish
that procerties are uniform within a piece, including crocs-section location
and position in length. Variaticns between vendors could not be evaluated

on 3 meaningful basis within scope of this program, but can be determined from
vendor tezt statistics. Present specification values accepted by preducers
are consistent with those offered for otbher product forms with the excention
of elongation and reduction of ar=za.

The effect of temperacure on properties appreared to reflect a consistent
relationship between vendors and heats.

The extruded product, with its beta worked structure appears to offer advan- -
tages in resistance to delayed failure (Figure 3), and in resistance tc creep
(Figure 4).

Properties of the ailoys followed normal patterns, alloy Ti-6A1-6V-28n showing
highest strengths, while Ti-BAl-1Mo-1lV pcssessed best toughness and the highest .
tensile modulus. Comparative typical ultimate tensile ctrengths, tensile ¢ =
yield strengths and compressive yield strengths are shown in Figures 5, 6; and
7. Ti-6A3-6V-2Sn showed lower resistance to creep at elevated temperatures

3 than the other alloys. Comparative resistance to creep of the three materials
nunder rapid heat-rapid load test conditions is shown in Figures & and 9.
' Ti-bA1-6V~2Sn provides the highest level of strength at any of the temperatures

investigated. As an annealed product, it furnishes sirength levels comparable

t0 an intermediate level of Ti-GAl-4V heat treated and aged. Ductility and
toughness are generally considered to be inferior to the other two alloys,

Ti 6A1-UV and Ti-8Al-1Mo-1V. At elevated temperatures Ti-6A1-6V.2Su appearc more
sensitive to creep than the other twc materials tat ncne appear to be creep
limited at anticipated operating temperatures. I[iffect of elovated temperature
on this alloy seems less severe than effect on the other two alioys.

Ti-8A1-1Mo-1V possesses favorable modulus and favorable density values. Tough-
ness of this alloy appears excellent. Delayed failure characteristics of
Ti-8A1-1Mo-1V appear unfavorable however, as shown in Figure 3, and have
limited consideration of Ti-8A1-1Mo-1V for applications in general airframe use.
The elevated temperature properties, particulerly resistance to creep in hot £
areas, indicate possible specialized usages particularly suitable to =
Ti-841-1Mo-1V. 4
&)

Ti-6A1-4Y provides a good combinstion of strength, toughness not offeced by
Ti-6A1-6V-28n and envircnmental resistance. These qualities, coupled with pro- 2
duction relisbility and low cost tend to make thi; the present preferred alloy s
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choice except for instances where requirements dictate exploiting the special
peculiarities of the other alloys.

Within overall data compilations, the fatigue characteristics of the three
alloys appear comparable. Figure 10 compares typical fatigue characteristics
at various lives.



et
Mm‘&f & m
Vﬂ 3 SCBEaE L IALREERaC . m MM
e e it SN S S S S S S 33
| ISR aAEEEnEEEEENE wmmm
Lo ; Py
v B S S LIS NCCERTRRN > 2
PRI e DL DL DL LD DD DT T T T Py 3
. T
g
g
<
7

LA N N A N N N N N NN R
SEEEESEEEaEm

10’ CYCLES

R=-10

Comparative Maximum Stresses for 105 and 107

-6A1-4V, Ti-8A1-1Mo
Typical Values, Room Temperature, K, = 2,76
12

T
(5 S 0 0 8 O Y O O I

Ti

EBENE Ti-6Al-4Y

MNMURRN Ti-8Al-IMo=IV

TOURSEDNER Ti-6Al-4V-25n
10° CYCLES

Figure 10,

o

- A - -
~

3 = =]
(1s%) vauv 1aN - XYWy

70
60
104

v T FERUTAAY H Ry g frany " T
R I S Nt L I L D NP o et AR e SN = T XA S Py AT pry A TR
SN PR I TR VA LR 0, T T S wwvd A e BN faas L ,v#w._\,.ﬁ., S G ..wmauv“m:{r&wﬁw@m&g%ﬁ@




Section 11

MATERIAL

BACKGROUND '

Billet temperatures used in the extrusion of titanium alloy shapes are

o Jpicelly above the beta transus of the material - at temperatures which

0 result in a metallurgical structure which differs markedly from that of other
product forms such as sheet and plat . rod and bar, and forgings which normally
- have a final work in the alpha-beta _.eld. Reduction ratios used in extrusion
2 are higher then those used in other product types, and cooling in air occurs

«f“" quite rapidly. Because of these, and other basic differences in the manufac-
ri.;;‘ : turing processes, it has been necessary to establish material properties

"“_ specifically for titanium extrusions.

MATERIALS PRODUCERS

Material for testing ia this program was extruded by Harvey Aluminum, Torrauce,
California, and by the H.M. Huorper Company, Morton Grove, Illinois. Harvey
supplied both the thin extrusion, Figure 1, and the thick extrusion, Figure 2.
Harper supplied mater al ir the thin configuration only. Processing procedures
used by the two producers were gimilar, except Harper utilized hot stretching
as a standard straightening procedure, while Harvey utilized other straight-
ening techniquea.

HEAT TREATMENTS

Heat treatments used in these evaluations were selected to be generally appli-
cable and accepisble in sernapace design, offering high levels of fracture
toughness and resisvauce to delayed failure in salt water.

>

kg > b NCAA K I a0 -~
LI i % £ s e oyt SR g
. 2% 7 53 F gonpis RV e TN
sy 4, L o X N &y oo

Since the present program was designed to test one heat treatment type only in
each of the three alloys, auncaled tempers were gselected as being most represei-
tative for presernt use.

! 4
I
e

Annealing temperatures selected correspond with the standard temperatures shown
for the alloys in MII-H-8120C, and in other standard industry documents. The
soaking time at temperature was eatablished with consideration of the section
thicknesses involved. Air cooling from the annealing temperiture to room
temperature was used, since normally toughness characteristics with this
processing are superior to those obtained with slow furnace cooling through

part of the temperature range. For example, an extruded shape in Ti-6Al-LV tested
in another program showed delayed frazture property (Kn) of 46 ksi for air

cooled material and 31 ksi for material from the same sxtrusion annealed and
furnace cooled to 1000°F. Straightening after annealing was restricted to

13
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aveid any residual Bauschinger effect. Time and temperature relationships are
such that values obtained coordinate closely with existing producer data. Heat
treatment schedules are shown below,

HEAT TREATMENT SCHEDULE

&

Alloy Te'ff;‘s'%‘)‘““ Time Cooling

;e Ti-681-4v 13C0°F 40-60 Min. Air cool to room temp.

> Ti-8A1-1Mo-1V 1450°F 40-€0 Min. Air cool to room temp.

;i I1-6A1-6V-2Sn 1300°F 40-60 Min. Alr cool to room temp.

: = .
&

[

k.

Application of data from this program, and comparisons made with cther dsta
must be predicated on generally comparatle beat treatment schedules,

T
Cr R
.

L A
PN D

PROCESGIRG DATA

N | Matarial from Harvey was cast as a 24-inch dismster ingot by the Conswmebla

5 Electrode Vacuum Melt process by the Special Metais Diviasion of Harvey Aluminum,
The 2i-inch ingot was forged to furnish a lathe turned six~inch billet diam-
eter for the thin extrusion (pieces A, B, F, G, L, M) and a seven-inch diam-
eter for the heavy extrusion (pieces E, K and R).

2

I

Billet used by Harper for the Ti-6-U extrusion (pieces C and D) and the
Ti-6-6~2 extrusion (pieces N and P) was obtained from Reactive Metals Inc.
Material wes cast as a 30-inch diameter ingot by the Consumsbie Electrode
Vacuum Melt process, forged to approximate billet size and lathe-turned to the
6 3/k-inch diameter used. The Ti-8-1-1 billet for pieces H and J were
obtained from Titanium Metals Corporation. A twenty-eight-inch CEVM billet
was forged and suppiied lathe-turned to 6 3/k-inch round.

Chemical compdsition of the material used is shown in Table I.

Extrusions from Harvey Aluminum were produced on a Loewy 3850 ton horizontal
extrusion press. Extrusions from H. M. Harper were produced on & Loewy 1650
ton horizontal extrusion press, modified to provide approximately 1800 tuas of
pressure. Details of processing are shown in Table II.

Straightening by Harvey was performed before the annealing operation. Harper

produced material was straightened by a hot siretch aiter the anneal. Temper-

atures for hot straightening at Harper vere monitored by thermocouples

attached to the length being straightened. To avoid warpasge, parts were .
covled in the stretcher with a low stress level held and automatically moni- A
tored. The two variations outlined represent the two cocmmon practices being
followed in extrusion production. With proper control of straightening tem~.
perature, amount of stretch, and control of relief of strain during cooling

L
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no significant difference appeared in end results when hot straightening after
annes} sras compared with the final operaticn being the anneal cycle.

NETALLOGRAPHIC CONTROL

Two transverse sections were examined for each of the five lengths of extrusion
in each of the three alloys. Specimen location was at the end inch of each
piece.

In general, macrostructures exhibited end grain, with little evidence of grain
flow. Those lines which occurred followed the contour of the section. Grain
size appeared largest at the center or jJunction of the tes, and was finer in
the leg sreas. The thinner leg of the unequal thickuess tee showed amaller
grains than in heavier areas, as would be expected from the degree of work
during extrusion.

Microstructures of the extrusions are considered to be characteristic of those
of titsnium alloys extruded above the beta transus temperature.

Typical photomicrographs and photomscrographs for Ti-6A1-4V are shown in
Figure 11, for Ti-8A1-1Mo-1V in Figure 12 and for ¥1-6A1-6V-28n in Figure 13.
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Microstructure, Junction (200x) Microstructure, Cap Tip (200x) ’

Flgure 11. Typical Mperostructure and Microstructure
of Ti-6A1l-4V Extrusion
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Microstructure, Junction (200x) Microstructure, Cap Tip {200x)

Figure 12, Typical Macrostructure and Microstructure
of Ti-8A1-1Mo-1V Extrusion
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Microstructurs, Cap Tip {200x)

Microstructure, Junction (=00x)

Figure 13. Typical Haurostructare and Microstructure
of Ti-6AL-6V-2Sn Extrusion

22

o st S it




twetion IIX

MATERI:] PROTERTY TEST PROCEDURES

TERSILE TESTS

The spccimens used in the tensile =ests are shown in Figures 14 and 15. The
standard l-inch gage longth flat specimen was used to test the small extrusions;
the standard l-inch gage length round specimen was used to test the lerge
extrugions. The teats were conducted in 5, 50, sand 120 Xiy Beldwin universal
test machineg, in sccordence with the reguirements of FED-STD-151. A strain
rate of 0.005 in/in/min was used through the »roportioral limi: of the material.
Class B extensameters vere uged in conjunction with standard avtographic
resdout equipment to provide partial or full length losd-atrain curves.

COMPRESSION TESTS

The Lockheed standard X<6720.-8 speaimen used in the ccmpression tests iz shown
in Figure 16, The tests were conducted in 5, 50, and 120 Kip Baldwin universal
test machines at a strein rate of 0.003 in/in/min through the proportional
limit of the material. Class B extenscmerers were used in cconjunction with
standard autographic readout eguipment to provide load-strain curves.

TENSION AND COMPRESSIOR MODULUS OF ELASTICIWY

The tension snd compression modulus of eiasticity tests were conducted on the
specimens shown in Figures 15 and 16 1ix a Rssearch Inc. 100 Kip closed loop
ssrvo-hydrsulic naierials testing systew. The presision strain data for modu-
lus determination were obtained unaing Tuckarmen cptical strain gages. Each
specimen wes losdzd in & ainimum of five equsl load increments to & maxizum
stress that was beiow S5O percent nf the noninsl yl2ld strength of the material.
A Tuckeyman gage was sttached to sash side of the specimen, and the strain was
recorded for each gage ai each load incremeat. The strain readings were plot-
ted on graph peper, and & straight line between the points was drawn to pro-
vide a slope value for detsrminstion of the modulus value for each gag~. If
the modulus values for the two gsgee varied less than two percent, the average
of the two valiuea waz reported sas th@ modulus of elasticity for the specimen,
If the two values varied by more than two percent, the specimen was retested
using the same procedure until the resulis obteined varied by less than two

percent,

SHEAR TESTS

The specimen uged in the shesr tests iz shown In Pigure 17. Double shear type
teste were conducted in an 120 Kip Baldwin universal tegt machine using stand-
ard clevie and tongue fixturez. The iosd wes applied at « rate wnich corre..
gpondef to & head deflaction rate of 0.1 incbk/mia; oniy tue uitimete load was
recordsd.
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Misaligoment of some of the specimens in the Iixtures resulted in certain
failures occurring through single shear after ex:ensive bending had taken nlace.
The single shear values were lower than the double shear values for comparaple
specimens and were considercd invalid. Data pevterns establishing other test
points were considered sufficiently significent, iowever, that duplicate test-
ing was not considered to be required.

BEARING TESTS

The bearing tests (e/D = 2) were conducted on the spsoimer chown in Figure 18.
The bearing hole was drilled and reamed to within orz-ihuuticdth of an inch of
the diameter of the hardened steel loading pin. Tho tests wvese conducted in a
120 Kip Baldwin universal test machine at a rate ~orrecpcraliyg »~o a test head
movement rate of 0.008 in/min through the yield point of the material., A
lcad~strain curve was obtained for each specimen by meana cf a llasg B exten-
someter in conjunction with standard autographic readout equipment. ‘he yield
gt epath was calculated by using the load at which the recorded permanent
dolnrmetion, using the offset method, A was equivalent to 2 perceni of the
hold dlameter,

For whe 2/D = 1,5 tests, the bearing specimen was modified so that the edge
distsnec was reduced from 0.750 to 0.562 inch. The test procedure remained the
seme.

‘tEMPERATURE EFFECT TEST PROCEDURES

The teat procedures for the tension, compression, shear, and bearing tests were
essegtially the same for each test temperature between -110° and 800°F. The
~110°F tests were conducted in a gaseous CO, test chamber; the elevated tem-
perature tests were conducted in a circulating air furnace. The specimens
were held at the test temperature for 20 minutes tefore testing. Both the test
chamber and the specimen were monitored by thermocouples, and the test temper-
ature of the specimen was maintained at the specified level + 5°F.

CREEP AND STRESS RUPTURE TESTS

Staadard creep snd stress rupture tests were conducted on the specimen shown in
Figure 19 at 400. 600 and 800°F in accordance with ASTM Specification E-139.
The tasts were conducted in 6 or 12 Kip Satec creep machines. A thermocouple
was ehlacnued to sach end of the specimen gage length and & temperature-time
plot wus rcoorded throughout the test., A LVDY externsometer was used to con-
tinudusly rea.ord a time-suriain plot.

sTter inilial proves, stress rupturs testr were discoatirued if rupture did not
cecur within & time of at leaat 100 hourn. Il zresp tests were discontinued
after 1000 howre, or in swume cages atfser a shoriuwr npariod of time if the aspeci-~
maMs vere noi uvndergoing creep deformati~n.

Because of the apparent resistance of the extruded metaliurg. . ructuwre to

creep deformation, a portior of the testing was re-directed 1 - at repid
heating-rapid loading creep could bLe probed.
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The short time creep tests were conducted at 600°F and 600°F om the remainder

of the specimens under conditions of rapid heating. The testaz were conducted

in accordance with AST™M Specification E-150 using loading conditiom {i). Tests .
wvere conducted in a Research Incorporated 1C0 Kip tect machine aziag ihe self-

resigtance method of hcating. The specimen was heated to the tist {awmperature

4+ 10°F in 60 seconds and held at the nominal test temperature for $0 seconds "
prior to appiication of the load. The temperature was monitored by tvhermo-

couples attached to the ends of the specimern gage length.

o The load waz applied at a uniform rate within 5 + 2 seconds from the time of
] start of loading. Strain measurements were obtained using a Class B extensom-
: 5 eter. Strain wvas recorded from the start of heating of the specimen until the
7 specimen was unluaded.

CHARPY IMPACT TEGTS
;ff The stendard Charpy V-notched specimen shown in Figure 20 was used to test the

3 large extrusions; the modified specimen shown in Figure 21 was used tg test the
” small extrusions. The tests were conducted at -110, 72, 110, and 400°F in
= accordance with Method 221.1 of Federal T2st Method Standard No. 151.

PLANE-STRAIN FRACTURE TOUGHNESS

Edge cracked, four point lowded constant moment bend svacimaus were used for
the fracture toughness tests. The l-inch wide specimen showr in Plgure 22 was
B used to test the large extrusicns; the 1/9-inch wide specimer showtr in Figure 23
Tign was used to test the small erxtrusions. A fauigue erack was generoeted at the

oo base of the machined vee notch by repeated tension-tension loading in four
ey point bending. The ratic of minimum Yo maximua lced was 2.1; the meximum

ﬁ%%

~
!
B

ncminal bending stress level used was less than 50 percent o the teusile yield
atrength of the material. The total crack depta {"vee™ notch pius fatigue
crack) was nominally 20 percent of the specimen width.

el
¥

The pre-cracked specimens werc loaded to failura in the 100 Xip test machine at
e rate equivalent to a strain rate cf 0.065 in/in/min. A nodel PD-1M deflectom-
eter was used to obtain an autographic curve of losd vs. test head mocvement.

Thae "pop-in" load (point of initial crack instability) was obtained frox the
curve, and the crack depth was measured on the specimen fracture surface,

These values were used in the following equation wc obtain the planec-strain
fracture toughness value KIc (tbe critical stress-intensity factor associated
with initiation of unstsble plane-strain frecturing). The units for the Ki
value are ¥Xsi vin. ¢

2 2" L

o ®

W @) - 5.2 (BF + 196 ()

WhEre:
P = load at crack instebility, (Kips)

L = moment arm length (Inchnea) {3 in, for the l-inch wide gpecimen
and 3/2 in.for the 1/2-inch wide specimen)

SRR ~ me LS TR NI 0 1 stpag g ~,.~<—;§ Rt poy: T Copecgiooy
@%if‘&“; R B a7 : Sl n ST e X e st 1*’3\3"“&:@
[l T vs ~ s wre w2 PR ET e L - e - %"#ﬁ“

. _ - ° . . TR LT AN S DN
————




x \.z—“;}gg«:v:mw«dw ST s

~

N g e 2 v % e -
VIR LN W e N R R A T LTy

Tpve

- 1.082 ‘j
]
j

AN

| RADIUS OF MOTCH

] S—

010
PaAN

- 2.165

- o 394

Figure 20. Charpy Specimen, Thicx BExtrusion

s 1.082 ﬂ

! ]
! ! 315
| RADIUS OF NOTCH 394

A0 bob— 4

Figure 21. Charpy Specimen, Thin Extrusion
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B = Specimen thickness (Inuhes)
W = Specimen width (Inches)

& = Crack depth in the center of the specimen thickness (Inches)
(notch plus fatigue crack)

i = Poisson's rutio = 0.3

The -110°F fractuce toughness tests were conducted in & CO., gas chamber. The
specimens were held st the test temperature for 30 minutesabefore testing.

Both the test chamber and the specimen were monitored by thermocouples, and
the test temperature of the specimen was maintained at -110 + 5°F. The area of
the crack was covered with plastic tape to prevent contaminastion by moisture.

DELAYED FAILURE TESTS

The delayed failure tests were conducted on the pre-cracked fracture toughness
specimens previously described. A transparent plastic strip was taped to each
side of the specimen in the area of the crack. A sodium chloride solution

(3 1/2 percent by weight sodium chloride in distilled water) was sdded to the
container prior to loed application so that the entire crack was covered. The
top of the container was left open to the eir; if evaporation occurred the
container was refilled with distilled water. The level of the soluiion wes
kept neerly constant throughout the tests.

The specimens —vere stressed at a rate equivelent to a strain rate of 0.005
in/in/min to s predetermined sustained load level which was fifty percent of
the ultimate load for the fracture toughness specimens from the szame test
group. The 1/2~inch wide speci- ens were tested in a Research Incorporated

100 Kip test machine; the l-incn wide specimens were tested in Lockheed-
designed hydraulic test machives. If a test specimen did not fail during a
specified time at the sustained . ad level, it was loaded to failure. Addi-
tional specimens from the sume t.st group were loaded to higher (or lower) load
levels until a chreshold level st which failure did not occur wes determined.

The sustained load level for each specimen is substituted for “P" in the equs-
tion for "K; " to obtuin the sustained load plane-strain stress intensity value
vhich is designated as K, and vhich also has units of Ksi via.

At lesst one specimen from each test group was held at the threshnld level for
100 hours. It should be pointed out that because of the scatter in the test
results, the threshold level is defined as the highest Kp; level at which a
specimen held, and below which no specimen from the test group failed. There
are ususlly specimens in any test group which do not fail at levels above the
threzhold value, but additional specimens from the seme group will fail at
the sane le¥el. The range of the scatter in the KI i values for titanium alloy
specimens is often as much as 10 Ksi An. units.

S-N FATIGUE TESTS

The smooth (Kt = 1) and center nutched (K| = 2.7) fatigue specimens that were
used are shown in Figures 24 and 25. The tests were conducted in Lockheed
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designed constant amplitude fatigue test machines at stress ratics (i) of o
0.98 and 0.4, The specimens were tested until failure occurred or until 10*

cycles had clapsed.

Elevated temperature fatigue tests were conducted in radiant heat furnaces. The
specimen test temperature was monitored by a thermccouple and was maintained at
the desired level + 5°F. The specimens were held at the desired level for 10
minutes before testing. Tests were conducted at 1800 cycles per minute,
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Seztion IV

DISCUSSION OF RESULTS

BASIS FOR EVALUATION

It is ccrasidersa that this pregram has developed either two or three data points
to be used in conjunction with msterial from other sources to establish
MIL~HDBK~5 values for titenium extrusions (the number of data points depends on
the mixture of tests and material source).

Reliability and uniformity of properties within the individual piece were
egstablished by room temperature testing. Having obtained tris verification,
vendor data can be used with confidence to establish room temperature specifi-
cetions or A an? B design values for longitudinal tengile properties. Tranps-
verse property data and compressive property data are available in depth from
extrusion producers so that statistical values mey be obtained by direct
methods, or by indirect methods with a broad statistical baze.

Effect of temperature on properties, and properties fcr which design velues

are normally obtained by derivation have heern analyzed to determine thet mate-
risel performance was consistent between vendor, leat, and size. These relation-
ships, in tuvrn, were reviewed in relation to published data on other product
forms to establish if the limited information appeared to be part of the same
statistical data population, or if significant differences appeared.

UNIZORMITY Of PROPERTIES

Properties throughout all pieces in =2ach of the three alloyas tested were con-
aidered to be uniform, well within the variations normally expectea frou
extruded material. In the combination of length,test direction, and cross
section location within one piece the indicated variation in Ti-6AL-LV tensile
ultimate strength (TUS) was under 4%, and variation in TYS less than 5%. In
alloys Ti-6A1-6V-28n and Ti-8Al-1Mo-1V, the variation within any one piece was
under 5% in TUS an¢ under 8% in TYS, Variatior in properties between pieces,
with location in croas section grain direction, and length is shown in Tables
III, IV, and V, and in Figures 26, 27, and 28.

No effect of extruvsion direction is apparent from these and other tests.
Secticn location has & random effect, and doea not arpear to follow a pattern
on snrealed material. Processing controls “v avoid possible degradeticn of
vroperties because of work effects would allow design in the transverse direc-
tion %o rarallel design in the iongitudinsl direction. The seme principle
could alac apply in coatrol teats,
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TUS OR TYS (KSi)

Note: Spaciman locations in cross section are shown in Figures 88 and
89. longitudinal locations of specimens for pieces A and C are shown
in Figure 90, for pisce E in Figure 94 (specimers M1 thru M10).

M-

END CENTER END FRONT REAR END CENTER END
PIECE A PIECE E PIECE C

Figure 25. Compaerison of Variation in TUS and TYS with Iocation in Cross

Section in Length &nd Between Vendors, Sections, and Heat
Ti-6A1-4V Extrusions
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TUS OR TYS (KSl)

()
CAP
TRANSVERSE

120

STE

JUNCTION

100

Note: Specimen locations in cross section are shown in Figures 88 and
- 89. longitudinal lccations of specimens for pieces F and H are shown
in Figure 90 for piece K in Figure 94 (specimens M1 thru M10).

END CENTER END END END END CENTER END

PIECE F PIECE K PIECE K
Ftgure 27. Comparison of Variation in TUS and T¥S with Locetlion in Cross
Section, in Length and Between Vendors, Section and Heat
Ti-8A1-1Mu-1V Extrusions .




TUS OR TYS (KS!)
-

1 |

Note: Specimen locations in cross section are shown in Figures 88 and
.89. . Longitudinal locations of specimens for pieces L and N are shown
in Figure 90, for piece R in Figure 94 (specimens M1 thru MiC)

. END CENTER END END END END CENTER END

PIECE L PIECE R PIECE N

Figure 28. Comparison of Variation in TUS and TYS with location in Cross
Section, in Length, and Between Vendors, Sections and Heat
75 -6A1-6V-2Sn Rxtrusions
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RELATIONSHIPS BETWEEN VENDORS

Sufficient dale points do not exist within this program tn establish
relationships between vendors, except as related to a single test point only.
The relation - and property scatter - between vendors should be determined from
vendor accumulated property data. From the limited puints, comments are as »
follows:

Properties of theTi-6A1-4V extrusions supplied by the two vendors were, as
shown in Figure 26, quite clcse. Total spread between values was less than
10%. The percentage rela‘ion on temperature effects and on derived properties
such as shear and bearing appeared consistent. Reletion of test data to &
normal mill property distridbution may be obtained dy comparison with Figure 29.

Ti-6A1-6V-2Sn extrusions appeared to show & slightly greater margin of differ-
ences between vendors, possibly based on production background in the alloy.

] Property relastionships to room temperature properties were consistent. Generel
3 relationships are shovn in Figure 28. Typical distribution of vendor tests

1 for TUS is shown in Figure 30.

Ti-8A1-1Mo-1V shoved greater differences then the other alloys. The discrepancy
3 did not appear at room temperature, but both sub-zero and elevated temperatures
y tests.seemed to indicate a change in temperature effect. Room temperature
relationchips are shown in Figure 27. Figure 31 shows a typical distribution
of TUS test results based on vendor data.

The yield strengths shown for pieces H and J (Ti-8Al-1Mo-1V)and for pieces N
and P (Ti-6A1-6V-28n)are lower than those shown for the alloys in Section V. ,
The values shown as design minimums are at present consistently being achieved £
T by one vendor as shown by Figures 30 and 31, and are presently being used in :
SR design.

E o MODULUS OF ELASTICITY

Precision modulus determination showed typical tensile modulus of elasticity :
& at room temperature values as follows:

3 ; Ti-8A1-1Mo-1V 17.6 x 10° psi :
Ti-6A1-L4V 16.9 x 10° pst
“ Ti-6A1-6V-28n 16.1 x 10° psi [

o Vaiues for the Ti-8Al1-1Mo-1Vagree with MIL-HDBK-5 values for other product
2 forms of this alioy, the other two alloys have indicated modulus values higher
- than those shown for other product forms in MIL-HDBK-5. The relationship

| between alloys is in accordance with the expacted pattern.

R LT AL N P

R TEMPERATURE EFFECTS ON TENSILE Aio COMPRESSIVE PROCERTIES

The effect of temperature on tensile properties of the three alloys is shown in
Figures 5 and €, and effect on compression yield strength in Figure 7. Tem-
¥ perature effect datas has been plotted o show efiact as percent of the room
§? ) temperature property value and is presented in Section V.
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Figure 30. Typical Distribution of Test Results Annealed
Ti-6A1-6V-28n Extrusions (60 Tests)
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wo comparison points at each temperature (one from each vendor) were
ectablished in the longitudinal direction and one date point at each tempera-
ture in the transverse direction. Temperature effect relationships were

d consistent between vendors and grain directions, Tables VI, VII, and VIII
indicate these trends.

E
E
§
[1
|
i |

Sufficient date points have not been established by this program to provide
verification of the depth required for MIL-HDBK-5. The pattern thus far
however is consistent and appears to indicate that the reducticn in properties
i at elevated temperature is in excess of that shown in MIL-HDBK-S for »ther

e

product forms of these alloys. Comparison of temperature effecis are shown in
Figures 32 through 39, inclusive.

In the higher temperatures, effects on Ti-6A1-5V-2Sn appear to be less than on
the other alloys. This follows trends in other Lockheed investigations cover-
ing other heat treat conditions, and follows patterns shown in MIL-HDBK-5 for
other products.

BEARING

Results of tests for ultimate bearing strength and for bearing yield strength
are sumarized in Tables IX and X. The normal pattern of reduced strength at
elevated temperature is followed, with alloys meaintaining normal strength
relationships. Effect of elevated temperature on the 600°F properties of
Ti-6A1-6V-2Sn appears to be less than that of the other alloys - corresponding
to the trends shown in properties such as tensile strength.

Agreement of valuee and of ratios between vendors is considered normal con-
sidering the limited number of data points. Ratios of ultimate bearing strength
: to ultimate strength, and of bearing yield strength to tensile yield strength

: are of the same general order of magnitude as those given in MIL-HDBK-5 for
other product forms. Additionel data points are required to define ratio and
temperature effects more precisely.

SHEAKR

Results of tests to determine ultimate shear strengths are summarized in
Table XI. .

Values obtained agree closely between vendors and between grain directions.
Ratios of bearing strength to ultimate strength closely coincide with pub-

lished values for other product forms, and temperature effect curves follow
patterns established for other products.

Ti-6A1-6V-2Snagain shows less effect on properties from elevated temperature
than that shown by the other alioys.

CREEP AND STRESS RUPTURE

Creep and stress rupture testing was initiated in accordance with the contract
test schedule. Because of the resistant characteristics of the extruded
product form to creep, the program was modified to provide stress rupture data

by
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TABLE VI EFFECT OF TEMPERATURE ON THE ULTIMAYE TEKSILE
STRENGTH OF TITANIUM ALLOY EXTRUSIONS

PR o

s bty et W n

Test Percent of Room Temperature Strength
Alloy Piece es .
Direction -110F RT hOOF 600F 800F
Ti-6A1-4v A L 122 100 73 71 65
c L 121 100 73 70 66
A T 120 190 T T2 66
Ti-841-1Mo-1V F L 121 100 83 7 T1
H L 117 100 79 71 66
F T 119 100 82 76 69
Ti-6A1-6V-2Sn L L 119 100 79 T7 69
N L 118 100 8s 79 Tk
L T 120 100 83 79 T2

TABLE VII EFFECT OF TEMPERATURE ON TENSILE YIELD STRENGTH
OF TITANIUM ALLOY EXTRUSION

Test Percent of Koom Temperature Strength
Alloy Piece | ;irection | -110F | 8T | LoOF | 600F | BOOF
T4 -6A1-L4V A L 128 100 71 61 58
o L 125 100 T2 59 5T
A T 127 100 70 62 5T ]
T4 -8A1-1Mo-1V ¥ L 130 100 T2 65 58
H L 120 100 T2 58 53
F T 126 100 73 65 58
T4 -6A1-6V-28n L L 127 | w00 | 712 69 62
N L 121 100 78 69 66
L T 127 100 76 69 64 L
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TABLE VIII EFFECT OF TEMPERATURE ON THE COMPRESSIVE YIELD
STRENGTH OF TITANIUM ALLOY EXTRUSICNS

0 Percent of Room Temperature Strength J
Alloy Piece est
Direction -110F RT LOOF 600F 800F
Ti-6A1-Lv A L 125 100 67 57 56
c L 123 100 70 59 55
A T 125 100 69 59 56
Ti-8A1-1Mo-1V F L 125 100 72 60 57
H L 12k 100 70 59 54
F T 125 100 71 61 56
Ti-6A1-6V-2Sn L L 127 100 Th 67 62
N L 124 100 T4 68 64
L T 127 100 Th 67 63

only at hOOoF, to provide both limited creep and stress-rupture data at 600°F
and to provide a limited probe at 800°F creep characteristics, In addition, a
probe was made of creep under conditions of rapid heating and loading such as
might occur under over ride conditions. General airframe parameters were
considered rather than such specialized applications as engines where extensive
special creep investigations would be conducted.

400°F CHARACTERISTICS

Tests indicated that creep at 40O should not be considered to be significant
in general airfreme design. In order to produce 0.1 percent strain in 1000
hours, Ti-6A1-4V and Ti-BAl-1Mo-1V specimens were loaded to approximately 95
percent of the ultimate strength at temperature, a level twenty to thirty
percent above yield. The same level of stress produced 0.2 percent combined
creep and strain deformation in Ti-6A1-6V-2Sn.

Stress Rupture at 4OOF is considere’ to be coincideat with the ultimate tensile
Strength, Tests within a nominel 2 ksi of the ultimate tensile strength at
temperature failed on loading or showed no failure at one week exposure. Since
stress rupture characteristics were directed toward use in construction of
fatigue diagrams the streas rupture curve was considered to coincide with the
tensile etrength within test limits.

600°F CHARACTERISTICS

Stress-rupture and nominal ultimete tensile strength at temperature were con-
sidered to be coincident., Ti-6A1-UV and Ti-6A1-6V-2Sn specimens loaded within
2 ksi of ultimate strength &t *~-mperature did not fail in 1000 hours of
exposure. Tests of the Ti-8A5-~1Mo-1V at the same relative load were discon-
tinued at approximately 650 hcurs without failure.

Creep in Ti-8A1-1Mo-1V and in Ti-9A1-4V did not appear significant at the 600°F
yield stress. Tests of Ti-8A1l-1Mo-1V at yield strength indicate less than

L6
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TABLE IX ULTIMATE BEARING STRENGTHS OF
TITANIUM EXTRUSIONS
Description Ultintm ;:mg::itgeftz?stb Percent of
TUS at RT
Alloy Piece | Direction | e/D | ~110F | RT | LOOF | 600F
Ti-6AL-4V A L 2.0 | 330 | 295 | 210 | 201 208
c L 2.0 276 | 228 | 204 189
A T 2.0 301 | 225 212
c T 2.0 296 203
A L 1.5 2kl 172
c L 1.5 kT 169
Ti-8A1-1Mo-1V| F L 2.0 | 323 | 292 | 220 | 192 210
H L 2.0 270 | 225 | 191 200
F T 2.0 291 | 222 211
H T 2.0 323 243
F L 1.5 239 172
H L 1.5 222 164
Ti-6A1-6V-2Sn{ L L 2.0 | 357 | 316 | 255 | 216 201
N L 2.0 297 | 250 | 236 198
L T 2.0 341 | 248 21k
N T 2.0 317 208
L L 1.5 269 iT1
N L 1.5 252 168

A Average of three tests




TABLE X BEARING YIELD STRENGTHS OF TITANIUM EXTRUSIONS A

[}
1
o
9 5
pot S

R A

ey vy

Bearing Yield Strength
” Description at Temperature, Ksi Percent of
: TYS at RT
Alloy P{ece | Direction | e/D | -110F | RT LOOF | 600F
T -6A1-LV A L 2.0 | 296 | 250 | 190 | 172 200
|
c L 2.0 239 | 193 168 18
! A T 2.0 257 | 194 202 ;
c T 2.0 255 196 _
3 A L 1.5 208 166 .
c L 1.5 210 163 F
] 7i-8A1-1Mo-1V| F L 2.0 | 282 | 250 | 185 | 167 192
] H L 2.0 221 | 172 | 152 184
- F ) 2.0
H T 2.0
F L 1.5
i L 1.5
Ti-6A1-6V-2Sn] L L 2.0 | 329
%2 N L 2.0
i o
Yo
;gaé L T 2.0
ﬁfé‘.\
e
_ N T 2.0
L L 1.5
N L 1.5
il
5‘ A Average of three tests
-{?
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TABLE XI SHEAR STRENGTH OF TITANIUM ALLOY EXTRUSIONS A

D ipti Shear Strength at
escription Temperature, ksi Fercent of
TUS at RT
Alloy Piece | Direction | -110F] RT LOOF | 600F
Ti-6A1-4V A L 1006 921 17 7C 65
c L 91 T7 T0 62
A T 92 65
c T 921 T6.3 63
Ti-8A1-1Mo-1V F L 102 91 7 69 65
H L 87 68 6k
F T 87 63
H T 88 75 66
Ti-6A1-6V-2Sn L L 116§ 101 9 81 6h
N L 101 83 67
L T 102 6k
N T 100 88 65
A Average of three tests
({}; Results not tabulated because of abnormal bending

‘0.1 percent creep is 1000 hours. Ti-6A1-4V showed 0.1 percent creer in 1000

hours at stress levels 10 percent above yield. Ti-6Al-6V-2Sn showed more
susceptibility, with approximately 0.2 percent creep indicated after 500 hours
exposure, and approximately O.4 percent in 1000 hours.

At 800°F creep becomes significant in all alloys. As at all other tempera-
tures, Ti-BAl-1Mo-1V showed the highest degree of resistance, while~
Ti-6A1-6V-28n showed most susceptibility.

Creep tests conducted under conditions of rapid heating and rapid loading
result in higher strains than those produced by standard creep exposures,
except for Ti-6A1-6V-2Sn. Results of these tests would indicate the desirabil-~
ity of further testing in this area because of the close relationships between
this type test and occasional extreme exposure, Relationships between creep
under conditions of rapid heat and load compared with creep under standard
conditions are shown in Teble XII,

Creep data are susceptible to scatter because of minor veriations in test
procedure and considerable scatter is shown in the data obtained in this pro-
gran. This does not, within this program, affect interpretation of results.

JMPACT_FRORERTIES

Results of Charpy impact tests indicate generally higher values for transverse
specimens than for longitudinal specimens at all temperatures. This does not
seem reflected in any other properties, but could be due to the notch occur-
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TABLE XII COMPARISON OF CREEP STRAIN
UNDER VARYING LOADING CONDITIONS

Creep Strain in/in

Alloy Temp S%;:i? Rapid Heat And Load Standard Creep
Smin |30 min{ 60 min| 1 hr | 100 hr | 500 Lr
Ti-6A1-L4v 600F} 171 | 0.0012}0.0017| 0.0018
79 | 0.0006 | 0.0022 | 0.0029 | 0.0006 0.0027
85 | 0.0007 | 0.0020 | 0.0030
89 0.0006 { 0.0009 | 0.0010
800F| 58 | 0.0004 |0.0010| 0.0012
65 0.0005 | 0.0007 | 0.0007
75 | 0.000% | 0.0018 | 0.0028 | 0.001L | 0.0183
Ti-8A1-1Mo-1V| 600F| 81 | 0.0004 0.0006 | 0.0004 | 0.0005 | 0.0006
80oF| 58 | 0.0002|0.0008| 0.0010
72 | 0.0003 | 0.0006 | 0.0007 | 0.0003 | 0.0028 | 0.005
85 | 0.0008 | 0.0017 | 0.0020 | 0.0006 | 0.0046 | 0.008
Ti-6A1-6V-2Sn| 600F| 90
0.000L | 0.0006 | 0.0006 | 0.000L | 0.0016 | 0.0024

8oor

1109
112
69
88

0.0009 | 0.0018 | 0.0018
0.0008 | 0,0029 | 0.0048
0.0015 | 0.0067 ! 0.0105

0.0059 | 0.0242 1 0.0428

0.0006

0.002k4
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ring in the junction area. Impact toughness varies inversely with alloy
strength as expected. The tests at minus 110F represent specimens machined
and tested separately from other specimens and, therefore, are considered to
represent a variable in test rather than a reversal of trend in impact pro-
perties. Test results are shown in Figures 40, 41, and 42.

FRACTURE TQUGHNESS AND DELAYED FAILURE

K1, fracture toughness values at -110°F and at room temperature, along with
deiayed failure characteristics are given in Table XIII. Values obtained in
this program agree withir expected scatter with values obtained on similar
material evaluated as part of recent programs at Lockheed, and are less than
scatter observed in heavy products such as forgings. Ti-8A1-1Mo-1V presents
the most favorable fracture toughness characteristics, but appears to have
slightly inferior deleyed failure characteristics. Delayed failure of
Ti-8A1-1Mo-1V extrusions, air-cooled, appear to be superior to past values
obtained using furnace-cooled materials and are above values obtained in the
past on annealed bar worked in the alpha-beta field.

Figures 43, 4k, and 45 depict delayed failure as a function of time.

EATIGUE

Results of the fatigue tests on the three titanium alloys tested are presented
as S/N curves in Section V. Figure numbers of curves are as follows:

Alloy Kop A Temp Fig. No.

Ti-6A1-4V 1.0 0.98 RT sk
2.76 ©,0.98,0.4 RT 55

2.76 ,0.98,0.4 L00CF 56

2.76 ©,0.98.0.4 600°F 57

Ti-8A1-1Mo-1V 1.0 0.98 RT 66
2.76 ©,0.98,0.4 RT 67

2.76 ©,0.98,0.% LOOOF 68

2.76 ©,0.98,0.4 6000F 69

Ti-6A1-6V-2Sn 1.0 0.98 RT 18
2.76 ©,0.98,0.4 RT 79

i 2.76 ,0.98,0.4 LOOOF 80

2.76 ©,0.98,0.4 600°F 81

Fatigue characterigtics of the three alloys were considered to be similar in
the same scatter band. Values were intermediate in relation to those seen in
previous evaluations of extruded products. Values appear to be below those
shown in MIL-HDBK-5, but do not appear to be below typical values seen in
other programs on hcavy sections such as bar, plate, or forgings.

Material ‘rom one vendor tends to show slightly higher fatigaue values than that
of the other. At this time, this is considered to represent random scatter

29
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Figure 42, Charpy Impact Properties of Ti-6A1-6V-2Sn Extrusions




SUOTSMIING Ah-TVy-TL JO $0T3ISTI930®IBYD aInyyed paderag € aang

0000t 0001

B i i A A
[ 4 55 1 RN I

NNV ON

‘ =1
I waig zs 514 23ad O an ! yEdl
T wais 16 - 614 vow YV ” i
T wais vs 64 31303d Q [ il 3 oy
NONLVYDO] : i

1gsamss A

T PO TTTES Yo

i
T
i 1134 tOR
' i 1t
.1
I
. J
ot
i ‘bl
i [RS8
tid
¥

>
44
7

(C"Nifsy) Ly

SO () 500 U 0

[P P

Awm~ @ W - ~

63



00001

SUOTSNIGNG AT-OWT-TVR- 1o JO SOT3STISYOBIBY) AINTIed pakeraq

R

am3rtyg

0001 T
Sandana 1 4 it
- 1T i U
T 1
wais 26 *613 HDag B 4 p i
way3 16 * iy 10 V Hie
wayg pg " Biy X DIk O i T
NOILYIO1 NonddsIa ] 1]
FEN hs !
; 1 HHiT H
“ i
i
M
w ]
1088
T
{
T
L .%:
5y i

PENE P

<

o

€

01

0z

Q
(2]

("N ISY) Ly

o
~

0¢

64




SUOTSNIYXT USZ-AG-TY9-TL JO SOTASTINOBIBY) SINTIRY paksraq

00!

(*NIW) 3wl

* Gq am31Jd

ISERRRENE & & W ORIRH 2 2 AN R sy i e
AHJAH,_ —.qﬂ‘ W .x_: i 851 M N _:, e 1111 ax il -t
H 4 | #¥y it " a
Nv4 ON == Tridii gk i
¥ RGEN 2% b
wayg 74 614 N @o9d O HHHi v i
1 1
ways 14 * 614 1 3031d V _
i 1
wa4g ¥4 " 614 ¥ 303d O MHRRTITER ! : M
4R I
NOILVDOT  NOIdINDsIa T 4 P L
. . .l I i A I
3 i ) | i i N '
H . 1 {
l 4]
: i f i i i i
’ w3 I t \ i
| R
: g i - e
) B # ! i 4 4 i
o ; : i it Hi 1 it * b
iy 1 Rl i) ™ i N " w
T} K - ¥ ( T ‘
H i A 4 e B 1! H
i A 8 411 ! * ol t !
1 i Iy a1 1 *
I 41 g ¥ “
o ! " _
. : :
. H
RN :
L » 4 '
I8 4 ; ~
1 a
T B
: i |
o :
; !
¢ i i
? ; g
i i
- N :
L4+ [ o
“rlﬁ T 2 T T
8 e d ; P
St i T Iy S uh 3
¢ I : PRI W.Lc 4 i1 . i r
AR T SRR AU SN ST I M B 2 .
v 7 iy g o Al preeer e b - ot
o i
. | i I N N R o
e e (mmm s A W e ~ -

Ot

0z

65



i
N . L . e L Sy T o paney
S

TABLE XIII FRACTURE TOUGHNESS AND DELAYED FAILURE
CHARACTERISTICS OF TTITANIUM ALLOY EXTRUSIONS

Grain KIc (ksi vin) K‘Ii (8l \/i_n.) *
Alloy Plece | niiection | -110F | RT | Held | Failed
T4i-6A1-4V A L 68 13 36 4o
c L 63 65 45 48
E L 79 39 k2
7i-8A1-1Mo-1V F L 76 83 3k 35
H L 88 38 34 36
K L 85 34 36
T1-6A1-6V-2Sn L L 46 58 29 34
N L 56 T2 Y] 5T
R L 58 36 41

until effect of processing variables on fatigue can be determined through
other progranms.

-
Elevated temperatures seem to affect only ‘the high-cycle end of the fatigue
curves. Alloys 1i-6A1-4V and Ti-8Al-1Mo-1V seem to see more effect than
Ti-6A1-6V-2Sn. This trend has been observed on previous programs. .
Modified Goodman diagrams prepared from dats obtsined in this program are
presented in Figurcs 58, 59, 72, 73, 86 and 87,
%, .‘% |
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Section V

PRELIMINARY DESIGN INFORMATION

Tentative design properties for extruded titanium alloys Ti-6A1-4V,
T1-8A1-1Mo-1V, and Ti-6A1-6V-28n in the Annealed tempers are presented in this
Section. Current specifications for these products are not established on a
govermment nor an industry basis*. Design properties are indicated as tenta-
tive until such time as sufficient depth of data (and corresponding modifica-
tions) to meet MIL-HDBK-5 standards are compiled and incorporated.

Ti-6A1-4V TENTATIVE DESIGN FROPERTIES

(1) Tenuvative room temperature design mechanical properties are
sumarizzd in Table XIV,

(2) Effect of temperature on ultimate tensile strength at temperature X
is shown in Figure 46. Effect of temperature on tensile yield :
strength is shown in Figure 47. Effect of temperature on compres- 3
sive yield strength is shown in Figure 8. Effect of temperature :
on shear and on bearing properties are shown in Figures 49, 50,
and 51.

(3) Stress-strain curves in tension and compression (typical curves)
are shown in Figures 52 and 53.

(4) 8/N diagrams showing typical room temperature and elevated tempera-
ture fatigue characteristics of smooth and of notched specimens are
shown in Figures 54, 55, 56, and 57, modified Goodman diagrams in
Figures 58 and 59.

(5) Discussion of fracture toughness, and of delayed failure character-
istics is included in Section IV,

(6) Discussion of fracture toughness, and of delayed failure chaiactér-
istics is included in Section IV.

Ei-aAl-lMo-lV TENTATIVE DESIGN PROPERTIES

(1) Tentative room temperature design mechanical properties are sum-
marized in Table XV,

#AMSUO35 in its present form (Revision A) is not normally used without
exceptions.




Table XIV Tentetive Design Mechanical and Physical Properties
of Ti-6A1-4V Titanium Alloy (Extrusions)

Allq' 0008063004008 00000000000000

Ti-6A1-4V

Fbrm 8060060000000 00000000008000

Extruded Shapes, Rod and Bar

Condition eevecsecsessssescssses

Annealed

Thickness or diameter, in. escees

All

35518 0000000008000 0000000080000

Mechanical properties:
Ftu, KBL cevevcesccnsvsnseonsne

IJ 000000000000 000C 00000000000
m 080000000000 000000000000%0000
Ft » ksi 0006000020000 0000000000
Ly-toooooo.l.oo.ttt.ooooooooco
T 0800000000000 000008000000000
Fcy, hi 0000000 OPCIOLOOISROOIOOIOIOSDL
I-T 0000000000 RIREEIIPOROIEOIOPOPTOIRONTS

Fsu, ksi 0000000000200 00000000

’7» ;

eD 2.0

T = s

(e/D-200 0000000000000 0000
e, per cent:
Inzin. [ AR N NN ENNNNXNNNRENNEN NS

In h D 9008800000000 0000000s00

1061’;.1':::::::::::::::::::
G, 1 PBL ceceesessosssncscces

“ 0000000600008 0080 0000000000000

800000000000 0PNIODS

90060600000 s0000000s

135
135

125
125
(Typical Values Shown in Tabie IV)

(Typical Values Shown in Table XI)

(Typical Values Shown in Table IX)

(Typical Values Shown in Table X)

10
10

6.9 /

§

{

Physical properties:

@ ]b/in.3 e0s000tscesess0sree
¢, Btu/(y

006500000000 0000

b)(¥)
2 [ A XN NN ]
K, gtogg‘l(hr)(rc Xr)/te]

a,

[in /r covssessessie

0.160

S

gt
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Figure 48, Effect of Temperature on the Compressive Yield Strength (F‘c ) o
of Annealed Ti-6A1-4V Extrusions d ..
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Table XV Tentative Design Mechanical and Physical Propertiee
of Ti-8A1-1Mo-1V Titanium Alloy (Extrusions)

Al1OY csosececccocsscasssssnness
FOIM sevescocusceccscoscssecsnse
Condition e« .cocsescecrvccocrss
Thickness or diameter, in. «....

mais .........l.l..’...........

T4 -8A1-1Mo~-1V

dad 8, Rod

Annealed

&
q
L
)
5
i

Mechanical properties:

Ftu, ksl eRNGOOeCRCIOINIELIOIOIOIOIOIOIOIITYS
m [ AR RN ENNNENXENNENNENNENNENNMNRNNENNEN]
W » K81 cocesesessecvsoncnsens
iy.0'000.0!!OOQ'O0.000.00.0000
L'.l‘ 0000000900000 0000000000000¢00
Fcy, kst 20000000000V RCISISIOIGTS
T 0000000000008 000000000800000°

Fsu’ kSi ([ EENEER RN EREE NN NNNRNNN]

?Q/D 2.0 [ A X RN NN EREENNENENNNNN]
Ty

§e/D = 105;' I A A R AN AR R ENENENRN NN
e/D = 2,0

e, per cent:

In 2 1“0 (A EEERE N EENNNENEENNNNN]

0000600000000 0PBOODS L

In l‘ D ceseceevsorscosaccnrees

E, 106 1 (AR RN NN ERERRENNENNNN]
%, 1 mi 0600000000000 08000

G’ x wi o

“ 08000000000 RPSISIRIRINPIOIOCEORISBNORIOTYS

130
130

120
120
(Typical values shown in Table V)

(Typical values shown in Table XI)

(Typical values shown in Table IX)
(Typical values shown in Table X)
10

10

1706

TRR

vy W

ol

TR AT

IR O]

T

PR

CAC S,

Physical properties:

Wy lh 1no3 XXX XXX Y NN NN N Y RN Y]
C, b F) 900000000000 0000

K, _é[(hr)(fta)(l")/rtl

¢, in. 1!1. !’ ®eccesvrenree

0.158
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(2) Effect of temperature on ultimate tensile strength at temperature is
shown in Figure 60. Effect of temperature on tensile yield strength
is shown in Figure 61. Effect of temperature on compressive yield
strength is shown in Figure 62. Effect of temperature on shear and
on bearing properties are shown in Figures 63, 64, and 65.

(3) Stress-strain curves in tension and compression (typical curves) are
shown in Figures 66 and 67.

(4) 8/N diagrams showing typical room temperature and elevated tempera-
ture characteristics of smooth and of notched specimens are shown in
Figures 68, 69, 70, and 71, modified Goodman diagrams in Figures 72
and T73.

(5) Discussion of fracture toughness and of delayed failure characteris-
tics is included in Section IV.

(6) Discussion of creep characteristics is included in Section IV.

~-6V- ' N P
(1) Tentative room temperature design mechanical properties are sum-
marized in Table XVI.

(2) Etfect of temperature on ultimate tensile strength at temperature is
shown in Figure Ti. Effect of temperature on tensile yield strength
is shown 1n Figure 75. Effect of temperature on compressive yield
strength is shown in Figure 76. Effect of temperature on shear and
on bearing properties is shown in Figures 77, 78, and 79.

(3) Stress-strain curves in tension and compression (typical curves) are
shown in Figures 80 and 81.

{4) S/N diagrams showing typical room temperature and elevated tempera-
ture characteristics of smooth and of notched specimens are shown
ég Figuges 82, 83, 84 and 85, modified Goodman diagrams in Figures

and 7.

(5) Fracture toughness and delayed failure characteristics are discussed
in Section IV.

(6) Creep characteristics are discussed in Section IV.
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Figure 60. Effect of Temperature on the Ultimate Tensile Strength (Ftu)
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Figure 67. Typical Compressive Stress--Strain Curve
Ti-8A1-1Mo-1V Extrusions at Room Temperature
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Table XVI Tentative Design Mechanical and Fhysical Properties
of Ti-6A1-6V-2Sn Titanium Alloy (Extrusions)
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Section VI

CONCLUSIONS AND RECOMMENDATIONS

This program has developed date cn annealed titanium extrusions to illustrate
wlere the product form possesses advantages over other materials and other forms
of titanium when properly epplied in aerospace applications. Extruded products
ere uniform in properties in the section, in its length, and do not possess
abnormal 3lirectional characterisvics. Data indicate that materials from
different vendors and from different heats hav: closely related properties, and
that the relationship of properties as affecteo by environment or application
are consistent.

Within the scope of the testiag in this program, MIL-HDBK-5 values could not
be developed because of the restrictions on the volume of data which could be
generated. BSufricient directicn and verification wes obtained to estapbliah
trends and relationships necessary to establish degign data.

Titanium extrusions cffer advantages in cost and in environmental suitsbility.

(1) Because of shape flexibility, savings are usuel in material and
machining in the type of section where extrusion is adaptable.
While machining is required to provide a surface and tolerances
suitable for use, machining costs and material costs are generelly
lower than other heavy product forms.

(2) 1In high temperature applications creep characteristivs of extrusions
* appear to be superior to other product forms because of the beta
worked metallurgical structure. At applications up to 600F, creep
does not appear to be a significant factor, while other product forms
may require congideration cf creep in order to provide satisfactory
life.

(3) The beta-worked structure of extrusions appears to offer advantages
in delayed failure characteristics in corrosive environments.
Recent studies of other product forms have shown the desirsbility of
processing or heat treatment in the beta field in order to achieve
better toughness and delayed failure characteristics.

In application of titanium extrusions consideration must be given to other
effects of its manner of production and its metallurgical structure. Ductility
is generally considered to be lower for beia processed material than for
materia) processed in the alpha-beta field., This may beve definite effects on
forming characteristics end may make use of such products as alpha-beta
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processed sheet preferable. Other properties however seem to be of the saae
order of megnitude as those ol other product forms produced with the lower

temperature final processing.
i

Trends shown by this study indicate that temperature effects on extruded .
products do not conform to these published in MIL-KDEK~S for other products.

Derived property values should be based on extrusion data to insure proper

applicetion, In this respect, it should be pointed out <hat teta-processed

material, or teta heat-treated material, in any product Zora will be having

increased usege, and that verification of property relationchips for this type

material will be required.

e

To achieve the long range objectives of this prog:am, action should be tsken
in the following areas:

; (1) Room temperature mechanical property data cen at present be estab-
; lished on a specification basis on tensile properties and on com~
pressive yield strength based on vendor gusrantees, Sufficient
vendor date exists to establish A and B values for Ti-6A-4V, Data
points on Ti-8Al-1Mo-1V and Ti~-6A1-6V-25n may be more limited when
evaluated from Handbook stendpoint. Vendor date on compression
properties exists in reasonable depth in all alleoys.

In establishing values and determining properties, it is suggested

that date of production be considered as a variable., Definite .
changes in property trends have been observed based on refinements,

or changes in production techniques. This has been particulsarly

true in Ti-8Al-1Mo-1V, with elimination of furnace cooling, and in .
Ti-6A1-6V-2Sn where original production was directed toward the spe-

cial requirements of e single application.

§ Tentative values for cther properties can be established using in-
dustry accumulated test data in these areas.

(2) Property determination programs should be instituted to provide
design data for bete processed sheet, plate, and bar. Current trends
for application indicate that this processing will be of increasing
importance in gages over approximately 0.062 inch,

(3) Property determination programs should be instituted to provide
design data for heat treated end aged (STA) extrusionc, and the
"Overaged” extrusion where intermediate property levels are estab-
lished to provide desirable secondary cheracteristics such as more
usable forming temperatures in conjunction with strengths higher 3
than annealed products. :

(L) studies of rapid heating-rapid load creep characteristics, including .
repeat cycle effects should be continued to determine specific effects !
on supersonic aircraft under temperature overriie conditions, and ;
other vehicles such as spacecraft on re-entry. » ¥
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\“DI THRUY D!

D13 THRU 024-—-——7

— D49 THRU D63

KTTTT Tl s
) ! D49 DSO | oS!
. R ) 0 o “ello Tellc
|l flag | b0 [} g 8 ."
oile o , el |
TOP
b ({ A 2
i te——0 (O] 7 - )|
L 525 THRU D36 A SIDE
BLOCK D
TEGS THRU £53 —
.
%:_t:r-' 2 £3 )
g:‘f/ £ — £2_—nl —
= ——
== £ E14 £1s g2
T — " T T e
TOP
-
= | I— | o— | e a—| — 1 = = I
& E25 THRU E44 SIDE =
BLOCK E
BLOCK D
e —
SPECIVEN REFERENCE <P
IDENTIFICAT ION TEST TYPE DWG o
Di THRU 012 | TENSILE ;T RANSVERSE Fig 11 el
DI3 THRU D24 | ZOMPRESSION T RANS. FiG. 12 E:
D25 THRU 036 | TENSILE oLONGIT, FIG. Il
D37 THRU D46 | COMPRESSION.LONG IT. FiG. 12 £4
D48 THRU D63 | BEARING, LONEIT, FiG. 14
D64 THRU D63 | BEARING s TRANS. FiG. 1k
D70 THRU D84 SHEAR, LONGIT, Fi16. 13
085,086,087 | SHEAR,TRANS. Fi6. 13




— D49 THRU D63 X~ D70 THRU DB4
at
Ke! he oiflollollo]|lol}] ©
D4 ) I
0% o llo ™% llo™elio . ’ 069 |[pes|| ocr || cen:| Des|| pea
27 DUN [¢] [¢] 0 ] < [+
i
TOP D85 THRU DE7 —>
< - T
l | o=
I | WY | 501l bao)[ ) |__Dad)[ Dasl| 0361 37T Da®
SIDE D 37 THRU D48
BLOCK D
I El
€3 o lee — flen T Jlee —
e, p— e
E1S g2l ge2 £23 £24
TOP
) g
SIDE £2 sTRy £44 ——
BLOCK E
E SLOCK L
\ REFERENCE SPECIMEN REFERENCE
el oWe IDENTIFICATION TEST TYPE DWG
E2 F1G, U E| THRU E24 |CREEP,STRESS RUPTURE FIG. 15
€4 FiG. 12 £25 THRU E44 | FRACTURE TOUGHNESS FIG. 9
FiG. {1 DFLAYED FAILURE FiG. 17
F1G. 12 £45 THRUES3 |CHARPY IMPACT
FIG. 4
FiG. 14
Fl6. 18
FiG. 13

SPECIMEN CODE PREFIX

PIECE

VENDOR [Ti-6~4| Ti-8~1-1] Ti-6-6-2
I | HARVEY | A F L
Figure 9l.
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Specimen Locations,
Piece I (Cont)

A Sp—




é _ , 3 ' A\
Fﬁ] FJ' F28 2 22 Y )| I

TOP

| I AN W ~_\
E——r——r7| ==y 5?.& T COMMM | 4 (I & S| 4T |
SIDE

BLOCK F

<) ° 63 ° G5 ° 7 ° gg_( I

B

TOP
A
v ’i"]l I | — | AR | SR 10 Y ] _"—_j }‘:1[:
625 THRO 643 SIDE

BLOCK G
BLOCK F

TENTENATION  TEST TYee e RENCE lst;gﬁ%cﬂ

Gl THRU

| e BRI | o o
| a3
F7OTHRU F 75 ISFEAR,’%&ANS. FIG. 13




FSBTHRU Fb

D) T o e
. R oltoll o J [L{]Uiﬁ
TOP F40 .THRu F48 D FA9THRUST
' - F7TO0THRU F78 —
ko] QEE T Ee FT O Fs Fs E2E Es e fes e |
SIDE

. BLOCK F

TOP

I2

k.g_v-LJ

. 7] —— 1 ~ 10 v

. SIDE
‘ BLOCK G

E:‘jr - 1 § R 3 ht I et N | ~

et

N B SPECIMEN REFERENCE
: ERENCE DENTFiCATON|  TEST TYPE  Io§ie
UGy Gl THRU G5 NK0T2 D FATIGUE FlG. 2!
10 * f—
i P F1G, H G416 THRUGES|SMOOTH FATIGUE Flt. 20
Ty ElG. 12 CKy=1.0)
RV FIG. 14 G265 THRU G45 FRACTURE TOUGHNES Fit, 19
Fi16. 17 DE LAYED FAILURE
FIG. 17
i Fi6.13
1 FiG, 13
SPECIMEN CODE PRE_F_I_)S
PIECE | VENDOR |Ti-6-4 [Ti-8~1-11Ti6-0-2
X i | HARPER < H N

Figure 92. Specimen Locations,
Piece III (Cont)
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=" K o K3
=" K2 o [[xa
(2]
E=—lge! 3 .
TOP TOP
_E__?::
SIDE SIDE
BLOCK H BLOCK J
SPECIMEN REFERENCE | SPECIMEN
IDENTIFICATION TYPE TEST OWG |IDENTIFICATION TYPE TEST
Hi THRU H4 TENSILE,LONGlT FI1G. i Jl,JZ’JS TENS'LE,TRANSV(RSE

HS,HE,H7 TENSILE,TRANSY ERSE FlG. It




TR

o

e TR A IS XA e e

27

Pieces II and IV

// SPECIMEN CODE PREFIX
PIECE | VEMDOR |[T3-6~4] Ti=B~1=1|Ti-6~4-2
I HARVEY B G M
IV | HARPER D J P
—t ~—
Kt o K3 o KS §-/ K52 K54
17 ~— — e ———]
F K2 o Ka 5 "3 — K53 ~————" k55|
Y —— /—'\_____
TOP
1 |
R f
-}
SIDE
BLOCK J BLOCK K
SPECIMEN REFERENCE SPECIMEN ~ REFERENCE
|IDENTIFICATION TYPE TEST DWGe IDENTIFICATION TYPE TEST OWe
J19d2493 TENSILE,TRANSVERSE FIG. it K1 THRU K45 NORHEDZF;;TIGUE FiG. &1
T = <,
K46 THRU K55 | SMOOTH FATIGUE FiG. 20
(Kr = 1.0)
Figure 93. Specimen Locations,
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e e e e
//
/
//
=] ————— ~——
M M12 M5
] = " 7 A 4 -
[cm3a [ ~ 7 ~ S M22 ][
SPECIMEN voe - RE FERENC
1DE NTIFICATION TYPE 85T oW 6.
M! N%ﬁ) TENSILE LONGITUDINAL FIG
M THRYNT TENSILE TRANSVE RSE FIG K
M8,M39 MIO TENSILE LONGITUDINAl  Fia |
MiY THRUMIS | FATIGUE SMOOTH Ke*t.0| Fyc. @
M16 THRU M24 | FRACTURE TOUGHNESS FiG. |
DELAYE (D FAILURE
M25 M5 M7 | CHARPY TRANSVERSE FIG. |
M28,M29,M30| CHARPY LON® FiG. |




FRe—. - s e

L T

129

M25=30 >
- s
Catsq
S ~——"1a XE ==
P R e
h A
C——— v - " - I~ T
o 4 M22 ] : 73 Nza| oAt
. SPECIMEN CODE PREFIX
IDE NTIFICATION TYPE TEST R W PIECE | VENDOR |Ti6~4] Ti-8-1-1 [Ti6-6-2
V | HARVEY E K R
N2N3 TENSILE LONGITUDINAL]  FIG 10
Md THRUMT TENSILE TRANSVE RSE FIG 10
M8M9, M| TENSILE_ LONGITUDINALI  Fict 10
MIY THRUMIS | FATIGUE SMOOTH Ky:1,0 1G. 80
M16 THRU M24 | FRACTURE TOUGHNESS G- 19
DELAYED FAILURE
M25,M26M27 | CHARPY TRANSVERSE FIG. 16
M28IM28M CHARPY LONG FiG. 16
Figure 94. Specimen Iocations,

Plece V, Thick
Extrusion
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TABLE XVII TENSILE TEST SUMMARY

.
ey | s | S | | e | B8, (10 | S
Ti-6-b Thin ADZ5 L -110 173 157 12
m‘f'” AD26 ! o | e |12
AD27 172 163 12
CFl1 179 162 12
CF2 i7h 162 1
cr -110 17% 162 13
AAL Room 142 125 13
A2 ‘ w1 | o125 | 17
AA3 142 126 14
AAb 141 128 16
ABl 14k 127 16
AB2 142 126 15
AB3 11 124 15
AC1 145 130 1k
AC2
AC3 141 128 12
ACh 142 128 1k
BH1 140 5 1k
BH2 140 123 12
BH3 L3 126 17
BHU 141 124 16
CAl 147 130 ik
CA2 143 125 16
CA3 146 129 1%
CAl 143 127 18
CBl 145 135 13
CB2 by 128 15
ca3 1 | s | 128 16
Thin cC1 L Room 143 128 14
(Fig.1)
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TABIE XVII TENSILE TEST

SUMMARY (Continued)

Muloy | Section | SP7NER | T %E% o) | o) | S

Ti-6-4 Thin cee L Room 146 129 11

J (Fi%.l) oc3 \ | 146 131 5

cch 14y 130 16

DH1 146 132 16

DH2 143 127 16

DH3 k5 130 16

DHL Room 149 136 1k

AD28 400 110 % | 15

AD29 ! 112 6

) AD30 110 88 20

CF4 113 93 20

C¥> , 113 9k 18

CF6 400 112 R 20

AD31 600 100 76 16

AD32 103 7 16

AD33 100 79 17

CFY 102 79 18

Cr8 101 12 18

CF9 €30 151 &o 17

AD34 500 92 73 17

AD35 93 73 17

AD36 3 73 16

CF12 9% 73 2

CFil , 93 75 19

Criz2 L 800 Gl - 18

ADl T =110 170 166G 12

Are I , 172 162 1.

§ ! AD3 ~110 169 161 11
164 Thin KRY T

(Fig.1)
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TABLE XVII TENSILE TEST SUMMARY (Continued;
' Specimen | Grain | 5% | qtus | wys | mioms.
Alloy | Section | "Fr g pir. | To | st} | (xsi) | (%)
.

3 Ti-6-4 Thin. AALD T Room 1Lz i28 1k
E 1 (Flg.1) | aan ‘ 4 W | 126 b
i ‘ ABY 2 127 13
_ AB8 143 127 1
! ABY 143 128 11
' AC8 141 127 1k
‘ ACY 12 126 13
AC10 b2 127 15
BHS 143 126 15
BHO 12 126 1
BHY 1k5 129 14
BJ1 1 12l L
BJ2 145 130 15

BJ3 140 125 15

CA9 145 129 15

CA10 146 130 k4 i

CALl 146 130 1h o

CRT 145 130 15 - -

CB8 146 129 15 -

CB9 6 | 130 b o

cc8 W6 | 131 15 -

cc9 W5 | 128 14 o

cc10 w6 | 129 |

DH5 146 130 13

DH6 ' 146 129 11 :

DHT 146 130 1k §§

pJ1 146 130 17 e

pa2 , , 150 | 133 1 b

D3 ;
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3 TABLE XVII TENSTLE TEST SUMMAFRY {Continued)
- i Test .
- Alloy Section | SPECImen ) Grain '1(?%?;; (ot ) (Tk:?,) E%;’)‘g‘
3
‘ Pi~6-L Thin ADk4 p 400 109 86 16
| ? (F1f°l) ADS 1 t 1m0 | 88 | 16
= ADG 40 111 90 15
AD7 600 102 T8 15
; ADS 103 79 17
L AD9 600 103 80 16
L AD10 800 93 71 16
1 i) AD11 i 93 72 16
. (Fig.1) AD12 7 800 9k 72 16
3 Thick 1 L | Reem | 143 | 129 14
i (Fig.2) | g - { ! ko { 125 1k
1 EM3 Wy | 126 |
EMY 14k 130 1 )
3 EM9 ! 1) 127 14
EM10 L k2 128 W .
- EMY T 143 130 14 »
: EM5S k2 133 L}
1 Thi ok EM6 1 b 131 1 '
Ti-6-k (rig.2) EMT T Room L 130 1L .
Ti-8-1-1 | Thin FD25 L | -10 | w0 | w61 | w =
J (Fig.1) FD26 f 167 159 12 j»
\ ' FD27 168 | 161 | 12 -
‘ HFL 155 | w3 | 16
- HF2 ‘ 156 12 1% i;
HF3 ~110 156 143 16 %
FAl Room 138 125 13 ;%f
FA2 135 121 16
| , FA3 ‘ { 1 125 13 ¢
Ti-8-1-1 | Thin FAL L Roon 138 123 1
(rig.1) s

13%




Mot i s oY koo

TABLE XVII TENSILE TEST SUMMARY (Continued)

. Specimen | Grain Test TUS TYS Elong.

Alloy Section | "1y, Dir. “(73';1)" (ksi) | (ksi) | (%)

Ti-8-1-1 | Thin FB1 L Room 1k1 125 15

f (Fig.1) FRO i [ 135 121 18

‘ FB3 137 121 15

FC1 1kk 129 15

FC2 134 121 18

FC3 141 126 15

FCh 141 127 15

GHL 134 118 21

GHP 1hk 127 16

GH3 143 12k 13

GHY4 139 122 19

HAL 13k 118 15

HA2 129 11k 18

HA3 136 122 18

HAl 134 121 17

HB1 134 119 17

HB2 131 116 16

HB3 13k 120 16

HC1 134 120 16

HC2 131 116 17

HC3 137 124 16

HCh 132 118 16

JH1 136 122 18

JH? 133 119 16

JH3 ! 134 119 13

JH4 Rocm 135 121 18

FD28 Loo 115 89 18

FD29 ‘ ‘ 115 89 18

FD30 L 400 115 88 19
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TABIE XVII TENSILE TEST SI™MARY (Continued)

Test

[E R

Alloy Section Sp :cém‘ Gf)ii‘_n 1(‘31;1;. g? ssi) (?s) E%;’;g'

Ti-8-1-1 | Thin HFh L 400 106 85 20
J | (Fif‘l) HFS 4 105 86 19
‘ HF6 " oo 106 35 19
FD31 600 107 81 18

FD32 108 80 20

FD33 108 81 20

HF'7 95 65 19

HF8 96 72 23

EF9 600 9k 70 19

FD34 800 9 72 19

FD35 1 9 72 20

FD36 99 3 20

HF10 88 6l 20

HF11 Y , 88 62 23

fF12 L 800 89 6k 19

FD25 T -110 170 161 12

FD26 167 159 12

FD27 ~110 168 161 12

FA9 Room 137 122 12

FAL0 { 138 | 124 15

FAll 138 126 16

FB7 138 123 15

FB8 137 122 15

FB9 136 122 15

FC8 136 120 15

FC9 136 121 12

FC10 138 123 16

GHS { { 137 120 17

GH6 T Room 137 121 1

13¢
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TABLE XVII TENST(E TEST SUMMARY (Continued)
) Specimen |Grain | ~3% | qus | 7vs | Eilome.
E» . Alloy Section | r 5. Dir. ?8‘1,‘,‘1)" (ksi) | (ksi) | (%)
:

i Ti-8-1-1 | Thin GHT T Room 138 120 17
; 4 (Fif' D1 en ‘ f 138 | 121 15
] GJ2 137 120 15
GJ3 138 122 15
HA9 133 118 1k
HALO 13k 119 14

HAll 133 118

L— HB7 133 118

HBS 132 117

HBY 132 117

HC8 132 116

HC9 132 117

v HC10 132 117

JH5 136 123

. JH6 13k 119

JHT 134 119

JJl 133 117

JJ2 { 132 116

JJ3 Room 133 118
FDU Loo 113 89 18
FD5 ‘ 112 88 18
FD6 400 114 90 18
FD7 600 106 80 20
FD8 103 78 16
FD9 600 105 80 18
FD10 800 9% 72 18
{ ’ FD11 ’ 93 69 18
) Ti-8-1-1 | Thin FD12 T 800 95 72 20

(Fig.1)
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TABLE XVII TENSILE TEST SUMMARY (Continued)

Test

Alloy Section SP;‘_’;‘T“*” G;ei‘i“ I(’g;g <§BU§) (gf) E%;’)‘g'
T4-8-1-1 | Thick XML L Room 138 126 12
(Fi‘g.a) Mo | A 132 119 W

K13 134 122 15

K8 138 126 15

KM9 , 133 121 15

KM10 L 132 120 15

K T 136 123 15

KM5 136 123 13

! it KM6 ’ 136 | 123 T

Ti-8-1-1 (Fig.2) KMT7 T Room 138 127 15
Ti-6-6-2 | Thin 1D25 L | -110 190 180 9
* (Fi‘g. 1) 1D26 'l [ 189 178 9

1D27 187 177 11

172 162 13

} 173 162 12

-110 173 162 14

Room 157 140 15

‘ 154 138 1

157 140 15

164 1k 15

158 139 15

157 132 1L

156 - 15

159 42 13

158 140 1h

159 143 13

158 1 b

‘ ! 160 140 16

L Room 158 138 16

138
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3 TABIE XVII TENSILE TEST SUMMARY (Ccntinued) |
e .
Moy | secton | SERchen | Gt | ey, | B | B | Bt
‘; Ti-6-6-2 | Thin MH3 L Room 154 136 15
(Fi‘f'l) Ml | 1 wr | owr | ow
T { NAL 153 136 15
NA2 L7 134 16
NA3 147 133 i8
NAL 150 135 17
' NB1 146 122 15
NB2 143 131 17
NB3 146 133 18
NC1 148 134 15
NC2 145 132 17
i NC3 150 135 16 !
S NCk Wws | 132 17 3
. PH1 145 134 20 o
S P2 we | 131 | a -
PH3 } 146 135 18
PHY4 Room LY 136 19
1D28 400 125 | 101 16
1D29 ! 125 | 100 17
ID30 126 | 100 17 .
NFh4 125 | 10b 18 I
NF5 ’ 125 105 21 &
NF6 400 125 104 20 %
ID31 600 121 100 2
1D32 } 121 9 18 %
LD33 121 95 17 %
NFT 116 93 17
. j , NF8 , , 117 93 19
Ti-6-6-2 | Thin NF9 L 600 115 92 16 :
(Fig.1) :
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t e enmn s

K ” ‘,,
TABIE XVII TENSILE TEST SUMMARY (Concluded)
Specimen | Grain | 2¢%% | pus | mvs | Elome.
Alloy | Section | "y p pir. | (o} | (ksi) | (kst) | (9)
?i-6~6-2 | Thin NB9 T Room 151 135 16
| (Fig.1) | yog r ‘ 150 | 3 | 15
‘ NC9 150 136 15
NC10 151 135 15
PH5 148 134 18
PH6 148 134 19
PHT 148 133 16
PJL 149 133 17
PJ2 | 150 136 16
PJ3 Room 150 136 17
1Dh 400 134 107 16
ID5 132 108 14
1D6 400 133 108 L
1D7 600 126 93 15
1p8 t 127 160 1k
1D9 600 125 98 15
1010 800 114 91 18
Thh‘f ID11 ’ l 11k 91 16
(Fig.1) 1D12 T 80 115 92 16
Thick RM1 L Room 157 142 12
(Fig.2) | py ) ! 156 | 138 13
‘ RM3 154 137 15
RMB 156 140 13
RM9 y 154 136 15
RM0 L 154 137 Lt
RM4 T 161 1k 13
RM5 161 145 13
RM6 1 160 145 12
Ti-6-6~2 | Thick RMT T Rm‘am 162 148 11
(Fig.2)
11
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- TABLE XVIII COMPRESSION TEST SUMMARY
K
! Test CYS
g Alloy Section SP;‘.’;‘:‘” paraln %3;1)3 (2{3’
" Ti-6-U Thin AD37 L -110 ——-
1 (Fie. 1) AD38 ! ! 172
1 AD39 174
CF13 179
CF1L ‘ i
CF15 -110 171
3 AAS Room -~
AAG ‘ 137
| AAT 139
3 AAB 137
'tx ABY 139
ABS 139
- . AB6 137
e ACS 139
AC6 138
ACT 139
CAS 142
CA6 140
CA7 142
CA8 142
CBY4 142
CB5 142
CB6 142
cc5 —
ccé 140
cet Ro!)m 1k1
Q ! AD4O | 400 9
Ti-6-4 Thin ADY1 L 400 93
. (Fig. 1)
1k2
£ € L 4

- ®

W Fat »
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TABLE XVIII COMPRESSTON TEST SUMMARY {Continued)
. Test CY3
Alloy Section Speciuen pra '.Egl;;)) (gff; .
Ti-6-4 Thin CA12 T Room 1Lk
‘ CA13 ] 147
CAlL 145
CB10 146
CBl1 145
312 142
CB13 142
cc11 1bh
cc12 } 143
cC13 Room 146
AD16 400 95
AD17 ! % ‘
AD18 400 9%
AD19 600 82 '
AD20 82
AD21 600 82
AD22 800 7
AD23 ‘ 7
Ti-6-4 AD24 T 800 78
Ti-8-1-1 FD37 L -110 169
‘ FD3B 1 167
FD39 174
HF13 162
HF14 ’ c——
HF15 -110 163
FAS Room 137
V FA6 ' ‘ 135 .
Ti-8-1-1 Thin FAT L Room 139
1
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TABIE XVIII COMPRESSION TEST SUMMARY (Continued)

Alloy Section Sp‘;“%men D‘i‘;:i’g %:;; gg%

e ’ (oF) (ksi)

Ti-8-1-1 Thin FDU6 L 800 78

‘ (Fiﬁ' 1) F¥DLT ! ‘ 78

Fpis 77

HF22 70

HF23 | | 70

» HF2h L 800 70

: FD13 T -110 173

FDL4 l ! 173

FD15 -110 —-

b FA12 Room 140

e FAL3 ! 138
3 FALY 138 .

25N FB10 137
j:; FB11 138 .

%‘é FB12 138

::,_f FB13 139

j; Fo11 139

= FC12 139

FC13 139

HA12 135

HA13 136

KAk 134

HB10 133

¥B11 132

HB12 133

HB13 132

HC11 % * 132

Ti-8-1-1 HC12 T Room 135

146
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TARIE XVIII COMPRESSION TEST SUMMARY (Continued)

Alloy Section Spgcli)men D(g:if ?2“ gyg%
ol v (°F) (ksi)

Ti-8-1-1 Thin HC13 P Room 133

} (Fie. 1) FD16 { 400 100

| FD17 98

FD18 400 98

FD19 600 8l

FD20 —

D21 600 8k

FDp22 800 79

| FD23 ! ; 80

Ti-8-1-1 FD2L4 1 800 75

Ti-6-6-2 1D37 -110 194

1 1038 ‘ 196

LD39 196

NF13 182

NF1h4 ' 186

NF15 -110 184

LAS Roonm 154

1A6 154

LAT 154

1A8 153

1Bb 156

LB5 152

LB6 15k

105 156

1C6 155

17 156

NA5 1L7

NA6 143

AR Yo S
R AR

B3
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TABIE XVIII COMPRESSION TEST SUMMARY (Concluded)

. . Test CYs

Alloy Section Sp;«fll)r:len D(‘i;:gcl %‘3‘;‘)’ (,‘2;?3‘

Ti-6-6-2 Thin LA12 T Room 159

! (Fi%. 1) TA13 ] } 158

LALL 160

' 1B10 157

LRi1l 155

1B12 157

1B13 159

IC11 158

1ci2 161

1C13 157

NA12 152

NA13 154

NALY 153

NB10 ce-

NB11 151

NB12 1h9

NB13 153

NC1l 151

NC12 | 148

NC13 Room 149

LD16 400 117

. 1.D17 ‘ 118

LD18 400 116

D19 600 105

LD20 105

LD21 600 106

LD22 800 103

i ’ 1D23 , 3 100

Ti-6-6-2 Thin 1D2k T 800 98
(Fig. 1)
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TABLE XIX TENSILE MODULUS SUMMARY

Specimen Et

Alloy Number (x 106 psi)

Ti-6-U AA2 16.8
AB2 16.9
AC1 17.0

Average 16.9

Ti-8-1-1 FA2 17.5
FB2 17.6
FC2 17.6

Average 17.6

Ti-6-6-2 a2 16.3

B2 15.8

Ic2 16.2

Average 16.1

ROGM TEMPERATURE, LONGITUDINAL SPECIMENS
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TABLE XX BEARING TEST SUMMARY

mioy | Speimen) Test | oarmin | ) oS | NS
’ Strength(ksi) | Strength(ksi)

Ti-€-4 AD49 | -110°F L 2.0 329 294
AD50 A A
AD51 | -1310°F 332 299
AVG 330
AD52 RT A A
aD53 A A
AD54 295 259
AVG 250
CrFe8 265 233
CF29 293 2"
CF30 RT 270 240
AVG 276 240
ADS8 400°F 219 190
AD59 20T 195
AD60 20k 186
AVG 190
CF31 226 193
CF32 231 188
CF33 400°F 227 198
AVG
AD61 600°F 208 173
AD62 209 170
AD63 187 17Th
AvG 201
CF3h 199 166
CF35 195 169

Timb-ls CF36 600°F L 2.0 218 170
AVG 20 168
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TABLE XX BEARING TEST SUMMARY (Continued)

miey || Bt | ot o] Caearing | tiad
Strength(ksi) | Strength(ksi)

P46~k AD6Y T T 2.0 308 259
AD65 29l 252

AD66 302 260

AVG 301 257

CF37 300 245

CF38 298 266

CF39 RT 290 255

AVG 255

AD6T LQ0°F 215 19k

AD68 237 195

AD69 400°F T 2.0 223 193

AVG 225 194

AD55 RT L 1,5 248 210

ADS6 2kl 207

ADST 239 207

AVG LY

CF25 253 217

CF26 240 205

| CF27 RT L 1.5 2h7 205
T5-6-4 AVG [Cau7] 210
Ti-8-1-1 FDb9 | -110°F L 2.0 323 282
FD50 A A

P51 | -110°F A A

AVG 323

FD52 RT 279 228

FD53 ! 296 2ko

Ti-8-1-1 FD54 T L 2.0 300 252
AVG (202] 240 |
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TABLE XX BEARING TEST SUMMARY {Continued)

e )
e
(i3

B ' |2

ekl B A R
Pt AN A A
G & 4y 3 i

ek

sy |Swectmen | Test | Grain “bearing |  viela
p. | birectlion Strength(ksi) | Strength(ksi)
Ti-8-1-1 HF28 RT L 262 22k
HF29 l 283 220
HF30 RT 266 218
AVG 270 221
FD58 1400°F 221 189
FD59 221 181
FD60 219 184
AVG 185
HF31 21L 169
HF32 219 171
HF33 400°F 212 176
AVG 215 172
FD61 600°F 199 174
FD62 186 160
FD63 192 167
AVG 192
HF3b 197 154
HF35 186 151
HF36 600°F L 192 150
AVG 152
FD64 RT T 290 2kg
FD65 299 251
FD66 285 2k
AVG 291 2L9
HF3T 310 269
HF38 31k 255
Tim8el~1 HF39 RT T 326 281
AVG [323]
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TABLE XX BEARING TEST SUMMARY (Continued)

Alloy Specimen | Test Crain e/D U%::!:;Z: B;i':igg
D Temp. | Direction Strength(ssi) | Strength(ksi)

Ti{-8-1-1 FD6T 400°F T 2.0 226 190
FD68 ‘ i 220 190

FD69 40c°F T 2.0 221 195
AVG 202

FDS; RT L 1.5 239 203

FD56 2k 197

FDST 237 203

AVG [239] 20

HF25 228 194

Y HF26 225 189
Ti-8-1-1 HF27 RT 1.5 213 177

AVG Ca22] 18

2.0 3uh 323

zc 355

309 27k

34%0 288

300 275
[Cer9]

297 260

308 256

287 26
(297 ] [25:]

254 219

260 228

‘ 2.0 251 22k
[255]
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TABLE XX BEARING TEST SUMMARY (Continued)

Specimen | Test Grain | /0 Ul];:ai::;: B;:Zigg
ID Temp. | Direction Strength(kai) | Strength(ksi)
NF31 | LOo°F L 2.0 25k 219
KF32 2k 216
NF33 400°F 253 219
Ave
D61 600°F 225 208
1D62 21k 207
LD63 209 201
AVG 216
RF34 245 204
NF35 229 201
NF36 | 600°F L 23k 199
AVG 5oL
LD6L RT T 344 298
LD65 340 291
1LD66 339 282
AvG 341
NF37 310 269
NF38 1k 255
NF39 RT 326 o8}
AVG @
LD6T Loo°F 2Ll 207
1LD68 251 227
LD69 400°F T 2.0 247 231
Ave 28 Caz2]
LD55 RT L 1,5 262 228
LD56 270 235
Tiwb-6=2 LDST 274 _
AVG R L 1.5
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TABLE XX BEARING TEST SUMMARY (Concluded)

ety

=¥

Pt

"ﬂ;w,}‘lmgrvmw $p £ sty
ST BT
7 % 343 $ ‘ :

* i

Ultimite Bearing
Alloy Spe;li)men g:;t D i?-:.:i:on e/D Bearing Yield
e Strength(ksi) | Strength(ksi)

Tiwb=6-2 NF25 RT L 1.5 2u7 218

NF26 ‘ ‘ ’ 258 223

Tiwbeb6-2 NF27 RT L 1.5 250 228
AVG [223]

A Abnormal deformetion at loading hole
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e TABLE XXI SHEAR TEST SUMMARY
Specimen Test Grain Double Shear Sl

T fpdiinicg) T e s

RS I

oo a3, ;'
AR,

e

t

.v‘r:so‘:f «%

2%
2%
-

3
3
P4
5
A
Al

Alloy

ID

Temp

Direction

Strength (ksi) Co

Ti-6-k

Ti~6-l

ADTO
ADT1
ADT2
Avg

ADT3
ADTY
ADTS

A

ADT9 LOOCF
& ADSO '
ADB1

e Avg

f;; o

L% CF%5

~110°F

600°F

L

103 -
108

157
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TABLE XXI SHEAR TEST SUMMARY (Continued)

Alloy

Specimen
ID

Test
Temp

Grain
Direction

Double Shear
Strength (ksi)

b o oAb X » N - T . -
"),’; I AL AT NP T X v, ¥ AR AT i W
. HAS 3 B % 7 R, B .
2] K SR A s PRI

(i
S

Ti-6-l

Ti-6-4

Ti-8-1-1

T{-8-1-1

CF6T
CF68
CF69
Avg

CFT4

600°F

600CF

LOOOF

-110°F

69
69
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TABLE XXI SHEAR TEST

SUMMARY (Continued)

Test
Temp

Grain
Direction

Double Shear
Strength (ksi)

v

v

Ti{-8-1-1

LOO°F

Loo°F

L

88

90
86
86
T8

79
79

159
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SUMMARY (Continued)

Alloy

Test
Temp

Grain
Direction

Double Shear
Strength (ksi)

plo DT T |

Ti=81-1

T{=6-6-2

400°F

40c°F

-110°F

-110°F

A
A

75

118
121,
119
e
100
101
102
99
100
| 101
100
100
101
104

et

e
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TABLE XXI SHEAR TEST SUMMARY (Concluded)
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TABLE XXII CHARPY IMPACT TEST SUMMARY
Impact Strength
Test ¥
Spec. Grain (£t-1vb)
Alloy Ident. Direction Tem;()g;e;.ture
.250 Width .394 width
Ti{-6-4 ALY Longitudinal =110 A 7.0
AL2 7.0
AL3 T.0
CL1 6.0
CL2 6.5
CL3 -110 6.0
AEL8 72 5.5
AEL9 5.5
AES0 6.5
CF52 5
CF53 6
CFsh 6
28 9
EM29 8
EM30 T2 8
AEY45 119 6.0
ARL6 6.0
AEWT 7.0
CFL9 7.0
CF50 i 6.4
CFS1 110 6.0
AES] Loo 11.0
AES52 11.0
AE53 11.0
CF55 10.5
CFsS6 9.0
CFsT Longitudinal 400 9.5
CT1 Transverse ~-110 é 9.0
cT2 6.5
CT3 ~110 9.5
CFL3 T2 1k
CFhl 11
CFL45 13
EM25 9
EM26 28
BT 12 28
CFLo 110 12.0
CFhl 15.0
Crl2 110 14.5
CFL6 400 17.0
CFLT 16.5
Tie6=l CFu8 Trangverse 400 16.5
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TABLE XXIT CHARPY IMPACT TEST SUMMARY (Continued)

Impact Strength

Test .
Spez. Grain (£v-1v)
Alloy | ryent. Direction Tem%g;§*“re
.250 Width .39% Width

Ti~8=1-1 | FL1 Longitudinal -110 ZA 10.0

FL2 10.0

FL3 10.5

HL1 10.5

HL2 10.5

HL3 ~110 10.0

FELB T2 6

FELO ; 11

FE50 10.5

HFS52 3

HF53 11

RFsh 10

¥M28 18.5

KM29 20

KM30 12 18

FELS 110 11.5

FELE 12.0

FELT 12.5

HF49 11.0

HFS0 12.5

HFS1 110 12.9

FES1 400 21.5

FES52 21.5

FES53 22.0

HF55 18.0

HF6 17.5

HFST Longitudinal. koo 19.0

HT1 Trangverse 110 ik.o

qT2 15.0

HT3 110 15.0

HFh3 72 9.5

HFhy ! 20.5

HFUS { 18

KM25 ‘ 19

KM26 17.5

K27 q2-. - 19.5

HFL0 110 21.5

AFh1 i 23.5

HF42 110 21

HFLE 400 2k.5

HEYT i 2h.5
Ti-8-1«1 | HI48 Transverse 0] 22.5
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TABLE XXII

CHARPY IMPACT TEST SUMMARY ({Concluded)

Spec.

Alloy Ident.

Grain
Direction

Test
Temperature

X

Impact Strength
(££-1b)

<250 wWidth

.39L width

M-b=6~2 | LL1

LL2

LL3

N1

NL2

N13

LELS
LEL9
LE50
NF52
KFS3
RFS5k4
RM28
RM29
RM30
LELS
LEL6
LENT
NFk9
NF50
NF51
LES5)
LES2
LES3
NF55
§F56
NFST
NT1

NT2

RT3

NFL3
RPLbL
F¥FLS
RM25
RM26
RM2T
NFLO
NFh1
NFh2
RFL6
NFLT
Tibab-2 | NFUB

Longitudinal

Longitudinal
Transverse

Transverse

-110 A

T2

Loo
~110
i° A

-1l
2 A

T2
110

0

hr
400
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_£§ Specimens for testing at ~-110F were fabricated and tested separately
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TABLE XXII{ FRACTURE TOUGHNESS TEST SUMMARY

s ;'wﬁ'

!u‘u"

A2,

e

ET

A
Ny

15:

; ;E'-réiy., ¥

(Iorgitudinal)

o Spec. Test KI
Alloy Ident. Tenp (ksi \fqin )

Timb=l AE25 -110F 87

AE26 86

AE27 67

AE28 T1

AE29 67

AVG

ce26 6

ce27 66

cG28 és

CG29 62

€G30 61

AVG -110F 6l

AE30 RT Th

AE31 T2

AE32 Th

AE33 -—

AE34 13

AVG 73

cG31 T0

ce32 61

CG33 41

cGe3k 71

CG35 66

AVG 65

BM16 7

EM1T 81

B8 19

Ti-6=k AVG RT 19

Ti{-8-1~1 FE25 -110F 7

FE26 76

FE27 75

FE28 T9

FE29 Th

AV 76

HG26 89

HG27 92

HGes 87

HG29 8s

HG30 91

AVG ~110F .89

FE30 R 79

Ti-8-1-1 FE31 RT 8k

i
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TABLE XXIII FRACTURE TOUGHNESS TEST SUMMARY (Continuead)

L
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b
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e
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i SR
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n
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A
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*

1,
ol
e

(Longitudinal)
Spec. Test
Alloy Ident. Temp (ks 11&}1:1 )

Tabml-1 FE32 RT 81
FE33 84
FE3k 85
AVG 83
HG3l 86
HG32 90
HG33 85
HG3h4 89
HG35 90
AVG 88
KM16 8L
KM1T 91
K8 80
Ti-8-1-1 AVG RT 85
g PR LE2S ~110F 43
LE26 b7
LE27 LY
LE28 Lo
LE2¢ 48
AVg 46
NG26 51
NG2T 59
NG28 60
NG29 61
NG30 59
AVG ~110F 58
LE30 RT 57
1E3 61
LE32 52
LE33 59
LE3L 60
AVG 58
NG31 76
NG32 Th
NG33 Th
NG3h T
NG35 68
AVG 71
RM16 €

RM1T .
A8 5
T16-6-2 AVG RT 58
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TABLE XXIV DELAYED FAILURE TEST SUMMARY

(Room Temperature, Longitudinal)

S Spec. Time
Alloy Ident. (ksiKI'}in) (Min) Notes
Ti-6-4 AE35 59 1 Fail.
AE36 ko 3 Fail
AE3T 23 180 No Failure
AE38 31 120 No Failure
AE39 L2 180 No Failure
AELO 4o 180 No Failure
AELL 36 6000 No Failure
AEL2 53 6 Fail
AEL3 38 60 No Failure
AELY 4s 3 Fail
cG36 43 180 No Failure
CG3T 51 3 Fail
CG38 48 2 Fail
CG39 45 6780 No Failure
CGLo 52 3 Faxl
CcGh1 51 3 Faii
ceh2 2 3 Fail
CGh43 V-] Th No Failure
CGhk 39 78 ¥o Failure
CGhs5 53 1 Fail
19 29 187 No Failure
20 39 1083 Ro Failure
EM21 47 5 Fail
EM22 ko 10 Fail
™23 Lo 6015 No Failure
Ti{-6-4 2ok L3 90 No Failure
T{wBwlnl FE25 Le 3 Fail
FE36 25 180 No Failure
FE27 36 180 Ho Feilure
FE38 43 78 Fail
FE39 35 L Fail
FELO 37 180 Yo Failure
FELL 34 T020 Ko Failure
FEL2 43 6 Fail
FEL3 40 6 Fail
FELY 37 y Fail
HG36 3 180 No Failure
HG3T 56 b Fail
T=8ul-d HG38 ko 9 Fail
167
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TABLE XXIV DELAYED FAILURE TEST SUMMARY (Continued)
(Room Temperature, Longitudinal)

(.3
Spec. ILI Tiame
AlL i Notes .
i Ident. (ke v in) (Min)
Tia8-1<1 HG39 38 35 Fail
. HGhO 36 2700 Fail
"Gehl 33 6840 No Failure
HGh2 b7 9 Fail
HGAL3 S0 9 Fail
Hohl ko 80 No Failure
HG4S 41 10 Fail
K9 34 181 No Failure
KM20 36 a7 Fail
KM21 39 6 Fail
KM22 32 6009 No Failure
KM23 Lo 85 No Failure
TiwBel-1 KM2k 43 5 Fail
T4 6=b-2 LE35 51 1l Fail
LE36 43 i Fail
LE3T 29 180 No Failure .
LE38 3k i Fail
LE39 36 1 Fail
LELO 41 5880 No Failure v
LEW1 3k 2k0 No Failure
LE42 37 1 Fail
LEL3 38 €0 No Failure
LELL 39 60 No Failure
NG36 37 180 No Failure
NG3T L6 180 No Fallure
KG38 57 2 Fail
NG39 52 2 Fail
NGho L2 5640 No Failure
NGL1 46 60 No Failure
NGL2 53 2 Fail
NGk3 51 65 No Failvre
NGhL 58 2 Fail
PN HakS 63 1 Fail
RM19 27 185 No Failure
RM20 36 1055 Fo Failure
RM21 51 2 Fail .
RM22 48 2 Fail
RM23 36 6003 No Failure
Tiebub=2 RM24 1y} 3 Fail )
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TABIE XXV CREEP TEST SUMMARY
Creep §
Specimen Stress Test X Time
Alloy Strain Remarks
' 1D (kai) Temp (in/in) (ar)
Ti-6-L AE-4 109 '{OOF - .15 Failed
- (TUs 110 AR-6 108 0 0
=4 TYS 89 ) .0038 1
§ .0052 2
g .0057
£ .0066 68
y . 0067 120 Unloaded
- AE.5 107 c 0
: .0028 1
i .0029 2
a . 0046 3
2 .0050 L
F .0054 17
3 . 0060 89
? .0060 115 Unloaded
. E-1 105 c 0
0001 1
.0008 20
. .0010 117
.0012 261
.0012 525
.CO1k 597
.001h 96 Unloaded
Ti~8-1-1 FE-2 114 - .05 Failed
(TUs 115 FE.6 11k - 0 Failed on
TYS 89 ) Ioading
FE..4 113 0 0
.0038 1
.00u8 2
.0057 18
.0060 90
.0062 162
.0062 192 Unloaded
FE-3 112 0 0
0 257
.0002 353
LGop .QUo2 426 Unloaded
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TABIE XXV CREEP TEST SUMMARY (Continued)

“h .

Creep
Specimen Stress Test Time
Alloy Strain Remarxks
I (ksi) Temp ({n/in) {(Hr)
Ti-8-1-1 FE-1 109 LooF 0 0
.0001 1
.0006 20
.0008 260
.0011 597
.0011 988
Ti-6-6-2 1E-6 130 hoor - 0 Failed on
loading
(TUS 125 1E-5 128 no measurements 116 Unloaded
TYS 100)
1E-L 126 no measurements 336 Unloaded
1E-3 124 0 0
.0230 1
.0373 19
.0382 187
.0383 595
.0391 691
.0396 859
.0396 960 Unlcaded
0 0
.0013 1
.0016 3
.0016 5
.0020 T
.0021 9%
.0023 167
.0023 335
0027 458 Unloaded
0 0
.0011 1
.0014 2
.0017 L
.0019 20
.0019 92
.0020 116
,002 . 188
002 428
4OOF o024 596
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TABIE XXV CREEP TEST SUMMARY (Continued) J;;
Creep s o
Alloy Specinen ?;“SS pest Strein 'f;;n'; Remarks
° % ] (infin) |
Ti=6-6-2 1E-1 LOOF .0025 860
.0025 940 Unloaded
Ti-6-L AE-15 100 600F - 0 Failed on
Loeding )
(TUs 101 AE-19 100.0 0 0 .
1S 77 ) .0003 1
.0006 2
.0008 3 )
.0008 L 3
.0009 5 -
.001% 21
.0026 93
.0039 261 ;
.ookk 333 :
AE-17 99 0 0
. 0006 1 :
.0007 4
.0009 5
.0013 23
.0020 71
.0025 147 Unloaded
AE-13 98 o 0 :
. 0006 19 :
.0008 139
.0015 235 ]
.0018 307
.0021 ko3 i
.0021 643 :
.002L 739 :
.0025 810 ;
.0025 978 Unloaded ;
AE-16 95 0 0
. 000k 1
.OO% 5
.0008 24
.0011 96
.0013 192
600F | _ .0021 264
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TABIE XXV CREEP TEST SUMMARY {Continued)

R

v
b

AR

. Creep
Specimen { Stress Test Time
Alloy Strain Remarks
v} (ksi) Temp (in/1in) (8r)
Ti-6-4 AR-16 95 600F .0022 672
.0023 768
.0023 g1 Unloaded
AE-13 93 0 0
.0003 1
. 0004 3
0003 L
.0010 5
.0021 22
,0027 16
.003%4 118
.00k 21k
.0048 382
L0048 422
.00%0 716
L0051 g57 Unloaded
AF.-14 89.0 0 0
. 0006 1
.0G06 2
.0009 90
.0010 4q8
.0010 1097
‘ .00105 1169
AE-18 79.0 0 0
», 0006 1
. 0006 2
.0008 22
.0026 Y77
.0032 645
Ti-8-1-1 ¥E-22 107 - 0 Failed on
Ioading
(TUs 107 FE-18 106 - 0 Failed »n
TYS 81 ) Loading
FE-13 105 0 0
.0002 1
600F .0002 141 Unloaded
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PARIE XXV CREEP TEST sUMMARY (Continued)
Ay a Creep
Alloy OPe%m en %irg;s gz st Strain '%.‘ém § Remarks
. 81 mp ( in / in) r
Ti=8-1-1 FE-1L 105,0 600F 0 0
0004 1
] ! .0006 2
: .0009 20
F .0018 235
: ,0021 475
600F ,0024 643
| FE-23 104 - - 0 Failed on
i Loading
’ FE-21 102.0 | 600F 0 )
,0002 1
.0003 2
. 000k 3
.0007 19
.0010 91
.0013 258
. .0017 426
a-2b 100.0 0 0
o 0003 1
.0003 3
f 0008 22
{ .0009 70
O .0010 237
' .0012 405
,Q014 477
FE-17 95.0 0 0
.0001 1
.0001 2
. 000k 16
. 0006 65
0007 232
. 0007 k72
FR-15 81.0 0 0
. 000k 1
0005 2
.0005 20
) 0006 26C
Co 600F 0008 500
173
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TABLE XXV CREEP TEST SUMMARY (Continued)

o o

Creep

Specimen | Stress Test Time
Alloy Strein Remarks
I (ksi) Temp (in/in) (Hr)
Tiab-6-2 1E-14 127 600F - 0 Failed on
Ioading
(TUs 121
TS 97 ) IB-15 123 - 0 Failed on
Toading
LE~21 121 - 0 Tailed on
Ioading
IE-13 120 0 0
.0018 1
0027 2
.0033 3
.0037 L
.0086 20
.0120 hy
.0200 140
.0223 188
.02hs5 236
0273 3.8
.034%9 Lol
.0372 W76
.03%0 572
.oko7 6l
.03k 740
LOllyly 812
LOL5T 908
LolT71 985 Unloaded
IE-16 117 0 )
.0009 1
.0012 2
.0016 L
. 0066 93
,0072 140
.0081 189
+0090 261
.00k 357
L0114 525
L0120 597
0123 765
,0129 861
600F 013k 937 Unloeded

17k




TABIE XYV CREEP TEST SUMMARY (Continued)

Creep

. Specimen | Stress Test . Time
Alloy D (ksi) Temp (ii;z;r)i (Er) Remarks
Ti-€-6-2 1818 114,0 600F 0 0
0009 1
.0012 2
(0014 3
.0028 ]
.0040 112
. 0052 376
. 0060 616
IE-17 112 0 0
,0000 1
.0008 3
,0C09 5
.C015 ol
002k 71
.0033 b2
L0042 310
0054 645
I1E-20 100.0 o} o
. 000k 1
000k 2
.0006 3
.0C08 21
.0016 gl
.0020 166
.0021 262
.0022 430
600F .0024 502
Ti=6=4 AE-2 85 80CF 0 0
(TUs 93 0037 1
TYS 173) L0058 2
007k 5
.0089 Iy
L0265 21
,0k10 45
L0425 69
80CF .0k2s 77 Failed




TABIE XXV CREEP TEST SUMMARY (Conrcluded)

Creey r
Specimen | Stress Test : Time
Alloy D (ks 1) Temo (? ﬁ;z;x)\ (Hr) Remarks
Ti-6-4 AE-3 75 80oF 0 G
] .001h 1
.0026 2
.0032 3
LCOTT7 18
.0120 43
.0183 91
.0264 163
.0378 259
L0431 336 Unloaded
Ti-8-1-1 ¥8-12 95 0 0
0002 2
(TUs 99 .0003 20
TYS 72) .0012 68
.0038 139 Failed
FE-5 85 0 0
. 0006 1
.0016 13
,0028 42
. OOk )
.0056 162
.0070 258
0084 330 Unloaded
FE-11 72.0 0 0
.0003 1
. 000k 2
. 0006 3
.0007 4
.0028 92
. 005 260
.col3 332
T4 u6mbe2 1B-8 98 0 0
.0190 N
(TUs 109 ,0306 2
TYS 8T ) i .0393 3
Lol7h 4
800F .1372 1k Failed
176
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TABLE XXVI RAPID FEAT AND LOAD .
CREEP TEST SUMMARY T
fenmn . Creep 5
Spe ;D imen E;{s; *)" iz;; Strain ?;x;:) Remarks
. {in/in} \
AE-21 98 600F )
0 0 At lcad
.0003 1 .
! .0009 10
; .CO15 25
2B B .0017 4o ,
. s . 0017 60 Unloaded 3
. AE-22 89 0 0 At load
kT , 0009 5 N
. - .0013 10 o
K .001k 60 Unloaded -
| AE-23 79 L
S 0 0 At load
E .0002 5
L 000k 10
. .0009 15
L0012 25
: .0012 60 Unloaded
L J
- AE-2h4 71
0 0 At loed
.0012 5 :
.001k 15 i
.0016 20 =
.0017 30 :
.0018 7%
= .0018 8o Unloaded
Ti-8-1-1 FE-16 107 - - Failed on
loading
(TUS 107
TYS 81 ) FE-19 103
0 0 At load
.0015 5
.0018 10
.0021 20
600F .0o2k 34 Failed
177
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TABLE XXVI RAPID HEAT AND LOAD
CREEP TEST SUMMARY (Continued)
[
Alloy Specimen Stress Test ngiﬁ Time Remarks »
D (ksi) Terp (in/in) (min)
{~8=1w1 FE-20 81 600F
} 0 0 At load
(TUs 107 . 000k 5
TYS 81 ) .0006 60 Unloaded
T ebeba2 LE-19 119 - 0 Failed on
loading
(Tus 121
8 97 ) LE-22 112
0 0 At load
.0009 5
' .0015 10
.0018 30
.0018 60 Unloaded
LE-23 100 -
0 o} At load N
.000L 5 -
. 0005 10 _
. 0006 25 o
,0006 60 Unloaded
LE-2k g0
0 0 At load
. 0006 5 .
. 0007 10 ¥
.0008 15 ;r‘
.0010 25 -
600F .0010 60 :
._?j
T4 b=l AE-9 90 800F :
0 o) At load A
(TUS 93 .0027 1
TYS 73 ) .0048 2
0066 3
.0081 L
+ 0097 5 ‘
0165 10
.0335 15 ,
Ols50 20
90 800F .0585 25 Failed
N ,
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5
TAELE XXVI RAPID HEAT AND LOAD o
CREEP TEST SUMMARY (Continued)
Creep . “
Specimen Stress Test Time
D (ksi) Temp ?:;712) (min) Remarks i
AE-T 85 800F .
o 0 At load
.0007 5 .
L0012 10
.0016 15 .
.0019 25 )
,0020 30
.0022 35 ;.
.0025 L5 L
.0028 50 &
.0030 60 Unloaded
AE-10 79
0 0 At load
.0006 5
.0012 10
.0016 15
.0019 20
.0021 25
.0023 35
.0025 4o
.0027 50 :
.0029 60 Unlcaded 3
AE-8 75 i
0 0 At load 3
000k 5 :
0007 10 i
.0012 15 ;
L0014 20 3
.0016 25
.0018 30
.0022 Lo
002k L5
.0026 50
.0028 80 Unioaded
AB-12 65
) 0 At load
0005 5
00006 10
0007 35
800F .0007 65 Unloaded
179




TABLE XXVI RAPID HEAT AND LOAD
CREEP TEST SUMMARY (Continued)

Creep R
Specimen Stress Test . Time
Alloy m (ksi) Temp ?g:&;g) {min) Remarks
Ti=6-4 AE-11 58 800F
0 0 At load
.000k 5
.0006 10
. 0008 20
.0010 30
.0012 35
,0012 60 Unlcaded
Piu8-lel FE-T7 gk - 0 Failed on
loading
(TUS 99
TYS 72 ) FE-C 85
0 0 At load
.0008 5
.0010 10
. 0014 15
.0016 20
.0018 45
.0020 60 Unloaded
FE-9 T2
0 0 At load
.0003 5
. 0005 10
. 0006 25
. 0007 55
.0008 T0 Unloaded
FE-10 58
0 0 At load
.0002 5
.0005 10
,0006 15
.0008 25
.N010 Lo
8ooF .0010 70 Unloaded
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TABLE XXVI RAPID HEAT AND LOAD
CREEP TEST SUMMARY {Continued)
[ ]
a9 . Creep
‘ Alloy Spe;nimen SJZ?S :‘E'St Strain '.([‘ixfle) Remarks
c s emp (in /in) min
L Tie6-6-2 LE-10 98 800F
b 0 0 At lcad
Eo (TUS 109 L0014 1
b TS &/ .0028 2
E .0038 3
k. .C050 L 3
i“ .0059 5 L
’ .0106 10 -
- .O1Lk 15 A
N .C178 20 o
- ,0209 25 B
] L02k2 30 -
B L0275 35 ¥
- .0305 Lo , i
s .0336 45 T
o .0366 50 S
. . .0396 55 44
.0l28 60
: .0ls56 65 Unloaded
1LE~7 88
0 0 At load
.0015 5
.0030 10
.0039 15
.CoL48 20
. 0060 25
.0067 30
L0075 35
.0081 4o
.0087 4s
.0090 50
.0097 55
800F .0105 60 Unloaded
181
I Ji N




ey

wroery

TABLE XXVI RAPID HEAT AND LOAD
CREEP TEST SUMMARY (Concluded)

Allo Specimen Stress Test Sg:ﬁ Time Remarks

y )] (ksi) Temp (in/in) (min)
Pimbub=2 LE-9 78 800F
0 0 At load

.0016 5
.0028 10
.0037 15
Nololltit 20
.0052 25
.0060 30
L0067 35
.0070 4o
L0074 L5
.0078 50
.0082 55

.0085 60 Unloaded

69

0 0 At load
.0008 5
.0012 10
.0016 15
.0022 20
.0026 25
.0032 35
.0038 4o
.00k2 45
.00k 50
.00k6 55

800F .0oL8 60 Unloaded
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TABLE XXVII FATIGUE TEST SUMMARY, KT = 1.0

Range Ratio: .1 TEST TEMP.: ROOM
1800 CPM Grain Direction: Longitudinal
loy S ﬁﬁ:ﬁ (Egg) M;%(;S':;:zs Tocg:ﬁire Remarks
si)

Ti-6-L CG-21 145 120 57,630
-24 110 59,225
-16 100 219,0u45
-23 95 769,125
-17 ‘ 90 1,110,525
-18 85 2,582,037
-19 80 3,316,840
-25 78 8,198,675
-20 75 4,811,562

CG-22 1ks 72 17,774,295
DK-16 145 130 36,900
-7 110 111,780
-53 100 809,820
-48 90 220,500
-51 85 219,780
-5k 82 88,920
-kg 80 2,265,000
-55 78 7,714,620
DK-50 1bs 75 6,647,400 No Failure
BK-53 141 120 91,025
47 110 259,500
-48 100 1,355,750
-5k4 95 2,542,250
-4 90 2,904,700
-kg 85 3,585,250
=35 8z 7,989,600
=50 14 78 108,405
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TABLE XXVII FATIGUE TEST SUMMARY, KT = 1.0 (Continued)

mi | St | 8| Secia’ | 930 | e
(xsi)
Ti-6-h BK-51 14 78 353,405
1 BK-52 14 76 10,039, 500
EM-11 1h2 120 34,177 Heavy Extr
-12 95 982,632 Heavy Extr
-13 76 3,512,105 Heavy Extr
-1k 72 290,280 Heavy Extr
‘ EM-15 142 72 10,607,900 Heavy Extr
Ti-6-4 HG-24 133 130 25,020
Ti-8-1-1 -23 105 479, 700
f -16 100 822,960
-17 97 792,180
-18 90 5k,360
-21 88 677,160
-25 87 1,293,300
-19 85 6,845,000
HG~20 133 82 10,083,600 No Failure
JK-U46 134 110 105,540
100 90,930
90 1,734,500
85 3,678,000
82 1,0l5,35¢
80 1,768,880
77 6,349,860
75 9,160,900
13k 72 8,55k, 700
140 120 157,866
110 Li5,000
105 638,750
1k0 100 71,000
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TABLE ¥XVII

FATIGUE T

SUMMAEY, X

= 1.0 (Continued)

§ e wh e s Aen ST

v mmm————

. TUS Max Stress cvele
Tamoer | (uany | e Aren |l 1 remerks
GK-52 1ko as 1,286,010
-h7 ! 90 1,159,860
b9 85 2,00h4,750
-5k 82 1,969,680
-50 | 61 1k, 170,750 Ne Failure
3K-55 1o 75 13,345,700
KM-11 139 12¢ 101,723 Thick Extr
-12 100 5k, 390 Tr.ick Zxtr
-14 90 212,k4Lo Thick Extr
-13 80 2,541,500 Thick Extr
KM-15 135 75 1,786,640 Thick Extr
NG-18 1h7 120 77,040
-19 110 429, 300
-25 100 719,100
-2 95 854,820
-23 2 2,823,840
-16 30 3,431,680
-2k 88 1,601,280
-17 85 L55, 400
-22 83 8,527,320
NG-20 1h7 80 1¢, 144,800 No Failure
FX-51 145 12 93,250
4G 100 583, 560
-53 98 1,831,860
«52 90 2,456,820
-5k 85 1,738,800
~55 8o 2,404,800
-5 78 9,237,600
~47 ; 75 4,053,500
TR-h8 ihg 73 11,780,000 No Failure




TABLE XXVI1 FATIGUE TEST SUMMARY, K, = 1.0 (Concluded)
|
Alloy | Sgﬁ;&gin (igf) M§2t322235 TOC§Zii3re Remarks
(ksi)
T1-6-6-2 MK-48 157 120 258,660
-47 110 414,900
-h6 100 987,660
-50 95 847,080
=49 90 3,472,560
=55 88 5,279,940
-5k 87 10,000,000 No Fuilure
-51 ' 85 6,570, 720
MK-52 157 82 18,243,000 No Failure
RM-11 155 120 41,760 Thick Extr
-15 110 448,610 Thick Extr
=12 95 2,297,240 Thick Extr
-14 90 2,84h4,180 Thick Extr
4662 RM-13 155 82 4,830,920 Thick Extr

UGN
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TABLE XXVIII FATIGUE TEST SUMMARY, K'P = 2.76, ROCM TEMPSRATURE

{Grain Direction:

Longitudingl)

Max Stress

N Specimen Range . Cycles _ -
Alioy Number Ratis h?isiﬁea To Failure Remarks
Ti-6-4 €G6-3 -1.0 50 Lk, 798
DK-2 50 48,825
BK-5 50 22,32¢
DK-3 40 71,145
BK-2 Lo 287,550
CG-1 35 509,400
DK-1 35 S01,500
DK-U 30 1,784,000
BK-3 30 6,415,700
CG-2 29 €,112,000
C3-5 26 5,600,000
DK-5 -1.0 26 6,460,000
CG-9 + .01 80 23,760
BK-19 80 19,440
DK-1T 70 28,426
cG-6 65 65,600
DK- 19 60 39,322
BK-16 60 532,260
¢G-10 55 695,700
DK-16 50 828,780
BK-1T 50 1,895,550
BK-18 46 2,567,80C
CcG-T 45 2,256,300
DK-18 s 3,931,200
BK-2C 42 3,000,000
DK-20 5] 797,580
CG-8 + .01 40 2,611,300
DK-31 + .43 93 39,060
CG-13 80 399,600
BK-33 80 52,ThO
DK-32 75 129,600
CG-11 71 77,040
BK-3k 70 1,258,820
CG-12 60 2,937,200
DX-33 60 1,353,900
BK~31 60 3,827,100
CG-14 57 1,429,500
BK-32 56 5,196,500
BK-35 ' 55 8,243,100
T1-6-L CG=-15 + .u3 54 5,770,000
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TABLE XXVIII FATIGUE TEST SUMMARY, K, = 2. /6, ROOM TEMPERATURE (Cecntinued)

(6rain Direction:

Long:tudinal)

=
Max Strese
- Specimen Range Cycles
Atioy ﬁumber Rat?o Net Aree To Feilure Remarks
{ksi)

Ti-8-1-1 HG-b ~-1.0 50 19,980
GK-1 50 23,460
JK-2 45 39,420
GK-b 40 48,600
HG-1 35 216,180
JK-1 35 110,700
GK-2 35 1,510,900
GKX=-3 32 1,715,909
JK-b 30 1,816,500
HG=-2 29 2,793,600
GK-5 29 2,638,800
HG-5 27 3,788,100
JK-3 26 1,225,100
HG-3 25 10,716,600 Ne Failure
JK-5 ~1.0 23 10,500,000 Ho Failure
JK-18 + .01 30 27,540
HG~8 T° 33,120
GK-19 75 37,800
HG-1C 65 27,000
JK-16 48 55,965
GK-20 £5 485,77C
GK-17 60 587,770
HG-6 50 216,470
JK-17 59 663,480
GK-16 5 1,187,400
HG-T Ls 1,595,570
JK-19 L2 gl 640
HG-9 4o 11,580,000 No Failuye
JK-20 + .01 3 10,700,000 No Failure
HG-13 + b2 ~0 70,560
CK-~35 20 47,160
JK~33 8s 26,230
GK-33 80 162,330
GK-3L 15 378,5k0
HG~11 T0 394,000
HG-12 65 1,125,700
JK-32 65 340,000
EG-1k 62 2,bok 600
JK=~35 60 655,900
GK-31 60 10,000,000 No Failure
HG-15 + .43 58 9,320,000 No Failure
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TABLE XXVIII

FATIGUE TEST SUMMARY, K

(Grain Direction:

T

= 2.76, ROOM TEMPERATURE (Cencluded)
Longitudinal)

Specimen

Renge

Max Stress

Cycles

Alloy Number Ratio h?i Area To Failure Remarks
kgi)
Ti-5-6-2 PK-2 -1.0 4s 52,095
NG-1 A 40 25,012
NG-h 35 134,k60
PK-1 35 240,040
MK-3 35 395,200
NG-2 30 499,98G
PK-k 30 1,h05,000
MK~b 30 7,399,000
PY.-5 28 1,693,000
PK-3 25 luv,152,000 No Fajiiure
NG-3 -1.0 25 11,130,060 No Failure
NG-8 + .01 75 27,000
PK-19 75 3C,%50
MK~18 70 25,920
NG-6 60 329,580
PK~1 60 48,240
MK~19 60 333,700
NG=-T 50 2,536,200
PK-16 50 833,940
MK-1T 50 1,800,000
PK-18 45 3,608,400
NG-10 5 12,636,800 No Failure
MK~-20 Ly 11,9i%,000 Ko Fajlare
PK-20 h2 10,000,000 No Failure
MK-16 + .01 LG 7,516,000 Fo Failure
NG-1h + .43 90 37,080
MK-32 85 28,620
NG-15 80 81,540
FK-32 80 36,900
MK-35 80 801,000
NG-11 75 895,500
MK-33 75 746,860
PK-31 70 46,800
MK-31 70 3,643,200
NG-12 67 1,036,600
MK--3k 67 10,000,000 No Failure
Ti-6-6-2 NG-13 + .43 6k 1,566,180

(:) Ky Based on Net Areas
(:) Range Ratio R = Minimum Stress/Maximum Stress
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3 | TABLE XXIX FATIGUE TEST SUMMARY, K, = 2.76
Test Temperature: 400°F
) Grain Directicn: Tongitudinal
i oy | Specizen | Bt | T | S, | Renans
. ksi)
; Ti-6-k BK-7 1.0 s 16,920
3 | DK-6 Lo 56,832
| | DK-9 35 66,040
/ BK-6 35 40,500
: BK-G 33 63,720
] DK-T 30 519, 400
: K-8 30 3,129,400
‘ BK-10 27 2,008,200
DK-10 -1.0 25 1,372,500
DK-22 + .01 65 23,220
~ BK~23 61 k2,122
1 55 37,620
50 1,809,300
46 1,371,600
I 1,658,800
b2 5,104,700
ko 3,983,200
80 19,440
190
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TABLE XXIX FATIGUE TEST SUMMARY, X

T

= 2,76 (Continued)

. Max Stress
AR vl I ol B P o SR
si)

Ti-6-4 BK-38 + .43 72 391,320
DK-36 ‘ 70 34,920
BK-36 65 528,900
BK-LO 63 1,854,000
DK-37 60 880, ThkO

DK-kO g 10,253,300 No Failure

Ti-6-k DX-39 + 43 L5 11,043,000 No Failure
Ti-8-1-1} OK-6 -1,0 45 29,260
JK-6 Lo 18,012
JK-T 30 2,182,400
GK-7 30 1,131,170
JK-8 27 1,273,100
JK-10 25 1,586,500

GK-9 -1,0 25 10,000,000 No Failure
GK-22 + ,01 65 23,708
JK-21 60 50,837
JK-25 55 109,980
GK~24 i 55 3513, 700
JK-22 50 357,180
0K-~21 + .01 50 393,120
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5 - TABLE XXTX FATIGUE TEST SUMMARY, K, = 2.76 {Continued)
s
SRR il el Y I ’
- si) .
Ti-8-1-1 JK-23 + .01 Wy 103,020
: t GK-23 Le 12,585, 500
f JK-24 + ,01 Lo 74530,240
|
GK-37 + ,h3 80 287,460
L JK-37 ‘ 75 9e,70C0
GK-38 75 202,680 !
JK-36 65 1,691,200
GK-36 65 1,007,100
? JK-ko 63 2,674,800 ,
2 GX~40 60 2,050,500
Tiw8-1-1 JK-39 + 43 58 13,402,800 No Failure °
Ti~6-6-2 MK-9 -1.0 50 16,790
MK-7 Lo 1,532,500
PX-T 30 33,320
MK-6 30 4, 8¢8,700
Pr-10 28 1,963,900
PX-8 25 3,120,300
PK-9 1.0 22 10, 50k, 000 No Failure LW
+ ,01 'l 30.96¢

192




- R TR R - - = s - oW -
e
TABLE XXIX FATIGUE TEST SUMMARY, X, = 2,76 (Coneluded)
SR vl B G T G
g1)

Ti-6-6-2 PK-22 + ,0L 67 22,140
PK-23 55 LoC, 640
MK-2L 50 175,920
PK-24 b5 552, 500
MK-23 TS 1,658,500

MK-25 L2 18,478,200 fNo Failure
PK-25 + 0L 40 1,182,300

|
MK-39 + !243 90 26,460
MK-37 80 657,160
MK-36 75 882,900
3 PK-36 70 52,200
v 1 A MK-38 70 1,896,800
o f:‘é : MK -40 67 8li2, 760
PK-38 €2 68,220
2 PK~50 60 7,89k, 600
x PK-37 55 5,785, 500
i Tiwbmb~2 PK~39 + .43 50 8,649, 500
193
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TABLE XXX FATIGUE TEST SUMMARY X

= 2,76, 600°F

T
(Grain Direction: Longitudinal)
Max Stress
Specimen Range cles
Alloy gumber Rat?o Nev Area Tocgailure Remarks
(ksi)
Ti -6k DK-13 -1.0 Lo 23,800
BK-15 Lo 22,120
DK-12 30 711,180
BV 11 30 2,569,800
DK-1h 25 3,533,800
BK-12 25 1,808,500
RK-1bL 23 3,252,400
DK-15 -1.0 20 3,156,000
BK-27 + .01 78 1k, 766
DK-27 62 14,400
DK-26 55 287,270
BK-29 50 45,720
BK-26 51 991,436
DK-28 18 1,71k,600
BK-28 4s 78,8L0
DK-29 43 2,356,500
DK-30 4o 4,001,900
BK-30 + .01 35 10,000,000 No Failure
BK-43 + .43 75 34,560
DK-L2 T0 43,740
DK-Lk 65 3,176,600
BK-41 65 1,860,700
DK-L1 60 2,475,500
BK-L2 60 337,500
DK-U45 55 10,000,000 No Pailure
BK-hli 53 3,156,300
Ti-6-4 BK-45 + .43 €0 12,702,600 No Failure
Ti-8-1-1 GK-12 -1.0 ko 28,860
JK-11 35 25,560
GK-11 30 L46,110
JK-14 28 731,160
GK-15 26 2,088,700
JK-15 2k 3,511,400
GK-1h -1.0 2k 10,386,000 No Failure
JK-26 + .01 60 Lk, L1s
JK-29 55 208,580
GK-26 50 794,000
JK-27 is 1,208,500
GK-28 + .01 45 205,000
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TABLE XXX FATIGUE TEST SUMMARY KT = 2.76, A00°F (Continued)

(Grain Direction: Longitudinal)
Max Stress
Specimen Range Cycles
Alloy Number Ratio N?I;sli\z)*ea To Failure Remarks
T{-8-1-1 GK-26 +0.01 42 2,304,900
JK-28 40 8,229,300
JK-30 38 4,847,300
GX-30 +0.01 37 10,292,500 No Failure
GK-4S +0.43 90 22,860
GK-U3 80 312,750
JK-h2 75 55,620
JK-43 T2 176,820
GK-41 70 637,970
JK-41 65 1,136,200
GK-k2 63 683,350
JK-L4 60 761,000
GK-Llk 57 10,000,000 No Failure
T5-8-1-1 JK-U5 +0.43 56 10,000,000 No Failure
PK-12 <1.0 Lo 35,520
Ti-6-6-2 MK-15 40 163,020
PK-15 35 417,180
! PK-11 30 436,850
MK-11 30 1,080,200
PK-13 26 6,086,800
MK-14 25 15,528,000 No Failure
PK-1l -1.0 24 10,310,000 No Failure
MK«28 +0.01 65 42,282
PK-26 60 28,080
MK-30 60 239,180
PK-28 50 127,260
MK-26 50 383,220
MK-27 45 2,175,000
PK-27 43 3,586,500
MK-29 42 10,000,000 No Failure
PK-30 40 10,000,000 No Failure
PX-29 +0.01 38 12,760,000 No Failure
MK-L4 +0.43 90 10,800
PK-43 8o 23,400
MK-42 80 356,220
PK-k41 78 11,0060
PK-U2 70 2,397,700
MK-41 70 3,004,900
MK-45 +0.43 63 2,366,200
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