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FOREWORD
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Laboratery, Air Force Systems Command, Wright-Patterson Air Force Base, Ohio,
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INYRODUCTION

The selection of materials to most effectively satisfy new environ-
mental requirements and increased design load requirements for advanced Air
Force weapons systems is of vital iwmportance. A major difficulty that design
engineers encounter, particularly for newly developed materials, materials
processing, and product forms, is a lack of sufficient engineering data to-
effectively evaluate the relative potential of these d:.velopments for a
particular application.

In recognition of this need, the Air Force has sponsored several pro-
grams at Battelle's Columbus Laboratories to provide comparative engineering
data for newly developed materials. The materials included in these evaluation
programs were carefully selected to insure that they were either available or
could become quickly available on request and that they would represent
potentially attractive alloy projections for weapons system usage. The results
of these programs have been published in six technical reports, AFML-TR-67-418,
AFML-TR-68-211, AFML-TR-70-252, AFML-TR-71-249, AFML~-TR~72-196, Volumes I and
11, and AFML-TR-73-114.

This technical report is a regult of the continuing effort to relieve
the above situation and to stimulate interest in the use of newly developed
alloys, or new processing techniques for older alloys, for advanced structures.

The materials evaluated under this program are as follows

(1) 7049-T7351 plate

(2) 1Inconel 617 annealed sheet

(3) 7475-T7351 plate

(4) 2419-1851 plate

(5) Ti-6A1-2Zr-2Sn-2Mo-2Cr duplex annealed forging
(6) Ti-6Al-2Cb-11a-1Mo annealed plate
(7) Ti-6Al1-4V beta-annealed plate

(8) Ti-6A1-4V annealed castings

(9) Ti-6A1-4V isothermal forgings
(10) Incoloy 903 heat-treated sheet
(11) 201.0 T7 -~astings.

The temper or hieat-treat conditions selected for evaluation are
described in each alloy tection,

The program approach was, as on previous contracts, to search the pub-
lished literature and to contact metal producers and aercspace companies for any

pertinent data. If very little pertinent information was available, a complete
material evaluation was conducted. On this program a complete evaluation was

conducted for each material. Upon completion of each evaluation, a 'data sheet"

was issued to make the information immediately available to potential users
rather than defer publication to the end of the contract term and this summary

technical report. These data sheets are reproduced as Appendix IIT1 of this report.

Detailed information concerning the properties of interest, test tech-

niques, and specimen types are contained in Appendices I and II of this report.
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7049-T7351 Aluminum Alloy Plate

Material Description

Alloy 7049 was developed by Kaiser Aluminum and Chemical Corporation.
The development aim was for an alloy with a strength level in the range of 7075~
Té and 7079-T6 coupled with a high resistance to stress corrosion cracking.
Initial development and production was in the form of forgings aad hand forgings.
Further development has been in the form of extrusions and plate.

The material evaluated on this program was a 3-inch thick plate from
Kaiser lot number 6802001. The material had the following composition:

Cnemical

Composition Percent
Zinc 7.6
Magnesium 2.5
Copper 1.5
Chromium 0.15
Silieen 0.25 max
Iron 0.35 max
Titaniuvm 0.10 max
Manvanese 0,20 max
Aluminum Aalance

Processing and Heat Treating
The specimer layout i chemer in Flonre 1. Srecimens were tested in

B s AR
1 M

the as: receivad compat .,

Tegt Results

Tension. Tests =reve coandueted at roem *ewnperature, 250 F, 350 F, and
500 F on both longitudinal and long trausverse specimens. Test results are given
in Table 1. Typical stress-strain curves at temperature are presented in Figures
2 and 3. Effect-of-temperature curves are presented in Figure 6.

Compression. Tests were conducted at room temperature, 250 F, 350 F,
and 500 F on both longitudinal and long transverse specimens. Test results are
given in Table 1I. Typical stress-strain and tangent-modulus curves at tempera-
ture are presentaed in Figures 4 and 5. Effect-cf-temperature curves are shown
in Figure 7,

Shear. Tests were conducted at room temperature only on pin-shear type
longitudinal and long transverse specimens. Test results are given in Table IIIT,
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Impact. Charpy V-notch test results for longitudinal and long trans-
verse specimens are given in Table IV,

et R o, Pt nnir, i o Wil w ek IS

Fracture Toughness. Results of slow-bend type tests in both the
longitudinal (L-T) and long transverse (T-L) directions are given in Table V.
: Specimens were 1.00 inch thick by 2.00-inches wide with a span of 8 inches. The
candidate Kq values shown in Table V are considered valid Kic values by existing
ASTM criteria,

o

Fatigue. Axial-load test results for long transverse specimens at a
load ratio of R = 0.1 are given in Tables VI and VII. These tests were conducted
at room temperature, 250 F, and 350 F for both unnotched and notched (K¢ = 3.0)
specimens. These data are presented as S-N curves in Figures 8 and 9.

B A = | R e B s %~ o

Creep and Stress-Rupture. Results of tests on long transverse speci-
mens at 250 F, 350 F, and 500 F are given in Table VIII. Log-stress versus log-
time curves are presented in Figure 10,

- r———T

Stress Corrosion. Specimens were tested as described in the experimental
procedures section of this report. No failures or cracks occurred in the 1000-hour
test duration.

Thermal Expansion. The coefficient of thermal expansion for this alloy
is 12.9 x 10~ in./in./F for 68 F to 212 F,

Density. The density of this material is 0.099 1b./in®.

— " s
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TABLE I. TENSILE TEST RESULTS FOR 7049-T7351 ALLOY PLATE

B LN g Pt d o E o i Y RN e S =

e e A S T

"

-

Ultimate 0.2 Percent
Tensile Of fset Yield Elongation Reduction Tensile
Specimen Strength, Strength, in 2 Inches, in Area, Modulus,
Number ksi ksi percent percent 10 ksi
Longitudinal at Room Temperature
1L-1 75.8 65.8 12.0 32.3 10.3
1L-2 75.4 67.3 13.5 37.8 10.1
1L-3 75.2 66.5 13.5 38.2 10.3
Average 75.5 66.5 13.0 36.1 16.2
Long Transverse at Room Temperature
11-1 73.1 63.4 10.5 24.4 10.4
1T-2 77.6 68.0 10.5 25.8 10.3
iT-3 73.0 62.8 11.0 26.5 10.4
Average 74.6 64.7 10.7 25.6 10.4
Longitudinal at 250 F
1L-4 59.2 59.0 18.5 53.8 9.2
1L 5 59.3 58.7 18.0 50.9 9.5
1L-6 38.5 58.5 18.0 55.7 9.2
Average 59.0 58.7 18.2 53.5 9.3
Long Transverse at 250 F
1T-4 60.2 58.6 15.5 44.3 9.6
1T-5 62.2 61,2 15.0 41.4 9.6
1T-6 60.0 58.6 16.0 44,7 9.4
Average 60.8 59.5 15.5 43.4 9.5
longitudinal at 350 F
1L-7 45.7 45.4 20.0 64.5 7.7
IL'B AS.B ‘05.7 20.0 63-5 8'2
1L-9 44.7 44.3 20.5 66.8 8.1
Average 45.4 45.1 20.2 64.9 8.0
Long Transverse at 350 F
17-7 46,1 45.8 17.0 53.7 8.8
1r-8 48.4 47.2 17.90 54.3 7.9
1T-9 46.6 45.9 18.0 55.9 8.5
Average 47.0 46.3 17.3 54.6 8.4
Longitudinal at 500 F
1L-10 14.9 14.7 32.0 85.8 5.4
1L-11 15.0 14.8 33.0 87.3 6.2
1L-12 15,4 15.2 30.5 85.9 &.3
Average 15.1 14.9 31.8 86.3 6.0
Long Traagverse at 500 F
1T-10 16.6 16.6 27.5 81.5 6,1
1T-11 17.3 17.2 30.0 84.0 5.3
1T-12 17.8 17.7 29.0 84.0 5.8
Average 17.2 17.2 28.8 83.2 5.7

e
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Lo COMPRUSSLON TEST RESULTS FOR 7049-T1T7351 ALLOY PLATE

0.2 Percent Offset
Yield Strength, Compressive Modulus,
ksi 107 ksi

(UL

W R e

Longitudin. . at Room Temperature

64,6 10.8
03.6 10.7
4.0 10.9
Average 34.1 10.8
Loup Trausverse at Ruom Temperature
06.0 10.9
71.0 11.1
0.7 10.6
Average 69.2 10.9
Longitudinal at 250 ¥
7.2 9.4
56.6 9.1
56.7 9.8
Average 56.8 9.4
Long Trangverse at 250 F
60.4 9.7
56.7 9.9
62.3 9.6
Average $9.8 9.7
Longitudinal at 350 F
44,1 8.0
44.5 8.2
44.7 8.1
Average 44.4 8.1
Long Transverse at 350 F
48.1 8.1
47.7 8.4
46.8 8.4
Average 47.5 8.3
Longitudinal at 500 F
16.1 7.1
16.6 6.8
17.3 6.7
Average 16.7 6.9
Lonp Traansverse at 500 F
15.8 6.9
17.6 7.5
17.7 6.5
Averdg 17.0 7.0
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% TABLE III, PIN SHEAR TEST RESULTS FOR §
: 7049-T7351 ALLOY PLATE AT %
£ ROOM TLMPERATURE *
!
E Specimen Ultimate Shear ‘
4 Number Strength, ksi
9
% Longitudinal 1
4L-1 45.4 b
; 4L"2 42.4
{ 4L-3 46.4
! 4L~4 50.2
¥ ——
A
Average 46.1
Long Transverge
! 4T-1 48.3
4T-2 44,1 4
4T-3 43.0 3
4T-4 46.3 1
Average 45.4 %
—— —_
)
TABLE IV. IMPACT TEST RESULTS FOR %
7049-T7351 ALLOY PLATE
AT ROOM TEMPERATURE
Specimen Energy,
Number ft/1b
Longitudinal
10L-1 2.0 r
10L-2 5.0 !
10L-3 5.0 f
10L-4 5.0 p
10L-5 6.0 {
10L-6 6.0
Average 5. ;
l Long Transversge
' 10T-1 3.0
. 10T-2 4.0 ]
10T-3 4.0 [
3 10T-6 3.0 ;
’F Average 3.3 1‘
7 !
£ i
|
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f TABLE V. KESULIS OF SLOW-BEND TYPE FRACTURE TOUGHNESS TESTS 5

g FOR 7049~-T7351 PLATE AT ROOM TEMPERATURE .§

! - ]
Specimen W, a, B, Po, Span, a a :

' Number inches inches inches {i inches £G@) KQ( ) )

g %

! ;

; Longitudinal (L-T)

! :

: 6L-2 2.00 0.952 1.00 4,700 8.0 2.470 32.8

: 6L-3 2.00 0.964 1.00 4,750 8.0 2,517 33.8

i 6L-4 2,00 0.964 1.00 4,850 8.0 2,517 34.3

| 6L-5 2.00  0.982 1.00 4,700 8.0 2.589  34.4

: 6L-6 2.00 0.938 1.00 5,050 8.0 2.418 34.5

Average .

Long Transverse (T-L)

w
g
(o]
A L i, e WA

6T-1 2.00 0.886 1.00 4,550 8.0 2.237 28.8
i 6T-2 2.00 0.956 1.00 3,950 8.0 2.486 27.8
: 6T-3 2.00 0.966 1.00 3,850 8.0 2.525 27.5
' 6T -4 2.00 0.980 1.00 3,810 8.0 2.581 27.8
: 6T-5 2.00 0.966 1.00 3,910 8.0 2.525 27.9
: 6T-6 2.00 0.952 1.00 4,080 8.0 2,471 28.5

Average 28.1

(a) These candidate Kq values are considered valid K;. values by existing
ASTM standards.

"
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TABLE VI, AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED 7049-T7351 ALLOY PLATE
(LONG TRANSVERSE, R = 0,.1)

Specimen Maximum Lifetime,
E, Number Stress, ksi cycles
}?
i Room Temperature
” 5.1 60 12,700
5.6 55 31,100
¥ 5-2 50 48,300
§ 5-7 45 92,970
5.3 40 93,500
. 5.8 35 12,758,600
i 5.4 30 10,361,500’
o
r ‘ 250 F
! 5-9 60 12,900
, : 5-10 55 27,500
5-11 50 33,700
5-12 45 64,600
5-13 40 91,600
5.14 35 125,000
5-15 30 167,500
5-16 25 10,068,500
j 350 F
5.17 60 100
5-18 50 400
5.22 45 25,100
5-23 40 45,200 ,
5-21 40 64,300 )
5.19 35 174,700 b
% 5.20 10 3,529,000 '
§ 524 25 7,954,100

: 5.25 20 16,836,600
]

(a) Did not fail.
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TABLE VII. AXIAL LOAD FATIGUE RESULTS FOR WOTCHED
(K, = 3.0) 7049-T735i ALLOY PLATE
(LONG TRANSVERSE, R = 0.1)
Specimen Max imum Lifetime,
Number Stress, ksi cycles
Room Temperature
5.31 45 3,700
5.32 40 5,200
5.33 35 11,600
5-34 30 18,900
5-35 25 32,700
5.37 20 177,100
5-36 15 2,965,700
5.38 10 2,784,200
5446 10 11,989,200¢®
250 F
5239 40 5,000
5.40 35 8,800
5.41 30 17,800 )
542 25 39,600 :
5.43 20 79,500
5-44 15 835,400 7
5.45 10 1,630,400
5446 10 10,300,000(® :
350 F 3
5.48 40 3,300 g
5-49 35 6,700 4
5.50 30 15,600 )
5-51 25 31,400 ,j
552 20 96,200 :
5-53 15 399,000
5.564 10 10,990, 0002

10
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Longitudinal
70 RT
250F
60—
; 80— | 350 F
z
o § o
: &
]
| 30l
é
20—
S 500 F
3 10—
; N 4 | | I l I
0 0.002 0004 0.006 0.008 0.010 0.0t )
: Strain, in./in A-1506 :
: ]
' :
FIGURE 2. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE i
: FOR 7049-T7351 ALUMINUM ALLOY PLATE (LONGITUDINAL) z
b
{ 12 .'.
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Long transverse

250 F

50 350 F

Stress, ksi
H
o
{

30

20— ‘ 500 F

TR I X I e e R N S R I TR RLTI g o ey

o
|

H

3
‘7 | ol | | | | | 3
' 0 0002 0.004 0006 0.008 0.010 0.012 g
Strain, in./in. A-1509 g
r FIGURE 3. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE é
1 FOR 7049-T7351 ALUMINUM ALLOY PLATE (LONG TRANSVERSE) i
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Longitudinai
70}
. RT
60}—
O (250 F 250F
850 }—
350 F | 350F
£
")
8
7]
500 F
To]
0 | | | | |
0 Q002 0004 0006 0.008 0Q.010 0.012
Strain, in./in,
| ] | | | | |
0 2 4 6 8 10 12
Tangent Modulus, 10° psi A-islo
FIGURE 4, TYPICAL COMPRESSIVE STRESS-STRAIN AND
TANGENT-MODULUS CURVES AT TEMPERATURE
FOR 7049-T7351 ALUMINUM ALLOY PLATE
(LONGITUDINAL)
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Long transverse

70

€0

50

40

Stress, ksi

30

20

| | ] |
0 0002 0004 00086 0.008 0010 0.012
Strain, in./in.

L | | | | | J
0o

2 4 6 8 10 12
a-isi

Tangent Modulus, 10® psi

FIGURE 5. TYPICAL COMPRESSIVE STRESS-STRAIN AND
TANGENT-MODULUS CURVES AT TEMPERATURE
FOR 7049-T7351 ALUMINUM ALLOY PLATE
(LONG TRANSVERSE)
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FIGURE 6. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF 7049-T7351 ALUMINUM ALLOY PIATE
‘B 80 12
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£ _—=— YS (L
2 60 a ~ < < 10 5
Q —
b S
40 —_—
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FIGURE 7. EFFECT OF TEMPERATURE ON THE COMPRESSIVE

PROPERTIES OF 7049-T7351 ALUMINUM ALLOY PLATE
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70 §
. —— Unnotched 3
& ™ e
T~ Long transverse f
60 )
% — \._,.:'“\ R=0.| i
i 2 ~~ 2 Freq.=20 Hz ﬁ
B 4 &\ _
ﬁ o -T 0 . '
b & 40 - ;i Vall
E
\ £ 250F
¥; p
x =
i O RT 350 F
1 20I—A 250 F
P O 350 F
f ot |
. 10® io* 10° 10° 107
? Lifetime, cycles
i ' FIGURE 8. AXIAL LOAD FATIGUE BEHAVIOR OF UNNOTCHED
». : 7049-T7351 ALUMINUM ALLOY PLATE
g
¢
¢ 60
: Notched
§ 50 'Q\ Long transverse
¥ N ~\ R=0.1
: G b‘\ Ky=30
M L '= 3
s 40 D‘\Q%\ Freq.=20 Hz
¢ Q
: n 30 N
E ,
2 Rv
E N A |
g 20 @§ ;
O RT i:l.__ a 0 X
I0-a 250 F
O 350 F 250F & 350F
| 0 — I
10® 10 108 108 107
Lifetime, cycles A-1531
FIGURE 9. AXIAL LOAD FATIGUE BEHAVIOR OF NOTCHED (K, = 3.0)

7049-T7351 ALUMINUM ALLOY PLATE
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Inconel 617 Alloy Sheet

Inconel Alloy 617 is a solid-solution, nickel-chrowium-cobalt-
molybdenum alloy with a good combination uf high-temperature streayth and
oxidation resistance. It has excellent resistance to a wide range of cor-
rosive environments, and is readily formed and welded by conventional tech-
niques.

rr
s
ferl
1]
P N - N PN S " T

The high nickel and chromium contents muke the alloy resistant to a
variety of both reducing and oxidizing media. The aluminum, in conjunction
with the chromium, provides oxidation resistance at high temperatures. Solid-
solution strengthening is provided by the cobalt and molybdenum.

The combination of high strength and oxidation resistance at elevated
temperatures makes this alloy an attractive material for gas-turbine aircraft
engines and other applications inmvolving exposure to extreme temperatures,

The material used for this evaluation was a 0.047-inch-thick sheet
from Huntington Alloys Heat XX00A7US with the following compositicn:

Chemical
Composition Percont

Chromium 22,
Cobalt 12
Molybdenum 9
Aluminum 1.
Carbon 0
Nickel 54

Procedsing and Heat Treating

The specimen layout for this alloy is shown in Figure 1ll. Speciiens
were tested in the as-received cold-rolled and aunealed condition,

Test Results

Tension. Test results for both longitudinal and transverse specimens
at room temperature, 800 F, 1200 F, and 1600 F are given in Table IX. Typlcal
stress-straln curves at temperature are shown in Figures 12 and 13, Effect-of-
temperature curves are presented in Figure 16,

t Compression. Results of tests in both the longitudinal and transverse
directions at room temperature, 800 F, 1200 F, and 1600 F are given in Table X.

i Typlcal stress-strain and tangeant-modulus¢ curves at temperature are presented in
E Figures 14 and 15, Effect-of-temperature curves are shown in Figure 17.

f

t

|
|
|
|
|
1
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Shear. Test results for sheet-shear type specimens are given in Table

—

XI. These tests were conducted at room temperature only on both longitudinal
and transverse specimens.

Fracture Toughness. The specimens tested were 18 inches wide by 36
inches long with a center saw-cut flaw. Net section stress at fracture was
greater than the tensile yield strength of the material, therefore the tests
were not valid for Kb determination.

Fatigue. Axisl-load test results for transverse specimens at room
temperature, 800 F, and 1200 F are given in Tables XII and XIII. These tests
were conducted on both unnotched and notched (K = 3.0) specimens at a load
ratio of R = 0.1, S-N curves are pr2sented in Figures 18 and 19.

Creep and Stress-Rupture. Tests were conducted at 800 F, 1200 F, and
15600 F on transverse specimens, Tabular test results are given in Table XIV.
Log-stress versus log-time curves are presented in Figure 20.

Stress Corrosion. Tests on transverse specimens were conducted as
described in the experimental procedure section of this report. No failures
or cracks occurred in the test duration.

Thermal Fxpansion. The coefficient of thermal expansion for this
alloy is 8.7 x 10 in./in./F from room temperature to 1600 F.

Density. The density of this material is 0.302 1b/in.2.
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TABLE IX, TENSILE TEST RESULTS FOR INCONEL 617 ANNEALED SHEET ;
Ultimate 0.2 Percent %
Tensile Offset Yield Elongat lon Tensile 4
Specimen Strength, Strength, in 2 Inches, Modulus, é
Numbe: ksi ksi percent - 10% ksi 3
Longitudinal at Room Temperature &
1L-1 122,3 56.4 56.0 28,4
1L-2 122.4 56.9 56.0 24.3
1L-3 122.5 36.5 54.5 28.4 ,;
Average 122.4 56.6 55.5 27.0 i
Transverse at Room Temperature P
17-1 122.9 R5.9 56.0 30.9
1T-2 124.4 57.1 54.5 30.2
1T-3 123.5 56.5 58.0 30.4
Average 123.6 56.5 56.2 30.5
Longitudinal at 800 F
1L-4 102,7 40.8 49.0 21.8
1L-5 103.5 42,0 51.0 29.6
1L-6 103.6 40.3 50.0 19.4 it
Average 103.3 41.0 50.0 23.6 g
Transverse at 800 F 1
1T-4 105,2 44,1 50,0 24.4 ‘
1T.5 105.7 43.9 49.0 25.6
1T-6 106, 2 42.3 53.0 24.4
Average 105.7 43.4 50.7 24.8
] Longitudinal at 1200 F
1L.7 83.4 37.6 48.0 21,1
4 1L-8 82.6 38.3 49.0 25,3
3 1L-9 85.8 38.6 33.0 23.0
1 Average 83.9 38.2 43.3 23,1
3 Transverse at 1200 F
4 1T-7 95.9 39.1 44.0 28.3
1 1T-8 96.3 39.4 43,0 29.1
] 1T-9 95.8 39.3 53.0 32,0 |
3 Average 96, 39.3 46.7 29.8 '
] Longitudinal at 1600 F
1L-10 25.1 21.4 50.0 19.0
1L-11 24.3 22.0 39.0 14.6 }
1L-12 24.5 21,8 49.0 17.4 A
X Average 24.6 21.7 46.0 17.0 q
. Transverse at 1600 F %
IT-10 25.3 24.3 50.0 13.3 :
b 1T-11 23.7 21,6 70.0 20.0
‘ 17T-12 25.5 °2.8 47.0 16.4
E Average 24.8 22.9 55.7 16.6
g 22
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: TABLE <,  COMPRESSION TEST RESULTS FOR LNCONEL 617 )
; ANNEALED SHEET o
?’ 0.2 Percent Compreasion 3
L Specimen Offset Yield Modulus, j
& Number Strength, ksi 10% ksi i
b
' Longitudinal at Room Temperature i
3 2L-1 62.4 30.6 8
- ‘ 2L-2 62.2 29.7 )
3 2L-3 61.0 30.9 ‘ ]
E i Average 61.9 30.4 .
5 Transverse at Room Temperature
27-1 60.5 33.7
: 2T-2 62,2 33.9
4 2T-3 6L.8 33.5
- Average 61.5 33.7
. . Longitudinal at 800 F
] 1 O 2L-4 (a) 25.7
g 2L-5 48.8 29.0
2L-6 49,1 29.1
Average 48.9 27.9
Transvexse at 800 F
2T-4 51.2 29.6
2T-5 47.5 29.3
; 2T"6 50.9 3003
i Average 49.9 29.7
f Longitudinal at 1200 F
' 2L-7 41.1 21.5
: 2L-8 40.9 24,3
: ; 2L-9 40.9 26.4
“ Average 4.0 24.1
i
' Transverse at 1200 F 'g
N
i 21-7 39.6 25.6 |
| 27-8 44,1 29.1 j
. 2T-9 41.2 27.9 ‘
: Average 41.6 27.5 #
: Longitudinal at 1600 F g
| 2L-10 30.2 . 19.3 e
2L-11 31.8 22.7 ;
2L-12 30.8 18.0 ;
Average 30.9 20.0
E
Transverse at 1600 F '
2T-10 32.3 27.8
2T-11 31.7 24.9 ;
2T-12 30.7 20.0 %
Average 31.6 8.2 3
(a) Machine malfunction. 1
23 2
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I- E TABLE XI. SHEAR TEST RESULTS FOR INCONEL 617
| : ANNEALED SHEET AT ROOM TEMPERATURE
Specimen Ultimate Shear
¢ Number Strength, ksi
i Longitudinal
[ 4L-1 (a)
% 4L-2 108.3
*Q 41“'3 104.7
t 4L-4 106.8
H Average 106.6
' '« Transverse ,‘.;"/
'» 4T_1 104.7
4T-2 107.5
, ’ 4T-3 110.5
. 4T-4 107.1
Average 107.6
(a) Did not fail in shear.
i i
1
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o TABLE XII., AXIAL LOAD FATIGUE TEST RESULTS FOR :
2 UNNOTCHED ANNEALED INCONEL 617 SHEET |
(Transverse, R=0,1)
Specimen Maximum Lifetime, ‘
i § Number Stress, ksi Cycles
S 7
Room Temperature §
- 5-4 105.0 41,550
. 5-3 100.0 45,210
a8 3 5.5 95.0 77,750
b 5-6 90,0 136, 200
4 502 85.0 190,830
] 5.7 80.0 587,560
' g 5.8 75.0 576,970
i 5-13 70.0 2,635,900
b 5-10 70.0 8,676,840
0 5-9 65.0 14,444,620
§' 800 F
5‘ 5-14 ‘ 95.0 900
%_ 5-15 80.0 11,500
i 5-16 75.0 29,000
ﬁ. 5-17 70.0 55,300
3 5-19 65.0 142,100
% 5-11 62.5 2,122,600
3 5-18 60.0 10,144,000
; 1200 F
) 5-20 80.0 5,800
5.22 75.0 18,400
5-23 72.5 18,300
| 5.21 70.0 2,501,100
: 524 65.0 4,245,000
{ 5-25 60.0 10, 244,900 1
e i
5 (a) Did not fail, ;
& 25 :
; §




- Rl
TERTTT R TR —sr o Al

T T A P Sownioadled from http//www. everyspec.com

TABLE XI1I., AXIAL TLOAD FATIGUE TEST RESULTS FOR NOTCHED
(K¢=3.0) ANNEALED INCONEL 617 SHEET
(Trangverse, R=0,1)

Specimen Maximum Lifetime,
Number Stress, ksi Cycles
Room Temperature
5232 70.0 12,860
5433 65.0 35,790
534 60.0 68,710
5-35 55.0 124,500
5=36 50.0 77,420
5.37 45.0 76,750
5-38 40.0 534,190
5«39 35.0 ‘ 3,536,900
5-40 30.0 10,000, 000
800 F
f 5-56 65.0 1,100
? 5246 60.0 13,000
5a41 55.0 39,900
5042 50,0 70, 200
, | 5-43 45.0 69,300
; ' 5-44 40.0 6,212,300
L 5245 35.0 13,022,100’
3 ‘ 1200 F
! 5a47 60.0 3,000
] 5-48 55.0 4,900
] 5.49 50.0 8,200
f 5-50 45.0 121,500
5-51 40.0 1,539,800 ;
; 5-52 35.0 870,000 3
? 5053 30.0 11, 249, 200¢®)

e T

(a) Did not fail. y
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FOR ANNEALED INCONEL 617 ALLOY SHEET (LONGITUDINAL)
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FIGURE 13. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR ANNEALED INCONEL 617 ALLOY SHEET (TRANSVERSE)
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FIGURE 14. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATIRE FOR ANNEALED
INCONEL 617 ALLOY SHEET (LONGITUDINAL)
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FIGURE 17, EFFECT OF TEMPERATURE ON THE COMPRESSIVE PROPERTIES

OF ANNEALED INCONEL ALLOY 617 SHEET
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7475~-T7351 Aluminum Alloy Plate

Material Description

Alloy 7475 was developed by the Alcoa Laboratories for sheet and plate
applications that require high strength and superior fracture toughness. This
product was previously designated “"Alcoa 467 Process X7475 Alloy". The 467 Pro-
cess is a proprietary process developed to enhance the toughness of a high-purity
7075 type alloy. It is still used in the production of 7475 sheet and plate.

Alloy 7475 is available as bare and alclad sheet and plate. The mate-
rial used in this evaluation was 2-inch-thick bare plate from Alcoa lot number
109-141 produced within the following composition limits:

Chemical

Composition Percent
Silicon 0.10 max
Iron 0.12 max
Copper 1.2-1.9
Manganese 0.06 max
Magnesium 1.9-2.6
Chromium 0.18-0.25
Zinc 5.2-6.2
Titanium 0.6 max
Others 0.15 total
Aluminum Balance .

Processing and Heat Treating

The specimen layout for this material is shown in Figure 21. The alloy
was evaluated in the as-received -T7351 temper.

Test Results

Tension. Tests were conducted at room temperature, 250 F, 350 F, and
500 F on both longitudinal and transverse specimens. Test results are given in
Table XV. Typical stress-strain curves at temperature are presented in Figures
22 and 23. Effect-of-temperature curves are shown in Figure 26.

Compression. Tests were conducted at room temperature, 250 F, 350 F,
and 500 F. Tabular test results are given in Table XVI, Typical stress-strain
and tangent-modulus curves at temperature are presented in Figures 24 and 25,
Effect-of-temperature curves are shown in Figure 27.

Shear. Tests were conducted at room temperature only on piu-shear

type longitudinal and transverse specimens. Test results are given in Table XVIILI.
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Impact. Charpy V-notch test results for longitudinal and transverse
gpecimens are given in Table XVIII, '

Fracture Toughness. Results of slow-bend type tests in both the
longitudinal (L-T) and transverse (T-L) directions are given in Table XIX.
Specimens were 1.00-inch thick by 2.00-inch wide with a span of 8 inches.
The candidate values shown in Table XIX are considered invalid Kie values
by existing ASTIM criteria.

Fatigue. Axial-load test results for transverse specimens at a load
ratio of R = 0.1 are given in Tables XX and XXI. These tests were conducted
at room temperature, 250 F, and 350 F for both unnotched and notched (K, = 3.0)
specimens. The data are presented as S-N curves in Figures 28 and 29,

Creep and Stress-Rupture. Test results for transverse specimens at
250 ¥, 350 F, and 500 F are given in Table XXII. Log-stress versus log-time
curves are presented in Figure 30.

Stress Corrosion. Transverse specimeas were tested as described in
the experimental procedures section of this report, No failures or cracks
occurred in the 1000-hour test duration.

Thermal Expansion. The coefficient of thermal expansion for this
alloy is 12.9 x 10™® {n./in,/F from 70 F to 212 F,

Density. The density of this material is 0.101 1b/in.°.

SRR NOWORE T
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TABLE XV, TENSILE TEST RESULTS FOR 7475-T7351 ALLOY PLATE

e

o S A
Ultimate 0.2 Percent Elongation Reduction Tensile
Specimen Tensile Strength, Offset Yield in 2 Inches, in Area, Modulus,
Number ksi . Strength, ksi percent percent 10 ksi
Longitudinal at Room Temperature
1L-1 71.8 63.0 18.5 47,9 10,7
1L-2 72.3 62.9 18.5 48.4 10.3
1L-3 72,2 62,7 18.0 47,1 9.7
Average 72.1 62.9 18.3 47.8 10.2
Transverse at Room Temperature
17-1 73.2 62,5 14,0 , 34.9 9.7
].T-z 7345 62.5 16.0 3606 9.8
1T-3 73,0 62,1 15.5 34,4 10.0
Average 73.2 62.4 15.2 35.3 9.8
Longitudinal at 250 F
1L-4 55.3 55.3 17.0 60.2 8.9
| 1L-5 56.0 56.0 17.0 60.4 9.1
i 1L-6 55,4 55,3 18.0 60.8 9.1
f Average 55.6 55.5 17.3 60.5 9.0
Transverse at 250 P
1T-4 57.8 55.8 17.0 52.4 9,2
1T-5 55.9 54.9 17.0 53.0 10,1
11-6 57.1 55,8 17.0 5%.3 9.4
Average 56,9 55.5 17.0 53.2 9.6
Longitudinal at 150 F
- 1L-8 44, 44,3 25.0 73.4 7.8
a0 f 1L-9 45,1 45,1 16.5 71.5 L9
! Average 44,7 44,6 20.5 71.6 7.8
Eﬁ : Transverse at 350 F
* 1T=-7 . 45.1 44,7 33.5 72,1 8,3
. 1T"8 45.7 45.5 2305 6700 7-5
3 1T-9 45,1 44,6 27.5 70,2 1.6
Average 45,3 44.9 28.2 69.8 8
: Longitudinal at 500 F
! 1L-11 18.0 17.8 40,0 91.8 6.7 3
! 1L-12 22.3 22.1 27.0 88.4 1.5
5 Average 19.0 18.8 35.5 70.7 .1
V JTransverse at 500 F
: 1T-10 17.4 17.2 40.5 92,2 7.0
1T-11 17.6 17.3 43.5 92,5 6.8
i 1T-12 17,1 17.0 41.5 92.8 6.6
i Average 17,4 17,2 41.3 92.5 6.8
; 38
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COMPRESSION TEST RESULTS FOR 7475.T7351 ALLOY PLATE

0.2 Percent Compressive

Specimen Offset Yield
Number Strength, ksi
Longitudinal at Room Temperature
2L.1 60,1 10,5
2L=2 61.8 10.4
2Le3 61.1 10,9
Average 61,0 10.8
Tr2nsverse at Room Tempereture
2T-1 65.4 10,6
2T=2 65.7 10,4
2T=3 65,5 10.4
Average 65.5 10.5
Longitudinal at 250 F
2L-4 54.4 9.6
2La5 .55.2 9.3
2L«6 55.0 9.4
Average 54.9 9.4
Trangverge at 250 F
204 573 10.0
2T-5 57,5 9.9
2T <6 58,0 9.7
Average 57.6 9.9
. Longitudinal at 350 F
2Le7 46,2 9.0
2L.8 46.2 8.9
2L-9 46,8 8.8
Average 46.% 8.9
Transverse at 350 F
2T7 48,5 9.4
2T-8 48.2 9.9
2T=9 48,6 9.6
Average 48,4 9.6
Longitudinal at 500 F
2L-10 17.7 8.2
2Le11 19,5 7.7
2L-12 18,2 7.6
Average 18.5 7.8
Transverse
2T-10 17.8 8.1
2Tall 19,7 7.8
2T-12 19.3 7.1
Average 18,9 7.7
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PIN-SHEAR TEST RESULTS FOR 7475.T7351
ALLOY PLATE AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi
Longitudinal
4Ll 45,0
4Lw2 46.4
4L-3 44 * 8
4L-4 46 * 6

Average 45,7
Transverse

4T-1 43.8

4T=-2 46.3

4T.3 45.9

4T .4 43.8

Average 45.0

TABLE XVIII. IMPACT TEST RESULTS FOR 7475-T7351

ALLOY PLATE AT ROOM TEMPERATURE

Specimen Energy,
Number £t/1b
Longitudinal
10L-1 15,0
10L-2 21.0
10L-3 14,0
10L-4 15.5
10L.5 18.0
10L-6 19.0
Average 17.1
Transverse
10T-1 7.0 1
10T-2 5.0 !
10T.3 5.0 i
1075 8.0 4
10T.6 5.0 é
Average 5.9 %
40 §
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TABLE XIX. RESULTS OF SLOW-BEND TYPE FRACTURE TOUGHNESS
TESTS FOR 7475-T7351 ALLOY PLATE

Specimen W B a Span by - 8. (a) (b)
Number incﬂes incﬂes incﬁes inche; fg nig:' f(w) KQ Rsb

Longitudinal (L-T)

s« e e e MRTTDE . i satE

6L-1 2,00 1.00 1.182 8.0 7,000 8,000 3,655 72,4 2.29
6L.2 2.00 1,00 1.061 8.0 7,200 8,200 2,947 60.0 1,78
h i 6L-3 2,00 1.00 1.064 8.0 6,900 7,720 2,962 57,8 1.67
{ " 6L-4 2.00 1.00 0.981 8.0 7,600 9,000 2,585 55.5 1,66
: 6L=5 2,00 1.00 1,069 8.0 6,800 7,950 2,987 57.5 1.76
6L-6 2.00 1.00 1,057 8.0 6,700 7,710 2,927 55.4 1,66

Transverse (T-L)

6T-1 2,00 1.00 1.068 6,100 6,720 2,982 51.4 1.49

L PR SR 3

8,0

6T-2 2,00 1.00  1.043 8.0 6,300 6,550 2,859 50,9 1,38
: 6T~3 2,00 1.00  1.134 8.0 6,550 6,820 3,347 62,0 1,75
3 6T-4 2.00 1.00 1,022 8.0 6,550 6,700 2,761 51,2 1.35
1 6T-5 2.00 1.00  1.078 8.0 6,350 6,550 3.033 54,5  1.48
. 6T-6 2.00 1,00 1,182 8.0 6,000 6,450 3,655 62,0 1,85

sy

(a) Candidate KQ values are invalid as KI values since they do not mecet the
standard of a, T, < 2.5 %%%)

' (b) s is a function of the maximum load that the specimen can sustuain, its

] : dimensions, and the yield strength of the material. As explained in ASTM E399-

TR bt

72, it is a ugseful comparative measure of toughness of materials where size may
be legs than sufficient for valid KIc determination.

o
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TABLE XX. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED 7475-T7351 ALLOY PLATE
Specimen Max imum Lifetime,
Number Streass, ksi cycles
Room Temperature
5.2 60.0 11,600
5.21 57.5 101,600
5.19 55.0 64,200
5.22 52,5 967,700
5-23 52.5 5,587,000
5-1 50.0 1,136,000
5-20 45.0 10,000,000¢2)
250 F
5.16 65.0 (b)
5.4 60.0 13,400
‘ 5<6 55.0 75,000
5.3 50.0 95,000
5.7 45.0 1,319,300
5.5 40.0 824,700
5.18 35.0 10,000,000
350 F
5.10 55.0 (b)
5.9 50,0 124,200 i
5.11 45,0 115,800 j
5-12 40.0 464,800 1
‘ 5.13 35.0 949, 200 )
: 5-14 30.0 2,062,800 1
| 5-15 25,0 9,979,100 @
5 (a) Did not fail, 3
? (b) Failed on loading. %
|
02 ;‘
|
i
4
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TABLE XXI., AXIAL LOAD FATIGUE TEST RESULTS FOR NOTCHED
(Kt-3.0) 7475-T7351 ALLOY PLATE

Specimen Max imum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-48 15 11,000
549 30 37,500
550 25 94,140
5-51 20 171,040
5254 15 | 518,400
5253 12,5 12, 786,000(®)
: 5.52 10 10,191,000(®
20 ¥
5.31 45 3,900
5.32 40 8,400
5436 35 9,000
5.33 30 23,900
5-37 25 41,600
5234 20 165,900
5.38 15 381,400
5.35 10 10,000,000¢®)
350 ¥
5.39 45 2,000
5«40 40 3,200
5-41 35 9,300
5-42 30 23,200
543 25 13,400
$ 545 25 33,100
3 544 20 157,800
| 546 15 194,800
gf 5u47 10 10,000,000

(a) Did not fail.
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FIGURE 22.

0.002 0004 0006 0008 0010 0012
Strain, in./in. A-1593

TYPICAL [ENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR 7475-T7351 ALUMINUM ALLOY PLATE (LONGITUDINAL)
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FIGUKRE 23. TYPICAL TENSILE STRESS-STRAIN CURVES AT TE{PERATULRE
FOR 7475-T7351 ALUMINUM ALLOY PIATE (TRANSVERSE)
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Stress, ksi
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] Strain, in./in. 4
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Tongent Modulus, 10° ksi A= ‘

FIGURE 24. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR 7475-T7351
ALUMINUM ALLOY PLATE (LONGITUDIRNAL)
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Transverse
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FIGURE 25. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR 7475-T7351
ALUMINUM ALLOY PIATE (TRANSVERSE)
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FIGURE 26, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF 7475-T7351 ALLOY PLATE
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FIGURE 27, EFFECT OF TEMPERATURE ON THE COMPRESSIVE
PROPERTIES OF 7475-T7351 ALLOY PLATE
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FIG.RE 28, AXIAL LOAD FATIGUE BEHAVIOR OF UNNOTCHED
7475-T7351 ALLOY PLATE
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FIGURE 29. AXIAL LOAD FATIGUE BEHAVIOR OF NOTCHED
(K = 3.0) 7475-T7351 ALLOY PLATE
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24197851 Aluminum Plate

Material Description é

Alloy 2419 is a recent development of the Aluminum Company of Amurica.
It is essentially & 2219 alloy with more closely controlled composition. Mechani-
cal properties are the same as 2219 with improved fracture toughness. The alloy
is readily weldable and is useful for applications at a wide range of temperaturcs
from -452 F to about 600 F,

Composition limits for 2419 are as shown:

Chemical

Composition Parcent
S$ilicon 0.15 max
Iron 0.18 max
Copper 5.8~6.8
Manganese 0.20~0.40
Magnesium 0.02 max
Zinc 0.10 max
Titanium 0.02~0.10
Others each 0.05,

total 0.15

Aluninum Balance

The material uged for this evaluation was & Z-inch-thick plate from
Alcoa lot number 270-841,

The specimen layout for 2419 shown in Figure 31, The alloy was evaluatud
in the as-received -T851 temper.

Test Results

Tension. Tests were conducted at room temperature, 250 F, 350 F, and
500 F on both longitudinal and transverse specimens. Test results are given in
Table XXIII. Typical stress-strain curves 4t temperature are presented in Figures
32 and 33, Effect-of-temperature curves are shown in Figure 36.

Compression. Tests were conducted at room temperature, 250 F, 350 F,
and 500 F. Tabular test results are given in Table XXIV. Typical stress-strain
? and tangent-modulus curves at temperature are presented in Figures 34 and 35.
Effect-of-temperature curves are shown in Figure 37,

Shear., Tests were conducted at room temperature only on pin-shear type
longitudinal and transverse specimens. Test results are given in Table XXV.

52
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Impact. Charpy V-notch test results for longitudinal and transverse
specimens are given in Table XXVI,

Fracture Toughness. Results of slow-bend type teats in both the longi-
tudinal (L-T) and transverse (T-L) directions are given in Table XXVII. Specimens
were 1,00-inch thick by 2.00-inch wide with a apan of 8 inches. The candidate Kq
values shown in Table XXVII are considered valid KIc values by existing ASTM
criteria,

Fatigue. Axial-load test raesults for transverse specimens at a load
ratio of R = 0.1 are given in Tables XXVIII and XXIX. These tests were conducted
at room temperature, 250 F, and 350 F for both unnotched and notched (K, = 3.0)
specimens. The data are presented as S-N curves in Figures 38 and 39.

Creep and Stress-Rupture. Test results for transverse specimens at
250 F, 350 F, and 500 F are given in Table XXX, Log-stress versus log-time
curves are presented in Figure 40.

Stress Corrosion. Transverse specimens were tested as described in the
experimental procedures section of this report. No failures or cracks occurred
in the 1000-hcur teat duration.

Thermal Expansion. The coefficient of thermal expansion for this alloy
is 12.4 x 10™° 4in./in./¥ from 70 F to 212 F,

Density. The density of this material is 0.102 1b/1a.2,

54
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TABLE XXIII. TENSILE TEST RESULTS FOR 2419-T851
ALUMINUM ALLOY PLATE
Ultimate 0.2 Percent
Tensile Offset Yield Elongation Reduction Tensile
Specimen Strength, Strength, in 2 Inches, in Areas, Modulus,
Number ksd ked percent percent 10° kst
Longitudinal at Room Temperature
iL-l 66.6 52.2 11.0 24,0 10.0
1L-2 66.5 52.5 11.0 23.0 10.6
1L-3 66,9 32,5 11,0 23,7 10,7
Average 66,7 52.4 11.0 23.6 10.4
ansverss a 0 rature
1T‘1 6605 5104 10.0 14.6 1105
1T"2 66‘5 5103 11.0 19:3 1006
17-3 6,3 50.9 1L.9 20,4 10.7
Average 66.4 51.2 10.7 18.1 10.8
Longitudinal at 250 F
IL"“ 55.2 46.9 13.0 3655 10-9
1L-5 35,7 46,7 14,0 36.1 9.7
1L-6 55,2 46,8 18,0 41,1 11.0
Average 55.4 46.8 15.0 37.9 10.5
Transverse at 250 F
lT"“ 55.4 4516 13;0 34.5 9.6
1T-5 54.8 45.9 13.5 34.1 9.6
17-6 56,6 43,3 13,0 FENY 9.4
Average 54.9 45 ,+ 13.2 33.9 9.5
Longitudinal at 350 F
1L'7 “506 “106 14“5 49.7 903
1L-8 45.8 41.5 14.5 46,0 8.9
1L-9 45,1 41,2 14,5 49,6 9.1
Average 45.5 41.4 14.5 48.4 9.1 P
Jransverse at 330 F !
1T-7 44,5 40.0 16,0 46,4 9.8 .
17-8 44,6 39.7 13.5 45,6 9.8
17«9 La,2 39,5 15.0 46,7 8,8
Average 44,5 39,7 14.8 46,2 9.5
Longitudinal at 3500 F
1L'10 2300 2104 1200 60‘“ 8.5
) 1L-11 20.6 20.0 12.0 45.3 6.1
1L~12 23,0 21,3 12,0 54,0 y- :
‘ Averege 22,2 20.9 12.0 53.2 7.4 1
E Transverse at 500 F
. 1T-10 22.4 20.7 17.0 47.8 9.3
\ 1T-11 23.4 22.1 19.0 54,1 9.3
E 1T-12 23,5 22,2 18.0 53.0 8.8
} Average 23.1 21.7 18.0 51.6 9.1
t
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s TABLE XXIV.COMPRESSION TEST RESULTS FOR 2419-T851

1 ALUMINUM ALLOY PLATE
L MR RN
\ 0.2 Percent Compressive
A Specimen Offset Yield Modulus,
1 Number Strength, ksi 10% ksi

) Longi cudinal at Room Temperature

2L-1 53.5 10.5

21,-2 53.0 11.2

2L'3 5303 1008

Average 53.3 10.8

Transverse at Room Temperature

2T-1 51.7 10.9

2T-~2 51.7 10.4

2T-3 51,6 10,8

Average 51.7 10.7

Longitudinal at 250 F

. 2L-4 48.2 10.3

2L-5 47.4 10.8

2L-6 417 10.4

Average 47.8 10.5

Transverse at 250 F

2T -4 47.0 10.2

ZT'S 46.9 10.2

E 2T-6 46.8 10.8

; Average 46.9 10.4

Longitudinal at 350 F

2L-7 . 41.8 10.0

2L-8 42,2 9.9

2L-9 42,7 10.0

Average 42,2 10.0

Transverse at 350 F

2T-7 41.6 9.5

2T-8 42,0 9.9

2T-9 41.5 10.1

Average 41,7 9.8
Longitudinal at 500 F |

2L-10 25.3 8.8
2L-11 25.4 9.5 1
2L-12 25,8 9.5 !
, Average 25.5 9.3 ‘
: Transverse at 500 F 3
" 2T-10 25.4 8.9 :
< 21-11 25.7 9.0 i
] 2T-12 25.3 9.2 4
F Average 25.5 9.0 ?
g 1
f 56 4‘
f |
|
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TABLE XXV. PIN SHEAR TEST RESULTS FOR 2419-T851
ALUMINUM ALLOY PLATE AT RCOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

Longitudinal

41,-1 38.5

412 40.5

41-3 33.9

4L-4 39.8

Average 39.4

Transversge

47-1 39.3

4T-2 38.9

4T-3 39.6

* 4T-4 40,1
i Average 39.5

TABLE XXVI. IMPACT TEST RESULTS FOR 2419-T851
ALUMINUM ALLOY PLATE AT ROOM TEMPERATURL

?
i
i

R e L TR

Specimen ) Energy,
i Number fe/lb g
¥
v Longitudinal
10L-1 6.6 1
10L-2 6.0 1
10L-3 5.0 i
10!.4‘[4V 6.0 g
10L-5 5.0
10L-5 5.0 |
Average 5.5 i
ITransverse 1
| 10T-1 4.0 g
X 10T-2 5.0 ]
: 10T-3 4.0 {
' 10T:4 4.0
10T-5 5.0 i
10T-6 4.0 *
E Avesage 4.3 3
] 57 !
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TABLE XXVII. RESULTS OF SLOW-BEND TYPE FRACTURE TOUGHNESS TESTS
FOR 2419-T831 ALLOY PLAIE AT ROOM TEMPERATURB

Specimen W, a, B, Py, Span, 2(2) K (a)

Numbet inches inches inches fi inches W Q

Leagisudioal (L-T)
6L-2 2.00 0.998 1.00 4,900 8.0 2,656 36.80
6L-3 2,00 0.988 1.00 4,750 8.0 2.614 35.12
6L~5 2,00 0.962 1.00 4,800 8.0 2.509 34.06
6L-6 2.00 1.016 1.00 4,600 8.0 2.734 35,58
Average 33.30
Zsanaverse (T-1)

6T-1 2.00 0.972 1.00 4,200 8.0 2.549 30.20
6T-2 2.00 0.944 1.00 4,400 8.0 2.440 30.37
61-3 2.00 0.988 1.00 4,200 8.0 2,614 31.05
6T-4 2,00 0.994 1.00 4,000 8.0 2.639 29.86
Average 30.20

(1) These candidate KQ valuss are considered valid Kic valuas by existing ASTM

standards.

58

3 o i et e, AN 1 W

e,

e P e e e o Ay s . Lol A AN, mical



=F TR T O i =s»xDownloaded from http://Www.everyspec.icom AT A T " LA G vy

5 ooy, v . § e y n Wy s
. - i m s~ i Vit i ST - st GO TS

TABLE XXVIII. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED 2419-T851 ALLOY PLATE
(TRANSVERSE, R = 0.1)

- i v

m
Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

.Aizm;uxm Ui

5-1 60 12,200

5-6 55 14,100

5-8 52,5 24,500

5-2 50 33,400

5-4 45 29,700

5-9 45 121,100

5-3 40 207,500

5-7 35 14,128,800*

5-5 30 ~ 10,000,000(®

230 F

5-12 60 6,700

5-13 55 17,200

5-11 50 36,200

5-14 45 97,500

5-10 40 326,200

5-15 37.5 749,700

5-16 35 3,536, 800
| 5-17 32,5 2,461,400
\ 5-18 32,5 2,453,800
# 5-19 30 6,881,000

350 F

5-55 50 100 i

5-57 50 150 g

556 40 120, 200 i
1 5-58 35 186,200 1
: 5-59 30 2,365,400
: 5-60 27.5 5,921,900 i
; 5-61 25 10,000,000 |
| (8) Did not fail.
‘ 59 i
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TABLE XXIX. AXIAL LOAD FPATIGUE TEST RESULTS
FOR NOTCHED (K, = 3.0) 2419-T851
ALLOY PLATE (TRANSVERSE, R = 0.1)

S - . — —
Specimen Maximum Lifetime,
Number Stress, kil cycles
Room Temperaturs
5-31 45 3,600
5-32 40 8,600
5-33 KL] 9,200
5-34 30 25,200
5-35 25 25,400
5-36 20 66,300
5-37 15 279,100
5-38 10 10,370,500 %
250 F
5-40 40 5,600
5-42 35 10,100
5-39 30 15,800
543 25 25,300
541 20 63,700
5«44 15 383,400
545 12.5 ‘ 914,100
5-46 10 10,102,000
320 K
ﬂ} 5.4 35 10, 500
j 5-48 30 24,200
5-49 25 23,000
5-50 20 69,400
5-51 15 462,900
5-52 15 483,700
5-54 12.5 2,918,200
5-53 10 10,885,000

S I e S e it T 5. R S T =

(a) Did not fail.
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Lengitudinal

Stress, ksi

| | | ] | 1
0 0002 0004 0.006 0.008 0.010 0012

Strain, in./in.

FIGURE 32. TYPICAL TENSILE STRESS-STRAIW CURVES AT TEMPERATURE
FOR 2419-T851 ALUMINUM ALLOY PLATE (LONGITUDINAL)
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350 F

Stress, ksi

o | | L | |

; 0 0002 0004 0.006 ooog 0010 0.0i12

; Strain, in./Zin.

FIGURE 33. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR 2419-T851 ALUMINUM ALLOY PLAT. (TRANSVERSE)
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; |
: FIGURE 34. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT- |
? MODULUS CURVES AT TEMPERATURE FOR 2419-T851 i
r ALUMINUM ALLOY PLATEK (LONGITUDINAL)
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F1GURE 35. TYPICAL COMPRESSIVE STRESS-STATE AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR 2419-T851
ALUMINUM ALLOY PLATE (TRANSVERSE)
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Ti-6A1-22r-28n-2Mo0-2Cr Alloy

A

Mgterial Description

This alpha-beta alloy, designed for deep hardenability, is a recent
development of RMI Company. Preliminary information shows the material also to
have low density, high modulus, high toughness, and good producibility. Strength
retention to 800 F is good.

The material used for this evaluation was a 4-inch x 6-inch forged
billet from RMI ingot number 890180 which had the following composition:

Element Percent
Al 5.8
Sn 2.1
2r 1.8
Mo 2.0
Cr 1.9
si 0.21
Fe 0.06
C 0.02
v 0.02
0, 0.11
N 0.01
Ti Balance.

Additional information on this alloy is available from work performed
by RMI Company under Contract F33615-72-C-1152.

Processing and Heat Treating

The blllet was heat-treated to the duplex-annealed condition by RMI
Company using the following procedure: 1745 F, 1 hour, air cool to 1560 F and
water quench; plus 1000 F for 8 hours and air cool. Specimens received no
further heat treatment before testing. The specimen layout is shown in Figure
41,

! : Test Results

1

Tension. Results of tests in both the longitudinal and long trans-
verse directions at room temperature, 400 F, 600 F, and 800 F are given in Table
XXXI. Typical stress-strain curves at temperature are shown in Figures 42 and
43. Effect-of-temperature curves are shown in Figure 46.

il B - Gk sn L

Compression. Results of tests in both the longitudinal and long trans-
verse directions at room temperature, 400 F, 600 F, and 800 F are given in Table
XXXI1. Typical stress-strain and tangent-modulus curves are shown in Figures 44
and 45. Effect-of-temperature curves are presented in Figure 47.

{ 69
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Ptn lh.ar test tesults for both the longitudtnnl and long trans-
. Varse dixoc:tona at rucn tonporacuro nrc gtvon in Tublo XXXI1I.

. ' 3 + Ramults of Chntpy V-nbtch cclts At roomn tomporlturo in boch
- cha loagt:udtnll and loqg‘tranlvurlo dirccetona are. givcn in Thblc XXX1V,

ac Tous ‘of - olév-bond ‘type tests {n both ‘the longi-

tudtnll (Lwr and loug c:onsvorno (T-L) dirsctions are given in Table XXXV. Even

. _though the candidate KQ: values. do not meet the rigorous &, T, < 2.5 ( /T¥8)?
crt:ctia they -are .bOVl 2.2 (IQ/TYS) and. chould be. coultdotad ;ood indicative

C KIQVl uss, - . ) . .

- ' o Axial lold fatigue tests were conduc:ad at room tuupotaturn.
©..400 ¥, - nnd 600 -F_tor unnotched and notched long tranaverse specimens at-a atress

ratio ef &= 0,1, Results are given in Tublcl xxxv: and XXXVII, S<N curves

are prclontnd 1n rt;urau 48 nnd 49. , S T

: --Sreap.a0d Stress Rupture. Tcata were. conducted on long transverse
,ipoctnnul at 400 F, 600 F, and 800 F. Tabular test results are given in Table
.xxthxx. Ln:-ttronn versus log-time curves are prcudaccd in Figure 50. .

_ « Specimens were thtod as dolcribod in the experi-
mental procedures section of this report. No fracturss or cracks occurred in
the 1000-hour test duration.

%a';n|17§;g,ngggn. The thermal expansion cosfficient for this alloy
is 5.1 x1 in./1a./F for 70 to 800 F.

Dengity. The density value is 0.162 1b./tn.>.
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TABLE XxXXI. TENSILE TEST RESULTS FOR DUPLBX ANNEALED

I Ultimats

| 0.2 Percent

Tt-Ml-ZSn-er‘Zlb 2Cr ¥ORGED BILLET

VElomt-tan | -.quuc:tionz " Tensile
Specimen Tensile Otfaset Yimld in 2 Inches, . in Area, Modulus,
Numbar -Strength. ksl Stri‘ufgrtlgtj hli percent - parcent. " 10" ksi
-l T o1s28 T W4 s 38 18,2
1L-2 . +166.8 149.3 . 13,0 32.0 15.8
St 7 i i38ed B 11 S * 1-] o 3Le 0 13,9
L Average - 138.4 C 1438 . 15,3 36,0  15.6
o ) o = |
1T-l 0 164.2 1490 - 40 364 15.9
1T-2 163.8 : 48,6 145 S37.1 15,9
1T-3 T 170,0 ~183,8 7 12,3 - - 35,9 - 15,5 -
Average 166.0 150.4 13.2 383 1s.8
: : .~ Longitud F »
1L-4 ©'138.9 1114 15,0 45.1 13.7
1L-5 1318 107.9 18,0 51.8 15.9
1L-6 141,2 113,17 16,0 - 45,2 . 14.6
Average 136.3 111.0 16.3 47,2 14.7
: lons Tragaverse at 400 ¥
17-5 151.5 120.7 12.0 54,1 14.0
1T-6 151.2 120.7 146.0 45,0 14,0
Average 145.5 e 14.0 481 13.9
Longitudinal et 600 F
1L-7 132.2 101.5 17.0 40.0 14,4
1L-8 138.4 . 101.5 16.0 34,9 14.5
1L-9 141,2 104,6 13,0 33,1 14,6
Average 137.3 102.5 15.3 36.0 14.5
ver F
11-7 o131 99.3 15.0 43.8 15.2
17-8 131.9 100.5 17.0 44.8 14.6
s 17-9 133,4 100.6 16,0 32,3 14.7
: Average 132.1 100.6 16.0 40.3 14.8
: Longitudin 800 F ]
: 1L-10 132.3 96.9 18.0 50.3 13.6 ]
f 1L-12 144.9 105.7 15.0 39.3 12.3 ]
. Average 139.8 102.0 16.5 47.2 13.4
1 L v F 1
| 17-10 130.1 96.7 18.0 41.6 13.4 j
: 17-11 136.7 103.6 19.0 53.2 13.4
g 1T-12 131.8 96.2 18,0 45.5 13.5
; Average 132.9 98.8 18.3 48.8 13.4 '
& |
2 72 ;
i
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TABLE XXXII. COMPRESSION TEST RESULTS FOR DUPLEX ANNEALED
T4 -6A1 -28n «2Zr -2Mo-2Cr FORGED BILLET

— LT ETR o mT.A R TIL CTE T TP CWLUETIOT T OTIX T SMMesow s wew 0 ocemper @S v D o ar o tammmer it

e =
0.2 Percent " Compression
Specimen Offset Yield Modulus,
Number Strength, ksi 10° ksi
Longitudinal gt ngg'ngggr’gure
2L-1 148.6 16,4
2L-3 148,2 , 15,6
Average T 149.4 “16.1
27T-1 155.7 16.5
2T-2 157.7 16.3
21-3 150.5 15.6
Average 154.6 \ 16.1
ity F
2L-4 119.2 15,0
2L-5 119.0 14,3
2L-6 110.3 14,8
A Average 116.2 14,7
? Long Trgnsverse at 400 F
274 129.1 15,2
27-5 121.3 15.5
2T-6 116.1 15,2
Average 122.2 15.3
? Lo t n F
... 2L‘7 108.4 l“t&
2L-8 108.2 14.0
2L-9 102.7 14.0
! Average 106.4 1.3
Long Transverse gt 600 F
277 111.9 14.8
2T-8 104.6 15.1
21-9 103.9 14.4
Average 107.5 14.8
i Longitudinal at 800 F
2L.-10 94.9 13.2 i
3 2L-11 101.0 13.6 }
: 2L-12 97.7 12.8 3
3 Average 97.9 13.2 i
‘ !
{ Long Transverse at 800 F g
27410 100. 6 1.6 ‘!‘
' 21-11 103.1 . 13,6 i
21-12 102.5 12,9 :
; Average 10,1 1.4 ;
: |




 TABLE XXX111, PIN SHEAR TEST RESULTS FOR DUPLEX ANNEALED Ti-bAl-28R-24r-Mo-.ui
: FORGED BILLET AT ROUM TEMJERATURE

I LA S Ul T LY SE S e S

Specinen S : Ultiuate shean
Number ‘ ' o : Strength, ksi
tudinal
A U R 104, 8
4L-2- ' ' : ' 1.2
4L-3 . Ino.4
4L-4 997
Average 102.8

Loug 'iransvelrsge

4T-1 . 104.1
4T-2 : los.1
4T-3 1ur.4
4T-6 104,8

Average 105.1

TABLE XXXIV. IMPACT TEST RESULTS FOR DUPLEX ANNEALED Ti-6Al1-28n-2Zr-IMo-2Cr
FORGED BILLET AT ROOM TEMPERATURE

PN i s

i Specimen Eneryy,
g Number foot -pound
'1 longitudinal
: 10L-1 11.5 3
3 10L-2 15.0 ]
4 10L-3 15.0 |
] 10L-4 18,5 §
10L-5 14,5 ]
Average 14.9
| :
'f Long lransverse
107T-1 la. o ;
: 10T-2 15 » g
: 10T-3 & o }
: 10T-4 (7.0 i
: 107-5 oo H
{ 10T-6 Lo %
l .
!‘ At daee 1o i
i IEERITICOR L ek i 3
; .
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TARLE X¥NV, KESU,LTS OF SLOMBENG TYPE FRACTURE TOUGHNESS TUSTS
FOR DUPLEXSANNEALED Tla6Ale28ne2ZroMueXr ' '
FORGED BTILLET

Specimen W, a, T, P, ' Span, 'f(-j“ ()
Numbet inches inches inches 1bs, inclies. ) KQ
Longitudinal (L.T)
6Lt 1,500 0.746 0.750 7,600 6.0 2,64 87.4
6L.? 1.%500 0.78) 0.7%9 7,200 6.0 2, R6 L
Y 1.500 0.723 0.750 7,950 6.0 2.82 87.1
6L.4 1.500 0.76% 0.75%0 7,350 6.0 2.74 R7.7
Long Trapsverse (T-1)
6T-1 1.500 0.770 0.750 7,650 6.0 2,78 92.7
Ly 1.5M0 0.7°7 0,780 7,550 L 2.82 92.9
6T.3 1.500 0.770 0,750 R s 6,0 2.8 97,7
“aY rCandidate KQ values aro favatid as’Krc valueg singce they do net =eet the X

Q

I‘ii‘,"fﬂus st'mdnrd of 1, T, [ ",S (-—-—\7’, H(»w.--r--r. 01,"_-_\» toooxeerod g _".2 (—0-1—‘:‘

TYS tys
and as such stiould bhe considered mar sinatly walid,
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TABLE XXXVI. AXIAL LOAD FATIWGUE TEST RESULTS FOR UNNOTCHED
DUPLEX ~ANNEALED Ti<6Al-2Sn-2Zr-2Mo-2Cr FORGED
BILLET (LONG TRANSVERSE, R = 0,1)

=mmm~=~=&=? ‘J‘m.
Specimin Max imum Lifetime,
Number , Strosg, ksi cycles

Roem Temperature

53 145 52,730 -
54 135 17,730
55 125 159,300
56 115 303,270
5e2 195 392,790 .
5.8 95 429,580
5-9 85 | 4,527,700
| 75 2,268,600
5.7 65 10,003,500’
400 F
5-10 145 b, 400
So11 135 12,900
513 125 15,800
Se14 115 47,900
5-15 105 212,400
=16 95 1,277,700
5.12 35 10,130,000
600_t

5225 135 (b
523 125 15,400
5-18 1 14,700

] 5-19 105 218, 100

{ 5220 9% NETRT

5220 44 PRI

E 5«22 ) 9, R0 0

. 5275 0 Piosas e

% cay L onat 1),

:L ehy rafl o osm Daadin,

e
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TABLE XXXVII, AXIAL LOAD FATIGUE TEST RESULTS FOR NOTCHED
(K, = 3,0) DUPLEX-ANNEALED Ti-6A1-2S5n-2Zr-
2Mo0.2Cr FORGED BILLET (LONG TRANSVERSE, R = 0.1)

Specimen Maximum Lifetime,
Number Stregs, ksi cycles

Room Temperature

5.32 95 3,600
5-31 85 8,600
5-33 75 11,400
5.34 65 23,400
} 5.35 55 89,100
§ 5-37 50 89,900
i 5-38 45 153, 200
i 5-36 40 5,069,900
5-39 15 11,645,200®)
1 400 F
B 5-40 85 3,700
S 5-41 75 6,850
i 5-42 65 | 14,700
. 5-43 55 33,300
! 5-46 47,5 141,200
: 5-44 45 417,400
547 40 | 237,000
5-34 15 17,270,800 %"
600 ¥
5-49 85 2,900
5-48 75 4,000
5-50 65 8,600
5.51 55 22,500
5-54 50 194,600
5-53 47.5 527,800
5.52 45 10,084 ,900¢2’

(a) Did not fail,
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FIGURE 42.
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TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPEMATURE FOR
DUPLEX-ANNEALED Ti-6Al1-2Zr-25n-2Mo-2Cr FORGED BILLET
(LONGITUDINAL)
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FIGURE 44,

TYPICAL COMPRESSIVE STRESS=-STRAIN AND TANGENT-MODUIUS
CURVES AT TEMPERATURE FOR DUPLEX-ANNEALED Ti-6Al1-2Zr-
25u=2Mo=-2Cr FORCED BILLET (LOWGITUDINAL)
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Ti-6A1-2Cb-1Ta-1Mo Alloy Plate

Material Description

6A1-2Cb-1Ta-1IMo titanium alloy is & modification by RMI Company of
the Ti-7A1-2Cb~1Ta composition. The modification was developed specifically
for saltwater stress-corrosion resistance. The alloy is of medium strength and
1s forgeable and weldable. It is generally used in the annealed condition. Some
increase in strength can be obtained by solution treating and aging, but at a
sacrifice in ductility and toughiess.

Ti~6A1-2Cb-~1Ta~1Mo alloy is available as billet, bar, plate, sheet,
and wire. It is normally processed in the beta phase region.

The material evaluated was a li-inch-thick plate from RMI ingot
number 294447 with the following composition:

Chemical Composition Percent

Carbon .02
Nitrogen .006
Iron .07
Aluminum 6.0
Columbium 1.9
Tantalum .93
Molybdenum 17
Oxygen .08
Titanium Balance.

Processing and Heat Treating

The material was evaluated in the as-received beta-processed and
annealed (1825 F, 1 hour, air cooled) condition. The specimen layesut is shown
in Figure 51,

Test Results

Tension. Results of tests in the ‘ongitudinal and transverse direc-
tions at room temperature, 400 F, 600 F, and 800 F are given in Tabl. XXXIX.
Typical stress-strain curves at temperature are shown in Figures 52 and 53.
Effect-of-temperature curves are presented in Figure 56.

Compression. Results of tests in the longitudinal and transverse
directions at room temperature, 400 F, 600 F, and 800 F are given in Table XL,
Typical stress-strain and tangent-modulus curves are shown in Figures 54 and
55. Effect-of-temperature curves are presented ir Figure 57.
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‘ Shear. Results of pin shear tests at room temperature for both the
: longitudinal and transverse directions are given in Table XLI.

Impact. Results of Charpy V-notch tests for longitudinal and trans-
verse specimens at room temperature are given in Table XLII.

AR A e s o

Fracture Toughness. Results of slow-bend type tests at room tewmper-
. ature for longitudinal (L-T) and transverse (T-L) specimens are given in Table
[ 7 XLIII, Candidate values shown in the table are not valid K;_  values since
they did not meet the standard of P, /Py = 1.10. Therefore, as recommended in
ASTM E399, Ry values have been calculated and are shown in the table.

i
l.—@
!

Fatigue. Results of {atigue tests for unnotcled and notched irans-
v+erse specimens at room tewperature, 400 F, and 600 F arc given in Tables
XLIV and XLV. 8-N curves are presented in Figures 58 and 59,

; Creep and Stress-Rupture. Tests were conducted on transverse speci-
' mens at 400 F, 600 F, and 800 F. Tabular test results are given in Table XLVI.
Log-stress versus log-time curves are presented in Figure 60.

Stress Corrosjion. Specimens were tested as described in the experi-
mental procedures section of this report. No failures or cracks occurred
during the test duraticn.

Thermal Expansion. The coefficient of thermal expansion for this
alloy is 5.2 x 10™ 1in./in./F for room temperature to 800 F.

Density. The density of this material is 0.162 1b./in.”.
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S TABLE XXXIX. TENSILE TEST RESULTS FOR ANNEALED i
§ Ti-6A1-2Cb-1Ta-1Mo ALLOY PLATE i
S ¢ ;
s Ultimate 0.2 Percent Elongation Reduction  Tensile §
k. Specimen Tensile Offset Yield in Two Inches, in Area, Modulus, i
/ 3 Numbex Strength, ksi Strength, ksi Percent Percent 103 ksi i
3 b ; :
» H Longitudinal at Room Temperature %
1L-1 116.5 103.1 19.0 33.7 16.9 \
% 1L-2 117.7 101,1 18.0 35.3 17.1
: b 1L-3 118.5 102,0 18.0 32.4 16.9
g :-‘{ Average 117.6 102.1 18.3 33.8 17.0
‘i_“ ? Transverse at Room Temperature
; i‘ 17-1 119.6 103.5 18.0 32.9 17.3
4 11-2 119.7 104.5 17.0 32.4 17.0
§ y 1T7-3 118.6 103,2 17,0 33.4 16.8
- i Average 119.3 103.7 L7.3 32.9 17.0
;, Longitudinal at 400 F
S 1L-4 88.1 64,1 18.0 43.4 16.0
.0 1L-5 87.5 63.8 19.0 40.8 16.0
& 1L-6 87.9 65.7 18.0 43.7 16.1
4 b Average 87.8 64.5 18.3 42,6 16.0
{ Iransverse at 400 F
3 17T-4 89.3 66.6 17.0 42,1 17.3
¢ . 1T-5 89.6 66.0 17.0 42.0 17.5
~T-6 88.1 64,9 18.0 43,7 17,3
Average 89.0 65,8 17.3 42,6 17.4
Longitudinal at 600 F
S 1L-7 79.7 58.7 20.0 52.3 14.6
1L-8 80.2 57.2 19.0 52.6 13.6
4 1L-9 80,7 58,1 20,0 50,3 13.9
5 Average 80.2 58.0 19.6 51.7 14.0
Transverse at 600 F ¥
1T-7 79.9 55.0 18.0 47.5 14.5
1T-8 81.0 56.2 18.0 47.1 l4.5 3
1T-9 80,5 57,1 18.0 47 1 15,3 i
Average 80.5 56.1 18.0 47.2 14.8
; Longitudinal at 800 F !
: 1L-10 74,4 52.8 20,0 48.8 12.6
1L-11 73.6 53.8 20.0 51.2 12.6
: 1L-12 74.0 50.7 19.0 50.9 13.1 :
Average 74,0 52.4 19.7 50.3 12.8 é
Transverse at 800 F 2
: 1T-10 74.9 55.8 17.0 49.7 14.0 !
1T-11 75.8 55.3 18.0 48,4 15.8 ]
: 1T-12 74.9 55.0 17.0 48.8 13.5 ;
) Average 75.2 55.4 17.3 49,0 14.4 i
A 1
] ]
5 89 E
] !
@- |

k
:
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2 TABLE X1, COMPRESSION TEST RESULTS FOR ANNEALED
3 Ti-6A1-2Ch-1Ta-1Mo ALLOY PLATE
5{ 0.2 Percent Compression
3 _ Specimen Of feet Yield Modulus,
: f Number Streggth, ksi 103 ksi
L Longitudingl at Room Temperature
i . 2L-1 107.8 18.0
. : 2L-2 108.1 17.6
- 2L-3 108,9 17,1
§ i Average 108.3 17.6
2 } ragsverse m_Temperature
] ) 2T-1 112,4 17.3
l 2T-2 " 112.0 17.1
3 i 27-3 111.4 18,0
3 i Average 111.9 17.5
_f‘ e Longitudingl at 400 F
2L-4 72.7 16.6
. 2L-5 ) 74.9 15.8
" : 2L-6 75,0 15.3
Average 74.2 15.9
r Iransverse at 400 F
‘ 2T-4 76.8 16.1
2T-5 77.6 15.7
2T-6 77.9 15,1
Average 77.4 15.6
Longitudinal at 600 F
2L'7 6008 15.3
2L-8 61.1 14.8
1 2L-9 60.5 14,8
‘ Average - 60.8 _ 15.0
Transverse at 600 F
2T1-7 63.2 15.0 '
27-8 63.7 15.3 ﬁ
21-9 62,7 14,5 i
Average 63.2 14.9 -
Longitudinal at 800 F g
2L-10 55.2 13.6 ;
2L-11 54.6 13.6 §
2L-12 55.9 13.8 {
Average 55.2 13.7 i
g Transverse at 800 F ]
21-10 58.5 14.0 ':
2T1-11 58.0 14.1 i
2T-12 58.3 13.6 p
Average 58.3 13,9 %
90 i
!
i




ey r*Downloaded from hitp://www.everyspec.com

T R Tt £ " ; . - . . b pre——r
BB A M L S 1 AL f e e, L s ST B e A e e e - kg P LW e RN

1 TABLE XLI. PIN SHEAR TEST RESULTS FOR ANNEALED
E g. Ti-6A1-2Cb-1Ta-1Mo ALLOY PLATE AT
4 § ROOM TEMPERATURE
] ¥
~ - * - - 3
3 E Specimen Ultimate Shear
’ b Number Strength, ksi
f, ? Longitudinal
R 4L-1 83.4
b 1 41-2 85.0
4L-3 82,5
; g 4L-4 . 83,9
4 Average 83.7 .
E" Jrgnsverge
§ 4T-1 84.2
: 4T=-2 82.5
5 4T-3 84.4
F 3 4LT=4 84,0
§ Average 83.8
’ L TABLE XL1I. IMPACT TEST RESULTS FOR ANNEALED
% : . T1~6A1-2Cb-1Ta~1Mo ALLOY PLATE
f AT ROOM TEMPERATURE
' Specimen Energy,
Numbet ft-lbs
Longitudinal
10L-1 40
10L-2 k}:} ;
10L-3 37
10L-4 4G
10L-5 37
10L-6 39
Average 38.5 1
Transverse 2
A 10T-1 33 i
: 10T-2 33 i
| 10T-3 33 ‘
; 10T-4 35 ]
‘ 10T-5 33 i
‘ 10T-6 36 i
3 Average 33.8 3
!5
., |
]
{
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TABLE XLIIl., RESULTS OF SLOW-BEND TYPE FRACTURE TOUGHNESS TESTS
FOR ANNEALED Ti{-6Al-2Cb-1Ta-1Mo ALLOY PLATE
Specimen w T, a, Span, Pq P a
Number incﬂes inches inches inches 1bs Tﬁg' £ w KQ(a) Rsb(b)
Longitudinal (L-T)
6L-1 2.00 1.00 1.063 8.0 11,750 15,750 2.957 98,2 2.09
6L-2 2.00 1.00 1.046 8.0 11,750 17,760 2.873  95.5 2,27
6L-3 2,00 1.00 1.000 8.0 12,000 16,750 2,664 90.4 1.97
6L-4 2.00 1.00 1.026 8.0 12,500 16,500 2.779 98,2 2,03
Transverse (T-1)
6T-1 2.00 1.00 0.988 8.0 13,000 10,250 2.614 96.1 1.85
6T-2 2.00 1.00 1.010 8.0 12,000 15,875 2.708 91.9 1.89
6T-3 2.00 1.00 1.004 8.0 12,750 16,000 2.682 96.7 1.88
6T-4 2.00 1.00 0.988 8.0 11,750 14,750 2.F14  86.9 1,68

(a) Caandidate KQ values are
ofa.t,wLS(%WWSY

invalid as K . values since they do not meet the standard
or the ratio of Pmnx/PQ = 1.10 or less.

(b)

R9 is a function of the maximum load that the specimen can sustain, its dimensions,
anB the yield streapth of the wmaterial. As explained in ASTM £399-72, it is a use-
ful comparative measure ol toughness of materials where size may be less than suf-
ficient for valid ch de termination.
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TABLE XLIV. AXIAL LOAD FATIGUE TEST RESULTS FOR UNNOTCHED
ANNEALED Ti-6A1-2Cb-1Ta-1Mo ALLOY PLATE
(Transverse, R = 0.1)

Specimen Maximun Lifetime,
Number Stress, ksi cycles

Room Temperature

5-1 110 27,100
5-2 105 34,700
5-3 100 37,900
5-5 95 780,900
5-6 90 1,091,500
5-7 85 1,346,900
5-4 80 2,965,900
5-8 75 2,952,000
5.9 70 4,271,300
5-10 65 10,016,500(2)
400 F
5-23 90 17,400
5.22 85 114,800
5-21 80 78,700
5-20 75 127,800
5-19 70 662,700
5-24 65 3,877,800
5-25 60 4,683,300
5-26 55 11,934,000(a)
600 F
5-12 80 140
5-14 75 214,600
5-13 70 241,700
5-16 65 1,235,800
5-17 60 2,658,100
5-18 55 9,435,800
(a) Did not fail.
4
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TABLE XLV. AXIAL LOAD FATIGUE TEST RESULTS FOR NOTCHED
(K¢ = 3.0) ANNEALED Ti-6A1-2Cb-1Ta-1Mo
ALLOY PLATE (Transverse, R = 0.1)

LGl A e iAo Snabibbintl Laatet Hi A L e L T TR ST
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Specimen Maximum
Number Stress, ksi

Lifetime,
cycles

Room Temperature

5-31 85
5-32 75
5-33 65
5-34 60
5-35 55
5«36 45
5-37 35
5-38 30
5-44 25
400 F
5-39 75
5-40 65
5-41 55
5-42 45
5<43 35
5-45 25
600 F
5-46 75
5-47 65
5-48 55
5«49 45
5-50 35
5-51 25

(a) Did not fail.

9%

4,100
7,200
18,300
27,700
60, 000
99,600
3,715,300
5,065, 600
10,000, 000€2)

4,100
7,900
15,300
76,500
709,900
15,211, 700¢2)

3,000
5,100
12,500
41,700
463,400
11,537,700¢8)
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Ti-6A1-4V Alloy Plate

Materiasl Description

Ti-6A1-4V 1is one of the most used titanium alloys and thus needs no
descriptive words. It is used in great quantities and in various product forms
for aerospace and other applications. The 0.57-inch-thick plate used for this
evaluation was GFM from material produced for Boeing to their low oxygen
speciflcation.

Processing and Heat Treatinc

The specimen layout is shown in Figure 61. The material was tested
in the as-received, beta-annealed condition.

—
B e e Tt it s Q= o ot docibeti g e QO AR

Test_Results

S LG 5

Tension., Results of tests in both the longitudinal and transverse
, directions at room temperature, 400 F, 600 F, and 800 F are given in Table
{ XLV1I, Typical stress-strain curves at temperature are shown in Figures 62 and
63, Effect-of-temperature curves are presented in Yigure 66.

Compression. Results of tests in both the longitudinal and tiansverse
directions at room temperature, 400 F, 600 F, and 800 F are given in Table
XLVIII. Typical stress-strain and tangent-modulus curves at temperature are
shawn in Figures 64 and 65. Effect-of-temperature curves are presented in
Figure 67.

Shear. Pin shear test results at room temperature are given in Table
XLIX for longitudinal and transverse specimens,

Impact. Charpy V-notch test results for longitudinal and transverse
spec’mens at room temperature are given in Table L.

Fracture Toughness. Results of compact-tension type tests are given
in Table LI. Due to the thickness of the plate (0.57 inch) the size require-
ments of ASTM E399 could not be met; however, R ¢ values were calculated from
the test results and are presented in Table LI,

a
H
i

Fatigue. Test results for transverse specimens in both the unnotched
and notched conditions at room temperature, 400 ¥, and 600 F are given in
Tables LII and LIII, S-N curves are presented in Figures 68 and 69.
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Creep and Stress Rupture. Results of tests on transverse specimeus

at 400 F, 600 F, and 800 F are given in Table LIV. Log-stress versus log-time
curves are shown in Figure 70.

Stress Corrosion. Tests were conducted as described in the experi-

mental procedures section of this report. No failures or cracks occurred in
the test duration.

Thermal Expansion. The coefficient of thermal expansion for this
alloy is 5.0 x 10® in./in./F for 70 F to 1200 F.

Density. The density for this material is 0.160 1b./in.>.
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TABLE XLVII. TENSILE TEST RESULTS FOR BETA-
ANNEALED Ti-6A1-4V ALLOY PLATE

Ultimate 0.2 Percent Elongation Reduction Tensile
Specimen Tensile Strength, Offset Yieid in 2 Inches, in Area, Modulus,
Number ksi Strength, ksi percent percent 10° ksi

Longitudinal at Room Teggérature

1L-1 138.0 130.7 12.0 14,6 17.6
1L-2 134.3 126.1 12.0 23.4 17.5
1L-3 134.9 126.4 12.5 24.8 17.5
Average 135.8 127.7 12.2 20.9 17.5
Transverse at Room Temperature
& 1T-1 136.5 126.8 12.0 27.3 16.8
3 1T-2 136.0 125.6 12.5 29.3 16.9
. 1T-3 135.5 127.7 11.5 25.6 17.1
- Average 136.0 126.7 12.0 27.4 16.9
’ Longitudinal at 400 F
1L-4 103.2 87.6 16,0 34.3 16.3
1L-5 102.8 84.8 16.0 32.5 16.0
1L-6 103.7 86.0 16.0 36.4 16.0
: Average 103.3 86.1 16.0 34.4 16.1
é, Trapsverse at 400 F
8 1T-4 102.8 84.9 16.0 34.6 16.0
1T-5 103.9 86.0 17.0 31.1 16.4
1T«6 104.4 85.9 14,0 30.9 17.1
Average 103.7 85.6 15.7 32.2 16.5
Longitudinal at 600 F
1L-7 92.7 : 72.7 16.0 33.4 16.4
1L-8 92.7 72.3 14.0 36,2 16,0
1L-9 92,2 71.4 15.0 35.8 15,2
Average 92.5 72.1 15.0 35.1 15.9
Transverse at 600 F
1T-7 92.8 71.2 15,0 35.8 15.3
1T-8 92.2 70.7 14.0 3.4 15.3
1T-9 93.3 72.7 14.0 32,7 15.4
Average 92.7 71.5 14.3 34.3 15.3 _
] Longitudinal at 800 F : :
3 1L-10 83.1 66.0 24.0 48,2 13.4
} 1L=-11 82.3 64,6 18.0 47.0 13.2 ;
1L-12 83.7 65.6 20.0 51.1 13.0 :
Average 83,0 65.5 20.7 48.8 13.2 i
; Transverse at 800 F ;
\ 1T-10 82.4 64.4 18.0 45.5 14.7 ‘g
; 1T-11 82.6 63.7 18.0 43,6 14.1
i 1T-12 82.5 64.2 19.0 45.8 13.0
: Average 82.5 64, 1 18.3 45,0 13.9
E)
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TABLE XLVIII., COMPRESSION TEST RESULTS FOR BETA-
ANNEALED Ti-6A1-4V ALLOY PLATE

0.2 Percent Compressive
Specimen Offset Yield Modulus,
Number Strength, ksi 10° ksi

Longitudinal at Room Temperature

2L-1 132.0 17.0

2L-2 132.3 16.6

2L~3 133.0 17.8
Average 132.4 17.7
Transverse at Room Temperature

2T-1 134.,1 17.2

2T-2 134.5 17.9

2T-3 135.7 17.4
Average 134.8 17.5

Longitudinal at 400 F

2L-4 88.8 15.8
2L-5 90,6 16.1
2L-6 89.2 15.4
% Average 89.5 15.8
' Transverse at 400 F
' £ 2T-4 92,3 16.1
i 27-5 90.7 15.0
§ 2T-6 91,3 15.2
; Average 91.4 15.4
4 Longitudinal at 600 F
§ 2L-7 73.3 14,7
: 2L-8 72.9 14.5
’ S 2L-9 74,4 15.1
‘ : Average 73,5 14.8
ﬁ . Transverse at 600 F
P 2T-7 76.7 14,7
g , 27-8 76.2 15.7
- 2T-9 76.9 15,
) Average 76.6 15.1
Longitudinal at 800 F
2L-10 67.8 14.0
21-11 68,6 13,6
2L-12 68.4 14,3
i Average 68.3 14.0
‘ Transverse at 800 F
; 2T-10 70.6 13.9
i 2T-11 69.6 14,2
; 2T-12 69.4 13.8
Average 69.9 14.0
b
E
{J_’ 107

Y Y VORI VR PRI 2% =L+ <R P L RRe Y, —LE: & -+ Sv%



D ownloaded from Rttp://WWW.everySpec.com * 7= sammen.m amr mrrsrrrmws g = v

e . - -
o - e - Ce TR e A Mimmeie e - YL a

TABLE XLVIX. pIN SHEAR TEST RESULTS FOR
BETA-ANNEALED Ti-6A1-4V ALLOY
PLATE AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

Longitudinal
4L-1
41-2
41,-3
4L-4

O WO ¢ 00
— N O O
~N WO &

o 3

Average 90.

Iransverse

4T-1
41-2
4T-3
4T-4

@ WO o
V-RV- V-]
SO

[o o]
O
el

g

Average

L TABLE L. IMPACT TEST RESULTS FOR BETA-
b ANNEALED Ti-6A1-4V ALLOY PLATE
AT ROOM TEMPERATURE

e

3

Sp2cimen Energy,
Number ft./1bs,

L.ongitudinal

10L-1 23.5
10L-2 23,0
10L-3 24.0
10L-4 24,0 :
f
Y
Y
§

BT T ML IR T

10L-5 23,0
101,-6 24.0
Average 23.6

Transverse :

¢ 10T-1 21.0 {

10T-2 24.0 E
10T-3 24,0 ]
7 10T-4 24.0 k
: 10T-5 23,0 :
; 10T-6 23.0 ]

i Average 23,2

e |
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%
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!
!
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TABLE LI. RESULTS OF COMPACT TENSION TYPE FRACTURE TOUGHNESS
TESTS ON BETA-ANNEALED Ti~6A1-4V ALLOY PLATE

Specimen W, B, a, P P

H
Number inches inches inches 1&%. 1 iﬁ f(%) KQ(a) Rsc<b)
& Longitudinal (L-T)
i' 6L-1 3.0 0.561 1.62 10,375 11,000 10.842 115.7 1.235
3 6L~2 3.0 0.560 1.62 10,600 11,500 10.842 1i8.5 1.294
i 6L-3 3.0 0.560 1.62 10,650 11,550 10.842 119.1 1.299
r 6L-4 3.0 0,560 1.60 10,600 11,750 10.607 115.9 1,281
i 6L-~5 3.0 0.561 1.70 9,750 10,250 11.929 119.7 1.317
E : 6L~6 3.0 0.560 1.66 10,250 10,450 11,342 119.9 1,254
. i Transverse (T-1.)
3
% 6T-1 3.0 0.561 1.61 10,250 11,000 10.724 113,1 1.216
& 6T-2 3.0 0.560 1.60 9,600 10,000 10.607 104.9 1.109
4 6T=3 3.0 0.560 1.60 ~ 10,750 11,325 10,607 117.6 1,235
: &A 6T«4 3.0 0.561 1.60 10,875 11,300 10.607 118,7 1.230
‘ § 6T~5 3.0 0.561 1.62 10,625 11,025 10.842 118.5 1,238
4 % 6'L-6 3.0 0.560 1.64 10,625 11,250 11,049 121.0 1.30
i". :V =
‘ . (4) Candidate KQ values are invalid as K values, Tests do meet the pmax/PQ
é; ' requirement but do not meet the size requirement.
? (b) Rge is a function of the maximum load that the specimen can sustain, its i
- dimensions, and the yield strength of the material. As explained in ASTM )
3 E399-72, it is a useful comparative measure of toughness of materials where R
' size may be less than sufficient for valid Kie determination, :
‘. !
¥ 1
,,i s
;' i
f !
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TABLE LII. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED BETA ANNEALED Ti-6A1-4V PLATE
(TRANSVERSE, R = 0.1)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-2 120 19,300
5-5 115 32,100
5.3 110 234,200
5-4 105 417,800
5-1 100 1,237,900
5-6 95 2,064,600
5-7 90 10,814,900®
400
5-8 110 15
- 5-22 100 11,400
- 59 90 32,700
. 5-11 85 57,000
5-10 80 2,699,800
i 5-23 80 6,519,100
§ 5-12 75 530, 600¢®)
; 5-14 70 11.792,700(®
; 800 F
5-16 90 7,600
5-17 85 27,200
5-15 80 605,400
5-18 75 2,508,800
5-19 70 1,235,800(?
5-20 70 1,261,900'®
5-21 70 10,328,700
———————— —

(a) Did not fail,
(b) Failed at thermccouple weld.
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. TABLE LIII. AXIAL LOAD FATIGUE TEST RESULTS FOR
3 NOTCHED (K, = 3.0) BETA ANNEALED Ti-6Al-
3 4V PLATE (TRANSVERSE, R = 0.1)
g Specimen Maximum Lifetime,
g Number Stress, ksi cycles
2 Room _Te_nmerature
] 531 120 1,600
E 5-32 110 1,900
3 5-33 100 2,900
i 5-34 85 7,400
? 5-35 75 10,000
5-36 60 63,700
{ 5-37 50 225,300
. ‘ 5-38 40 576,400
b 5-39 30 16,935,000¢%)
g 5 400 F
i ; 5-42 60 15,400
' 5-45 55 19,100
| 5«41 50 34,900
; 5-43 45 258,400
§ 540 40 280,100
F i 5-44 35 11,161,100¢®)
i 5 600 F
546 60 9,600 3
5-48 55 12,900 !
5-47 50 31,100 'ﬁ
550 45 388,000 i
_ 549 40 6,739,500 i
: 5-51 37.5 3,488,800 f
- 5.52 15 10,064,700¢® i
§ (a) Did not fail. j
; ]
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Ti-6A1-4V Alloy Castings

Material Description

Ti-6A1-4V castings have been utilized in airframe construction for
a number of years, primarily in simple shapes and in unstressed or low stress
areas. Recently, more complex shapes have been used as confidence in casting
properties has increased. One of the primary reasons is that parts can be
cast to a finished or near-finished shape instead of being machined to size
from a large forging or thick plate.

- The material used for this evaluation was cast, wedge shaped, plates
approximately 5 inches by 6% inches and tapering from about 1 inch to % inch,
The material was from TiTech International casting heat number 6-4 2119 and
had the following compositiomn:

Chemical Composition Percent
Carbon 0.28
Oxygen .18
Hydrogen . 0027
Nitrogen .015
Aluminum 5.90
Vanadium 3.90
Iron .10
Titanium Balance .,

.Processing and Heat Treating

The specimens were all machined in one direction from the cast
plates described above and no specimen layout is shown. The material was
received in the annealed condition and no further heat treating was done.

Test Results

Tension. Results of tests at room temperature, 400 F, 600 F, and
800 F are given in Ta%le LV, Typical stress~strain curves at temperature are
shown in Figure 71, Effect-of-temperature curves are presented in Figure 73,

Compression. Results of tests at room temperature, 400 F, 600 F,
and 800 F are given in Table LVI. Typical stress-strain and tangent-modulus
curves are shown in Figure 72, Effect of temperature curves are shown in
Figure 74, ‘

120

RN I A R e Wy ot o LI S i

"","‘“"i'““‘ﬁ"".‘@i I‘ w_ e ‘a‘ AR . R s L




£3

mEDownloaded from HEtp TWWw.everyspec.com = v v o e

“y
R R e )
T Nttt 520 AR A XU R RMANINIGLL", . - ik WM.~ i AP PR ARSI s s e S . TSR

Shear. Results of pin shear tests at room temperature are given in
Table LVII.

Impact, Charpy V-notch test results at room temperature are given
in Table LVI1I.

Fracture Toughness. In view of the invalid results obtained from
Ti-6Al=-4V beta-annealed (preceding section of this report) with approximately
the same thickness of material, it was believed that the casting data would
also be invalid. However, compact tension type tests were attempted.
values from the first three specimens were in the same range as the beta-
annealed alloy test results, therefore no further tests were conducted.

Fatigue, Test results for unnotched and notched specimens at room
temperature, 400 F, and 600 F are given in Tables LIX and LX. S-N curves are
presented in Figures 75 and 76.

Creep and Stress Rupture. Tests were conducted at 400 F, 600 F, and
800 F. Tabular test results are given in Table LXI. Log-stress versus log-
time curves are presented in Figure 77,

s

?

Stress Corrosion., Tests were conducted as described in the experi-
mental procedure gsection of this report. No failures or cracks occurred in
the test duration,

Thermal Expansion and Density. Values for these properties are the
same as for wrought Ti-bAl-4V,

B e Y

.

i .ol
Specimen Orientation

Cast Wedge

~ e
L]
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TABLE LV, TENSILE TEST RESULTS FOR ANNEALED Ti-6A1-4V CASTINGS
Ultimate 0.2 Percent Elongation Reduction Tensile
Specimen Tensile Strength, Offset Yield in l-inch, in Area, Modulus,
Number ksi Strength, ksi percent percent 107 ksi
Room Temperature
1L-1 136.9 130.0 6.5 10.1 17.4
1L-2 137.9 130.1 6.5 13.5 17.6
1L-3 138.5 131.0 6.5 9.9 16.5
Average 137.8 130.4 6.5 11.2 17,2
400 F
1L-4 99.0 86.9 8.0 15.3 17.2
1L-5 102.5 89.3 12.5 20.4 16.3
1L-6 100.9 88.4 10.0 21,2 16.8
Average 100.8 88.2 10.2 19.0 16.8
$00 F
1L-7 83.5 68.9 11.5 25.5 16.2
11.-8 83.9 69.9 10.5 22.0 14.8
1L-9 86,9 70.6 14.0 25.4 14.7
Average .8 69.8 12.0 24.3 15.2
800 F
1L-10 75.6 62.7 10.5 27.4 14.9
11"11 78&5 6309 13-0 300“ 1601
1L-12 18.4 64.9 12.5 27.3 14.4
Average 77.5 63.8 12,0 28.4 15.1
122
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TABLE LVI, COMPRESSION TEST RESULTS FOR
ANNEALED Ti-6A1-4V CASTINGS
{
. 0.2 Percent Compression
Specimen Offset Yield Modulus,
Number Strength, ksi 106° kst
" Room Temperature
g 2L-1 136.9 16.3
2L-2 138.1 16.4
2L-3 137.4 16.8
Average 137.5 16.5
400 F
q 2L-5 93.3 15.7
; Average 92.9 15.6
' g 600 F
; 2L-7 73.7 14.1
; 2L-9 75.7 15.3
; Average 74.6 14.9
.' 2L-10 65.8 13.5
l; . 2L"11 69.8 1207
2L-12 66.9 14.3
1 Average 67.5 13.5
2
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TABLE LVII. PIN SHEAR TEST RESULTS FOR
ANNEALED Ti-6A1-4V CASTINGS
AT ROOM TEMPERATURE
—- - S — = e S ———
Specimen » Ultimate Shear
Number Strength, ksi
AL" 1 92 . 7
4L-2 94.7
410"3 9 2 . 3
4L-4 91.5
Average 92.8

—

TABLE [LVIiL IMPACT TEST RESULTS FOR
ANNEALED Ti-6A1-4V
CASTING A’l' ROOM TEMPERATUILL

Specimen Loaergy,
Number tt/1b
10L-1 16.5
10L-2 15.0
10L-3 15.0
10L-4 16.0
10L-5 18.5
10L-6 16.0

Average 16.2
124
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4 : TABLE LIX. AXIAL LOAD FATIGUE TEST RESULTS
) 1 FOR UNNOTCHED ANNEALED Ti-6Al-4V
i b CASTINGS (R = 0.1)
‘ - § Specimen Maxinum ' Lifetime,
!r Number Stress, ksai cycles
i % - Room Temperature
- ¥
. % 5«1 100 54,200
3 E 5.2 80 70,800
a ; 5-3 70 102,700
- 5-4 60 209,000
- 55 55 22,800
8 , 5.6 50 - 2,276,500
] E 5-7 47.5 471,500 -
F ¥ 5-8 42.5 . 10,061,700
. 400 F
K ¥
| E 5-12 90 5,200
i 5-11 80 35,200
¢ 5-9 70 162,200
: 5-10 60 297,200
§ 5-13 50 114,600
t 5-14 45 989,300
: 5-15 42,5 1,603,200
y 5-16 40 8,332,800
;
: 600 §
S 5-17 90 6,500
: ; 5-18 80 24,700
5-19 70 42,700
5-20 60 216,700
5-21 50 2,835,700
; 5-22 45 863,600
: 5.23 40 4,184,700
_ 5424 40 4,443,100
’. 525 35 10,263,900
Q (a) Did not fail,
5 125
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TABLE 1LX, AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K, = 3.0) ANNEALED Ti-6Al-4V
CASTINGS (R = 0.1)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5 5.31 80 10,100
3 532 70 17,700
3 5.33 60 85,500
3 5«34 50 256,500
) 5«35 45 1,307,700
& 5-36 42.5 439,000 s
X 5-37 40 10,068,000
. 400 F
0 541 70 7,800
b 538 60 20,100
3 5439 50 66,700
5«40 45 267,000
5-42 40 2,841,300
5-43 37.5 5,823,600
5-44 35 2,806, 200
5-45 32.5 509,900
5-46 30 £,261,000
5-55 30 3,765,700
2 600 F
5~51 70 5,500
j\ 5«40 60 11,800
: 5+47 50 42,600 :
: 5-49 40 234,000 i
550 35 8,419,300
k 5-52 35 250,700 i
v 5-53 30 2,009,000(1) !
5-54 25 14,433,000 1
- —*_ . .

(&) Did not fail,
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FIGURE 71, TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR ANNEALED Ti-6Al1-4V CASTINGS
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TYPICAL, COMPRESSTVE STRESS-STRAIN AND TANGENT-MODULUS
CURVES AT TEMPERATURE FOR ANNEALED Ti-6A1-4V CASTINGS
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Ti-6A1-4V Isothermal Forging

Material Description

Applicetion of the isothermal forging concept to titanium ailoys
has been investigated on a laboratory scale for many years. The material
evaluated on this program came from an Air Force sponsored program (F33615~
71+C-1264) at the Ladish Company. The specific goal was to develop isothermal
forging technology as a process that will yield titanium airframe parts
having surfaces which are "net", or which require no post-forging machining.
The results of this program have been published in AFML-TR-74-123 from which
additional information regarding this material may be obtained.

Processing and Heat Treating

The stabilizer rib from which the specimens were machined was of
varying thickness and complex shape so no specimen layout is shown., All
specimens were sectioned from the forgiag in the transverse direction. Speci-
mens were tested in the as-veceived (annesled) condition,

Test Resulty

Tension. Results of transverse tests at room temperature, 400 F,
600 F, and 800 F are given in Table LXII. Typical stress-strain curves at
temperature are shown in Figure 78. Effect-of-temperature curves are presented
in Figure 80,

Compression. Results of transverse¢ compression tests at room temper-
ature, 400 F, 600 F, and 800 F are given ix Table IXIII. Typical stress-
strain and tangent-modulus curves at temperature are presented in Figure 79.
Effect-of-temperature curves are shown in Figure 81.

Shear. Results of pin shear tests at room temperature are given in
Table LX1V,

Impact. Charpy V-notch test results at room temperature are given
in Table LXV.

Fracturce Toughness. Only one specimen (compact tension) of sufficient ,
dimensions was available from the forging due to the varying thickness., This speci-
men produced a valid test result of Kie ® 59 ksi /in.
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Fatigue. Axial load fatigue test results for unnotched and notched
trangverse specimens at room temperature, 400 F, and 600 F are given iau Tables
IXVI and LXVII., §5<N curves are shown in Figures 82 and 83,

Creep and Stress Rupture. Tests were conducted on transverse speci~
mens &t 400 F, 600 F, and 800 F. Tabular test results are given in Table
LXVIII, Log-stress versur log-time curves are presented in Figure 84,

-Stress Corrosion. Tests were conducted as described in the experi-

mental procedure section of this repert. No failures or cracks occurred in
the test duratioa. ‘

Thermal Expansion and Density. These values are the same as for
wrought Ti-6A 4V,

(L

Sketch of Forging
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TABLE LXII, TENSILE TEST RESULTS FOR Ti-6Al.4V
ISOTHERMAL FORGINGS (TRANSVERSE)
Ultimate 0.2 Percent Elongation  Reduction Tensile
Specimen Tensile Offget Yield in 1 Inch, in Area, Modulus,
Number Strength, ksi Strength, ksi percent percent IOPpsi
Room Temperature

1T-1 142,5 134.1 17.0 46,6 16,2
1T.2 144.0 138.0 17.0 45,3 16.6
1T.3 145.2 13u.8 17.0 45,2 16.4
Average 143.9 136.3 17.0 45,7 16.4

400 F
1T-4 110.7 102.1 17.5 47.8 15.1
1T.5 111.3 104.6 18.0 50,0 15.9
1T-6 109.6 100.0 17.0 45,3 14.7
Average 110.5 102,2 17.5 47,7 15,2

600 F
1T.7 98.7 92.7 18.5 55.8 14,7
1T.8 100.1 92.7 18.0 54.8 14.9
Average 99.8 93.4 18.5 5.1 14,5

800 F
1T-10 87.0 75.6 20.5 64,8 12,5
1T-11 85.7 79.1 21.0 62.1 13,2
1T-12 89.6 80,3 23.0 60.0 13,0
Average 87.4 78,3 21.5 62.3 12.9
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TABLE LXIII, COMPRESSION TEST RESULTS FOR Ti-6Al-4V
ISOTHERMAL FORGINGS (TRANSVERSE)

o

0.2 Percent Compression
Specimen Offset Yield Modulus,
) Number Strength, ksi 10° «si

Room Temperature

i 2T-1 136.2 16.5
: 2T7-2 135.7 16.9
i 21-3 136.0 16.0
: Average 135.9 16.5
400 F
2T=4 100.2 15.9
2T-5 102.1 15.5
2T-6 101.9 14,9
Average 101.4 15.4
600 F
27T-7 94,5 13.9
2T-8 93,2 14.2
2T-9 92.0 13.7
Average 93,2 13.9
800 F
27-10 81.9 13.2
2T-11 79.6 12.6
2T-12 17.4 13.0
Average 79.6 12.9
j
k!
é" v‘
; ., |
i b
{ J
* i
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TABLE LXIV, TRANSVERSE SHEAR TEST RESULTS FOR Ti-6Al1-4V
ISOTHERMAL FORGINGS AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi
41 99.4
4=2 98.3
4=3 : 97.3
4=l 93.7
Average 97.2
g TABLE LXV, CHARPY V-NOTCH TEST RESULTS FOR
. Ti-6A1-4V ISOTHERMAL FORGINGS
3 (TRANSVERSE)
!J
. Specimen Energy,
Number tt./1b.
; 10T~1 16.5
‘ 10T-2 17.5
10T-3 16,5
10T-4 17.0 |
Average 16.9 ;
“ - =
4
| s
| i
‘., H
E 137 ‘
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TABLE LXVI. AXIAL LOAD FATIGUE TEST RESULTS FOR UNNOTCHED
T1-6A1-4V ISOTHERMAL FORGINGS (TRANSVERSE, R=0.1)
& Specimen Maximum Lifetime,
B : Number Stress, ksi cycles
Room Temgeta‘ture
3 5-1 130 ) | 48,640
L 5-2 120 | 539,620
: 5-3 110 746,390
L 54 110 895,770
b ~ 5-5 100 1,329,130
- 5-6 95 1,133,900
. 5-7 90 1,624,500
- 5-8 80 3,368,800
S 5-9 70 10,099,250(2)
400 F
5-11 110 16,180
5-12 105 26,260
5-20 100 605,000
5-13 95 1,609,000
? 521 90 325,800 (P
| 5-19 90 1,765,000
5e14 90 2,530,760
5-22 80 597,200
5-10 80 10,100,000(2
‘f 600 F
5-15 90 50,100¢®
5-18 90 184,140 !
5-22 85 316,400 ;
5417 80 5,119,160
5-23 75 5,620,200
5-16 70 10,124,000 ¥
e — i
(a) Did not fail. ;
(b) Failed in grip. j
|
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TABLE LXVII. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K, = 3,0) Ti-6Al-4V ISOTHERMAL
FORGINGS (TRANSVERSE, R = 0.1)

Specimen | t Maximum Lifetime,
Number Stress, ksi cycles

R om Temperature

5-31 60 14,090
5-34 55 55,950
5-33 50 146,910
5-35 45 103,370
5-32 40 173,520
5-36 35 386,740
5-37 30 13,894,000¢%)
400 F
5-38 60 15, 800
544 55 38,000
S-41 50 181, 500
5-42 40 823, 600
5.39 30 6,592,500
5-40 30 6,339,100
5-43 25 14,831,000(®
600
5-45 60 13, 300
5.51 55 23,900
5-46 50 34,600
5-48 45 54,300
5-52 42.5 174, 900
5-47 40 1,282,800
5-50 ' 40 983,900
549 35 11,353,000
—

(a) Did not fail,
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FIGURE 78. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE FOR
T{-6A1-4V TISOTHERMAL FORCINGS (TRANSVERSE)
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FIGURE 79, TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-MODULUS
CURVES AT TEMPERATURE FOR Ti-6A1-4V TSOTHERMAL FORGINGS
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FIGURE 81, EFFECT OF THEMPERATURE ON THE COMPRESSIVE
PROPERTIES OF Ti-6A1-4V ISOTHERMAL
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: FIGURE 82, AXIAL LOAD FATIGUE BEHAVIOR OF UNNOTCHED Ti-6Al-4V TSOTHERMAL FORGINGS
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FIGURE &3, AXTAL TOAD FATIGUE BEHAVIOR OF NOUCHED (K = 3.0) Ti-0ALl=4V [SOTHERMAL
FORGINGS
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Incolo 3 All Sheet

5 Material Description

Incoloy Alloy 903 is a precipitation-hardenable nickel.-iron-cobalt
alloy whose outstanding characteristics are a constant low coefficient of
thermal expansion, & constant modulus of elasticity, and high strength. Be~
cauce the alloy contains no chromium, oxidation resistance may become a
consideration for some high temperature applications.

The material used for this evaluation was a 0.083-inch-thick sheet
from Huntington Alloys Heat Number HH25A9UK with the following composition:

Chemical Composition Percent

Carhon 0.03
& Manganese 0.16
3 Iron 40.92
) . Sulfur ~0.004
f Silicon 0.07
! Nickel 38.08
}' Aluminum 0.88
; Titanium 1.61
' Cobalt 15.22

Columbium plus

Tantalum 3.01

Processing and Heat Treating

; The specimen layout for Incoloy 903 is shown in Figure 85. The sheet
! was received in the annealed condition (1700 F) and was heat treated as follows:
‘ 1325 F, 8 hours, furnace cool at 100 F per hour to 1150, hold for 8 hours, air
cool.

Test Results

Tension. Test results for longitudinal and transverge specimens at
room temperature, 800 F, 1000 F, and 1200 F are given in Table LXIX. Typical :
stress-gtrain curves at temperature dare shown in Figures 86 and 87. Etffect~- w
of-temperature curves are shown in Figure 90.

Compression. Test results for both the longitudinal and transverse
directions at room temperature, 800 F, 1000 F, and 1200 F are given in Table
1XX. Typical stress-strain and tangent-modulus curves are shown in Figures
88 and 89, Effect-of-temperature curves are presented in Figure 91,

3
3
!
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Shear, Test results for sheet-shear type specimens at rcom temper-
ature in both the longitudinal and transverse directions are given in Table
LXXI.

Fracture Toughness. Plane-stress center=-notched type tests were
conducted at room temperature, Results are presented in Table LXXII,

Fatigue., Test results for transverse unnotched and notched speci-
mens at room temperature, 800 F, and 1000 F are given in Tables LXXIII and
LXXIV, S$=N curves are shown in Figures 92 and 93.

i Creep and Stress Rupture. Tests were conducted at 1000 F, 1200 F, and
! 1400 F for transverse specimens. Test results are given in Table LXXV. Log-

{ stress versus log-time curves are presented in Figure 94. The material tested
was in the recrystallized condition; hence, the creep and stress rupture proper-
ties exhibited are not indicative of the material's capability. Incoloy 903

in the nonrecrystallized condition would be expected to display superior creep
and stress rupture properties.

Stress Corrosion. No fallures or cracks occurred when specimens
vere tested as described in the experimental procedures gection of this report.

Thermal Expansion. The coefficient of thermal expansion for this
alloy is 5.6 x 10~ in./in./F (RT to 1200 F)

Density. The density of this alloy is 0.294 1b/in.®.
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TABLE LXIX. TENSILE TEST RESULTS FOR HEAT-
TREATED INCOLOY 903 SHEET

e —— —— ——— " —

0.2 Percent Elongation Tensile
Specimen Ultimate Tensile . Offset Yield in 2 Inches, Modulus,
Number Strength, ksi Strength, ksi percent 10 ksi

Longitudinal at Room Temperature

1L-1 193,5 156.1 14.5 23,2
1L=2 191.2 156.0 13.5 26,3
1L-3 190.8 154.3 13.0 24.6
. Average 191.9 155.5 13.7 24,7
Transverse at Room Temperature
1T-1 194.4 168.5 16.0 27.7
1T-2 191.9 161.4 17.0 25,5
1T-3 192,7 165.2 15.0 24.2
Average 193,0 165.0 16.0 25.8
Longitudinal at 800 F
1L-4 169.7 144.,0 17.0 22.8
1L-5 171.6 139.6 18.0 21.0
1L~6 170.9 139.0 17.6 21.0
Average 170,7 140.8 17.3 21,6
3 Transverse at 800 F
¢ 1T-4 170.0 142.0 16.5 22,2
' 17-5 168.4 145.6 15.5 23.0
g 1T-6 171.9 140.2 15,5 21,4
i Average 170.1 142,6 15.8 22.2
: Longitudinal at 1000 F
; 1L-7 167.2 138.5 16.5 22,1
b 1L-8 168,0 134.6 17.0 24,2
‘ 1L-9 164.6 131.4 18.0 21.4
F Average 166,6 134.8 17.2 22,2
N Transveree at 1000 F
1T-7 164.6 137.2 16.5 22.1
1T-8 160.8 134.6 13.5 23,2
1T-9 165,2 135.6 14,0 21.7
2 Average 163.,5 135.6 14.7 22.3 i
] Longitudinal at 1200 F 1
| 1L-10 132.0 116.0 18.0 21.4 ’
1L-11 131.6 118.5 14.5 22.1 1
| 1L-12 128.2 115.6 17.0 20.7 {
1 Average 130.6 116.7 16.5 21.4 H
! Transverse at 1200 F !
{ 1T-10 131.9 120.3 17.5 20.1 ;
; iT-11 129.6 121.3 17.0 22.6 '
g 1T-12 133.4 119.7 17.5 20.7 ]
i Average 131.6 120.4 17.3 21.1 i
149
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: TABLE LXX, COMPRESSION TEST RESULTS FOR HEAT-
; TREATED INCOLOY 903 SHEET

0.2 Percent Compresasion
Specimen Offset Yield Modulus,
Number Strength, ksi 10° ksi

]

; Longitudinal at Room Temperature
| 2L~1 168,7
i

24.5
2L=2 168.0 25.2
2L-3 164.2 26,0
25.2

i Average 167.0
' Transverse at Room Temperature

2T-1 176.2 26,0
! 2T=2 174.6 24,0
; 2T=3 171.9 22.9
| Average 174.2 24.3
Longitudinal at 800 F
2L"4 15206 2204
2L-5 152.0 24,3
2L-6 153.7 21,7
Average 152.2 22.8
Transverse at 800 F
2T 4 160.0 25,0
21-5 159.0 22.2
2T-6 163.7 23.8
Average 160.9 23,7
lLongitudinal at 1000 F
2Ls7 138.7 21,6
2L-8 142.6 24,0
2L-9 143.0 23.5
Average 141.4 23.0

Transverse at 1000 F

2T=7 144.7 23.7
2T-8 144.5 21.9 '
2T-9 147.8 24.1

~
(&)
-

N

POy

Average 145.6

Longitudinal at 1200 F

| 2L-10 122.7 21.1
! 2L-11 125.0 22,1 §
2L-12 119.7 20.9 i
' Average 122.5 21.4 :
§ Iransverse at 1200 F )
‘ 2T-10 130.2 23.1
1 2T-11 124.8 22.0
‘ 2T~12 120.4 21,3
Average 125.1 22,2
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§ TABLE LXXI, SHEAR TEST RESULTS FOR HEAT<TREATED

1 - INCOLOY 903 SHEET AT ROOM TEMPERATURE
' Specimen Ultimate Shear
! Number Strength, ksi

Longitudinal

5 4L-2 119.6
‘ 4L-3 127.8
Average 123.9

Trangverse
4T-1 127.3
4T=2 - 127.4
4T-3 125.6

-Average 127.8

TABLE LXXI™, FRACTURE TOUGHNESS TEST RESULTS (T-L) FOR HEAT-
TREATED INCOLOY 903 SHEET AT ROOM TEMPERATURE

—
Apparent Net
Maximum Initial SIF, Section

Speciwmen Thickness, Width, Stress, Precrack, Kap Stress, :
Number B, inch w, inch kai inches ksiolh. ksi :
61 .0635 18.0 100.6 3.70 243 126.6 ;
: 62 .0635 18.0 100.8 3,64 241 126.4 :
f 6=3 ,0635 18.0 102.1 3.63 244 127.5 ;
: 6=4 .0635 18.0 104.6 3.64 250 131.1 z
; 3
:
; !
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TABLE LXXIII, AXIAL-LOAD FATIGUE TEST RESULTS
FOR UNNOTCHED HEAT-TREATED INCOLOY
903 SHEET (TRANSVERSE, R = 0,1)
—_— I
Specimen Maximum - Lifetime,
Number Stress, ksi cycles
Room Temperature
5.1 160 100
5-2 150 3,000
5-3 140 12,800
54 130 92,100
545 120 198,200
56 110 462,100
5.7 100 528,790
5-8 90 4,683,200
5-9 80 10,000, 000(®
800
5-10 140 1,230
511 130 10,200
5-12 120 84,900
5-13 115 57,200
5-14 110 120,800
5-15 100 198,700
5-16 95 500,700
5-20 90 417,200
5-19 80 987, 600
5.18 70 11,402,000®) !
: 1000 F !
5-21 - 130 14,100
522 120 15,200
5-23 110 84,900 i
524 100 57,900 !
5-25 90 101,400 l
’ 5-26 80 987,100 ?
E 5.27 70 8,200,700 ?
% 5-28 65 10,000,000¢®) §
E (a) Did not fail. i
F 152 3
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TABLE LXXIV. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K, = 3.0) HEAT-TREATED
INCOLOY 903 SHEET (TRANSVERSE, R = 0.1)
Specimen Maximum Lifetime,
Number Stress, ksi cycles
Koom Temperature
5-30 120 3,300
532 100 10,200
5-31 90 15, 600
5-32 80 99,200
5-33 70 120, 600
5-34 60 784,200
5-35 55 1,101, 600
5-36 50 4,296,700
5-37 45 10,000,000
800 F
5-39 100 500
K 5-40 90 1,200
% 5-38 80 52,000
§ 5-41 70 17,100
! 542 60 342,100
; 5-44 50 848, 600
: 5-43 40 10,000,000’
| 1000 F
o 5-45 90 9,600
I 5-46 80 12,200
? 5-47 70 184,000
i 5-48 60 177,000
: 5-49 55 432,700
5-50 50 1,409,700 5
5-51 45 7,216,000
5-52 40 11,250,000 ‘% i
| (a) Did not fail. ‘
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5‘ FIGURE 86. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
} FOR HEAT-TREATED INCOLOY 903 SHEET (LONGITUDINAL)
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201,00 T7 Aluminum Castingi

! Material Description

201 is a recently developed heat-treatable, high strength aluminum
casting allcy which contains copper, silver, magnesium, and titanium. Premium
quality castings made from this alloy have exhibited improved mechanical
properties when compared to premium quality castings of other conventional
aluminum alloys. The alloy can be cast by sand, permanent mold, or investment
casting techniques,

The castings used for this evaluation were actual production parts
used in airframe construction.

Procegsing and Heat Treating

The alloy was tested i{n the as-received -T7 condition.

Test Results .

Tension. Resultg of tensile tests at room temperature, 300 F,
400 F, and 500 F are given in Table IXXVI. Typical stress-strain curves at
temperature are shown in Figurec 95, Effect-of-temperature curves are shown
in Figure 97,

Compression. Test results at room temperature, 300 F, 400 F, and
500 F are given in Table LXXVII, Typilcal stress-strain and tangent.modulus
curves are shown in Figure 96, Effect-of-temperature curves are shown in
Figure 98,

Shear. Pin shear test results at room temperature are given in
Table LXXVIII,

Impact. Charpy V-notch test results at room temperature are given
in Table LXXIX,

Fracture Toughness, ‘Lhe maximum thickness of the casting (about
1/2-inch) was not sufficient for fracture tests.

: Fatigue, Axial load test results for unnotched and notched speci-
; mens at room tcemperature, 300 F, and 400 F are given in Tables LXXX and LXXXI,
S-N curves are presented {n Figures 99 and 100,
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and 500 F,  Tabular test rcsults are given in Table LXXXII, Log-stress versus
log-time curves are presented in Figure 101,

mental procedure section of this report. No failures or cracks occurred in the

Creep and Stress Rupture., Tests were conducted at 300 F, 400 F

P e SN M S BTN 0 o N ¢ St Ht e v het

Bl b Lo il ek - - ettt At e S e s it s il
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»

Stress Corrosion., Tests were conducted as described in the experi-

test durationm,

in,/in,/F.

Thermal Expansion. The coefficient of thermal expansion is 13,2 x 107"

Densitx.

The density of this alloy is 0.101 1b,/in,®,
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TABLE LXXVI, TENSION TEST RESULTS FOR 201.T7 ALUMINUM ALLOY CASTING

P = — e ————
Ultimate 0.2 Percent
Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 Inches, Modulus,
Number ksi ksi percent 10° ksi

Room Temperature

s A T TR TR T YR A T AT m T T e TS Y

1-1 66,1 60.4 4.5 10.1
12 67.1 - 59.7 5.0 11.0
1.3 68,0 59.8 4,5 10.3
Average 67.1 60.0 4,7 10.5
g 300 F
1-4 56.5 49.4 6.0 9.3
! 1-5 ¢ 57.0 49,1 8.5 9.4
1-6 57.0 48.8 7.0 10.0
Average 56.8 49.4 7.2 9.6
400 F
1=7 48,7 46,7 9.5 9.1
1-8 49.4 46,7 9,0 8.6
1-9 47.2 45,2 10.0 8.7
Average 48.4 46,2 9.5 8.8
500 F
1-10 29,2 28,0 14.0 7.5
1-11 29.2 27.6 15.0 8.5
1-12 31.0 29.4 14.5 7.9 ‘
Average 29.8 28.3 14.5 8.0 %
|
|
i
i
i
!
i
|
!
{
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Et TABLE LXXVII, COMPRESSION TEST RESULTS FOR
i; 201.T7 ALUMINUM ALLOY CASTINGS
f
; 0.2 Percent Compression
! Specimen Offset Yield Modulus,
E Number Strength, ksi 10° ksi
k R
X oom Temperature
i 2.1 62.0 11.1
r 2.2 61.6 11,2
- 2«3 59.0 10.9
' Average 60.9 11.1
300 F
24 55.8 9.8
245 52.0 10.1
26 53.0 i0.0
Average 53.6 9.9
400 F
2.7 52,0 9.6
‘ 2.8 46.0 9.9
: 2-9 46,6 9.7
' Average 48,2 9,7
500 F
2-10 33,1 9.1
: 2-11 29,7 8.9
| 2.12 30.0 8.9
' Average 30,9 9.0 §
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TABLE LAXVLIII, SHEAR TES1 RESULTS FOR
201-T7 ALUMINUM ALLOY
CASTINCS AT ROOM

%.

!

!

|

i TEMPERATURE

! Specimen Ultimate Shear
i Number : Strength, ksi
é — e —
; 4-1 39.3

i a-z 39.0

{ 43 39.8

. 4 36.3

Average 39,3
P — . e ]

TABLE LXXIX, IMPACT TEST RESULTS FOR
201-T7 ALUMINUM ALLOY
CASTINGS AT ROOM

TEMPERATURE
Specimen Energy,
Numbar ft./1lbs.
10.1 7.0
10.2 5.0
i 10-3 4.0
10-4 4.0
10-5 5.0
, 10-6 5.0
] Avarage 5.
?
i
:p
F
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TABLE LXXX, ANIAL LOAD FALIGUE TEST RESULTS LOR UNNOTCHL
201717 ALUMINUM ALLOY CASTINGS

DS 0 RN 5 - 7 T~

SOUNERAT T M MR S,
Specimen Max Lmum Lifetime,
Numbe r Stress, ksi cycles

Room Temperature

5.2 60.0 9,500
5.3 55,0 21,300
5-1 50,0 30, 200
§ 45,0 70,600
5-3 42,5 2,581,900
5.5 40.0 50,400
5.7 37.5 53,300
, 5.6 35,0 3,858,400
) 5-9 30.0 11,340,800(a)
. 300 F
| 5-10 60.0 8,400
5.11 55,0 17,400
5-12 50,0 42,200
5-13 45,0 124,100
5.15 42.5 223,900
5-14 40.0 109,300
. 5.16 17.5 2,384,200
5.17 15.0 204,300
5.18 30,0 238,300!0)
5.19 25.0 11,538,190(%)
400 F
5.20 60, U 100
5.24 50,0 28,100
‘ 5.22 45.0 33,700
r 5.25 42,5 97,800
. 5.21 40.0 177,900
; 5.26 37.5 212,300
523 35.0 2,851,600
5-27 30.0 236,800
5-28 25.0 14,461,900

P — T e e e e N
(a) Did not fail,

(b) Failed at Radius,

In?

i
:
|
i
|
i
!

| - L
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TABLE LXXXI, AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K, = 3,0) 201.T7 ALUMINIM
ALLOY CASTENGS '

- . - — e
Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-31 40.0 7,500
5.32 30.0 21,600
534 25.0 44,700
5.36 22,5 107,400
533 20,0 247,500
535 17.5 2,646,500
5.37 15.0 14,621,000¢%)
300 F
: 544 40,0 6,400
; 5-45 30.0 26,600
5-47 25,0 48,300
5-46 20.0 91,800
5-49 17,5 1,061,800
5.50 15,0 8,524,200
5451 12.5 11,392,300(a)
400 F
5-38 40,0 6,100
5-39 _ 30.0 15,400
5.41 25.0 43,800
: 5-40 20,0 128,400
: 5.42 17.5 243,600 g
| 5-43 15.0 509, 000 !
5.52 12.5 4,764,700
5-53 10.0 13,384,100¢2)

(a) Did not fatl.
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DISCUSSTON OF PROGRAM RESULTS

The tendency in an evaluation program of this type is to compare the
miterials property information obtained with similar data on materials already
in use. Whether such a comparison should be the deciding factor for interest
in a aewer alloy is open to question. Many criteria, such as forming character-
14 osy nxidation resistance, weldability, ete., can be of parcicular importance
in 1 particular application so that strength propertics may become secondary.
However, since first comparisons are usually made on the basls of mechanical
strength (tensile ultimate and tensile yield), the materials evaluated on this
program ar® compared to each other and to similar alloys. Figures 102 and

1103 are a2ffoecte-of-temperature curves concerned with these properties,

This data sheet effort was concerned primarily with aluminum and
titaniwa alloys. As can be seen from Figures 102 and 103, the aluminum alloys
were similar i{n strength, as were the titanium alloys. The two heat-resistant
1lloys, Inconel 617 and the higher strength Incoloy 903, show good strength
properties with extremely good strength retention at «~levated temperatures.
The development aim for these alloys seems to have been achieved,

As mentioned above, the aluminum alloys and the titanium alloys,
as a group, show similar ctrongth properties, Table LXXXIII presents the
room temperature fatigue strength at 107 cycles for these materials, It is
interesting to note that, although there is some variaition in the unnotched
Latigue strength, the notched (K. = 3.0) fatigue properties (of prime
importance in structural design) are very similar. 1In fact, tbe two cast
alloys show higher notched fatigue properties than their wrought alloy counter-
pdrts, :

TABLE LXXXIII, FATIGUE STRENGTHS AT ROOM
TEMPERATURE FOR PROGRAM ALLOYS

Fatigue Strength at 107 cycles, ksi

Alloy Unnotched Notched
.049 35 11
7475 48 13
2419 36 11
201 30 16
Ti-6-4 Cast A 41
Ti-6-4 Forged 75 31
Ti.6~4 Beta Annealed 92 35
Ti-6-2-1-1 68 28
T1ebw2u2a2-2 76 40
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The objective of this prugram was the generation of useful enginecring
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CONCLUS TONS

data for newly developed materials, During the contract term,
materials were evaluated

(1)
()
3)
%)
(5
(6)
(7
(8)
(9)
(10)
(1D

A data sheot wis issued for each material,

7049.T7351 plate

Inconel 617 annealed sheet
7475-T7351 plate

2419-T851 plate
Ti-6Ale2Z2r-25n-2Mo-2Cr duplex-annealed forging
Ti-6A1-2Cb-1Ta~1Mo annealed plate
Ti-6A1.4V heta-anncaled plate
Ti-6A1-4V annealed castings
Ti-b6Al-4V isothermal forgings
Incoloy 903 heat-trecated sheet
201.0 T7 castings.

data sheets is reproduced in Appendix III,

178

As a summary, each of the
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APPENDIX 1

EXPERIMENTAL PROCEDURE

1 A B T = T

|
4&_\“.—;-

~ 5w

Mechanical Properties

The various mechanical properties of interest for each of ths mate-
rials are as follows:

(1) Tension

il amiasds’d 1

? (a) Tensile ultimate strength, TUS
(b) Tensile yield strength, TYS
(¢) Elongation, e,

(d) Reduction in area, RA

;‘ {¢) Modulus of elasticity, Et

(2) Compression
(a) Compressive yield strength, CYS
(b) Modulus of elasticity, EC

(3) Creep and stresgs-rupture

Baei-—deeSe-

(a) Stress for 0.2 or 0.5 percent deformation in 100
hours and 1000 hours

X (b) Stress for rupture in 100 hours and 1000 hours.
F (4) Shear

(a) Shear ultimate strength, SUS

(5) Axial fatigue

(a) Unnotched, R = 0.1, lifetime: 10° through 10’
cycles

o 2 et
[ SR TASPERINOTE . N TV T Y. .

% UR" represents the algebraic ratio of the minimum stress to the maximum stress
in one cycle;j that is, R =8 ., /Spax. "K_'" represents the Neuber-Peterson
theoretical stress concentration factor.
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(b) Notched (K. = 3.0), R = 0.1, lifetime: 10° through
107 cycles,
6 3 3
(6) Fracture toughness, KIc or Kc
(7) Stre_s corrosion

(a) 80 percent TYS for 1000 hours maximum, 3-1/2 percent
NaCl solution.

(8) Thernal expansion.

(9) send
(a) Minimum radius.
(10) Impact

(a) Charpy V-notch,

g
i

{(11) Density.

B~

b Specimen Identification

A simple system of numbers and letters was used for specimen identifi-
cation, Coding consisted of a number indicating the tvpe of test and also indi-
cating a comparable area on the sheet, plate, or forging. For certain test
types, the number was followed by a letter signifying specimen orientation (L
for longitudinal, T for transverse, ST for short transverse). The test types
where the letter did not appear were creep, fatigue, and bend r.nce, in these
cases, only one specimen orientation was used. The next number in the coding
specifies the location from which the specimen blank was taken from the original
material configuration. Coding was as follows:

Assigned
Number Test Type

1 Tension
; 2 Compression
' 3 Creep and stressg-rupture
; 4 Shear
f 5 Fatigue
i
F 6 Fracture toughness
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Assigned

Mumbie i Tust Ty pe
7 Strugs corrosion
& Thermat expansian
9 Bund
10 Lmpact
il Loasity
As at example, a gpecimen numbetred 2-2T% ls a4 compression specimen, transversc

orientation, cut trom Location 5. Also, a specimen numbered 5212 13 a fatisu
spevimen cut from Location LI,

Test Description

Tension

Procedures used for tansion testing are those recommended in ASTM
umz2thods E8-69 and E21-70 as well as in Federal Test Method standard No. 151
Six specimens (three longitudinal and three transverse) were tested at each
temperature to determine ultimate tensile strength, 0.2 percent offset yield
strength, elongation, and reduction in area. The modulus of elasticity was
obtained from load-strain curves plotted by an autographic recorder during each
test,

All tensile tests were carried out in Daldwin Universal testing
machines, These machines are calibrated at frequent intervals in accordance
with ASTM method E4-72 to assure loading accuracy wituin 0.2 percent. The
machines are equipped with integra! automatic strain pacers and autographic
strain recorders.

Specimens tested at elevated temperatures wevre heated in standard
wirewwound resistance-type furnaces. PRach furnace was equipped with a Foxbaro
controller capable of maintaining the test temperature to within 5 F ol the con.
trol temperature over a 2-inch gage length, Chromel-Alumel thermocouples
attached to the spucimen gage section were used to monitor temperatures., Each
specimen was soaked at temperature at least 20 minutes betore beiug tested,

An averaging-type linear diffarential transformer extensomcter was
used to measure strain. For clevated temperature testing, the extensometor
was equipped with extensions to bring the transformer unit out of the furnace.

The extensometer conformed to ASTM E83-67 Classification Bl having a scnsitivity

of 0.000! inch/inch. The strain rate in the eclastic region was maintained at
0.005 inch/inch/minute, After yiclding occurred, the head speed was increased
to 0.1 inch/inch/minute unt. i fracture,
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DIRpre s 9 ion

Procudures for conducting compression tests are outlined in ASTH
Muthod E9-70 along with temperature control provisions of E-21-70. All snect
and thin plate tests were carried out in Baldwin Universal testing machaies
using a North American type compression f{ixture as shown in Reference 2,
specimen lLeating was accomplishued by a forcedeair furnace for temporatures up
to 1000 F. Specimen temperuture wags maintained by means of a Wheelco pyrom ter,
Three Chromel-Alwael thermocouples attached to che tixture were used to molsool
temperatures to within 3 I' of the test temperature. For higher teaperatures,
wire-wound furnaces were used with controls as Jdescribod in the tensile test
section,

The extensometer usud for the compregsion tests was quite similatr o
that used in the tensile testing. The extension arms were fastened to the speci.
men at small notches spanning a 2-inch gage length, The output {ruom the micro-
former was fed into a load.strain recorder to provide autographic load-strain
curves. During testing the strain rate was adjusted to 0.005 inch;inch/minute,

For bar and forging material, cylindrical specimens similar to those
described in ASTM EY-70 were used with appropriate temperature control and strain
medasurement as described above,

Six specimens (threce longitudinal and three transversc) were tested at
each temperature,

Shear

Single-shear sheet-type specimens were used for sheet and thin-plate
material; for bar and forgings, a double<shear pin-type was used. Shear testing
was performed at room temperature only, A minimum of six specimens (threce lonui-
tudinal and three transverse) were used to determine ultimate shea: strength,

Beond

The procedures for conducting bond tests are described in Report MAR.
192.M, The specimens were placed in a rigid threc-point loading fixture and
bunding tups of various sizes were used to determinc the minimum bend radius
at room temperaturc,

Grecp and Stress Rupture

Standard dead-weight type creep testing frames were used tor the creep
and stress-rupture tests. These machines are calibrated to operate well within
the accuracy requircments of ASTM method E139-70.
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Specimens similar to thoge used for tension tests were used for the
creep and stress-rupture studies., A platinum strip 'slide rule'" extensometer
is attached tor measuring creep strain and three Chromel-Alumel thermocouples
are attached to the zage section for temperature measurements, Extensometer
measurements were made visually tbrough windows in the furnace by means of a
filar micrometer microscope in which the smallest division equals v,00005
inch,

The furnace was of conventional Chromel A wire-wound design with taps
along the side to allow for correcting small temperature differences. Furnace
temperature was maintained to within 4+ 2 F by Foxboro controllers in response to
signals from the centrally located thermocouple, The temperature of a specimen
under test was stabilized for at least 1/2 hour prior to loading.

For each temperature condition creep and stress-rupture data were ob-
tained to 100 aud 1000 hours using as many specimens as necessary to obtain
precise infowmmation, The percent crecp deformation obtained was 1lependent on
the material under test., In most instances stress-time curves were defined for
0.2 and 0.5 percent elongation,

Stress Corropsion

Seven specimens of eaca alloy were tested for susceptibility to stress-
corrosion cracking by alternate immersion in 3-1/2 percent sodium chloride solu-
tion at room temperature,

Specimens were preparcd for testing by degreasing with acetone, Where
a surface film remained fr.» heat treating, it was abraded off one side and the
ad jacent long edge of five of the specimens, and left intact on the other two,

Each specimen was placed in a four-point loading fixture and deflected
to a stress corresponding to 80 percent of the tensile yield strength of the
particular material The specimen was electrically insulated from the fixture

by means of glass or sapphire rods, Defluction for a given maximum fiber stroess
was calculated by the following expression:

_ o34 ba’
- 12dE

where
y = deflection
¢ = maximum fiber stress
£ = distance between outer load poiuts
a = distance between outer and inner load points
d = specimen thickness

E = modulus of specimen material,
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Each stressed specimen was suspended on an alternate immersion unit,
This unit alternately immersed specimens in the 3,5 percent sodium chloride
solution for ten minutes and held them above the solution to dry for. 50 minutes.
Tests were contlnued to the first sign of cracking or for 1000 hours, whichever

. occurred first,

Specimens were given frequent low.power microscopic examinations to
detect cracks. At rne first sign of cracking the specimen was removed. At the
conclusion of the test, selected samples were sectioned and examined metal-
lographically for any indication of cracking. Representative samples in which
cracks were found were also given a metallographic examination to establish the
type and extent of the cracks.,

‘Thermal Expansion

0
0. :
t

b Linear-thermal-expansion measurements were performed in a recordxng
dilatometer with specimens 'protected by a vacuum of about 2 x 107 =% mm of mercury.

" In this apparatus a sheet-type specimen is supperted between two graphite struce

_tures inside a tantalum-tube heater element. On heating, ‘the differential move-

ment of ‘the two structures caused by specimen expansion results in the displace- -

ment of the core of a linear-variable differential transformer. The output of
the transformer is recorded continuously as a function of specimen temperature.
The entire agssembly is enclosed in a Vacuum chamber. ) '

e

The fumac° is controlled to héat az the desired rate, usualiy 5 F per.

- minute., Errors associated with measurements in this apparatus gre estimated not

to exceéd + 2 percent.: This is based on Qallbration w;th materials o known
thermaluexpansion characterigtlcs.y‘ ‘ . :
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Fatigue tests were conducted uszng MTS electrohydraulic-servoccntrqlied
testing machiszs, The frequency of cycling of these machines is variable to
bayond 2,000 cpm depending on. specimen rigidity, 'These machines operate with
closed« loop deflection, strain or load congrol. Urder load control used in

' this program, cyclic loads were automatically wmaintained. (regardless of the.
required amount of ram travel) by means of load-cell feedback signals, The
calibration and alignment of each machine are checked periodically. In each

' case, the dynamic load-control accuracy is bettek than + 3 percent of the test .
. load, , .

(TR

For elevated temperature stu&ies, an induction heating coil controlled
by 4 Lepel Induction Heater was used. A thermocouple placed on the center of
the specimen controlled temperature to + 5 degrees.

After machining and heat treating (when required), the edges of all
sheet and plate specimens were polished according to Battelle-Columbus' stanaard
practice prior to testing. The unnotched specimens were held against a rotating
drum covered with emery paper and polished using a kerosene lubricant, Succes-
sively finer grits of emery paper were used, as required, to produce a surface
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) * of about 10 RMS. Unnotched round specimens were polished in the Battelle-Columbus
L - polishing apparatus. This machine utilizes a rotating belt sander driven '

rectilinearly along the specimen test section while the specimen is heing rotated
The belt speed and specimen speed are adjusted so that polishing marks on the
specimen are in the lec.igitudinal direction. The surface finish is about the same
& ‘ "as that on the flat specimerns. The notched flat specimens were held in a fixture
| . and polishéd with a slurry of oil and alundum grit applied liberally to a rotat-

X '~ ing wire. Notched round specimens are polishcd in the same  manner, except that
. the specimen is rotated.

, A shadowgraph optical comparator was used for measurins'che test‘sectiqns
of all polished specimens aud for inspectlon of the root radius in the case of
‘the. notched spec;mcns. . ‘ .

The stress ratio for all specimens was R = 0.1, Stresses for notched
(k s 3 0) and unnotched specimens were selected so that $-N curves were defined
~‘urrween 10° and 107 cycles using approximately 10 speclmcns for each set of fatigue
coaditions, " k

Fracture Tougpness

Three types of fracture toughness tests wer: used. For heavy section
materials, the chevron-notched, slow bend test specimen or the compact tension -
specimen of ASTM Method E~399 was selected, For thinner section sheet materials,
1 center through-cracked tension panels were used as test specimens, All specimens
. . were precracked in fatigue and subsequently fractured in a servocontrolled electro.
f hydraulic testing system of appropriate load capacity.

The slow-bend type specimens werc precracked and tested under 3-point
o loading. The pop-in load for materials susceptible to brittle fracture was deter-’
o ) mined from the load-compliance curve., When pop-in was not detectable, the curves
SR were analyzed using the 5 percent secant offset m~thod of the ASTM procedure.

The thin sheet center through-crack tension panels were initially saw-
cut and then precracked in constant amplitude fatigue loading., In order to main-
tain a flat fatigue crack and not plastically strain the uncracked sectiom, the
i ‘ maximum stresses were adjusted to keep the applied stress-intensity factor less
X  than one-third or one-quarter of that anticipated at fracture, This usually in-
i volved stepping down the stresses as the cracking proceeded. The crack was
k: extended to approximately one-quarter of the panel width. Buckling guides were
s attached and a clip-type compliance gage was mounted in the central notch. The
panels were fractured in a rising load test at a stress rate in the range

ICT———

.002 E < S < .005 E ksi/min

which corresponds nominally to the gross strain rate of standard tensile testing.
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MECHANICAL-PROPERTY DATA
7049-T7351 ALUMINUM ALLOY

, PLATE

Issued by

. Air Force Materials Laboratory

. Air Force Systems Command
Wright-Patterson Air Force Base, Ohio
o

o

Prepared by

BATTELLE

Columbus Laboratories
Columbus, Ohio 43201

F33615-73-C-5073
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7049.T7351 Aluminum Plate

Material Description

Alloy 7049 was developed by Kaiser Aluminum and Chemical Corporation to
have a strength level in tie range of 7075+.T€ and 7079-T6 coupled with a high
resistance to stress corrosion cracking., Initial development and production was
in the form of forgings and hand forgings, Further development has been in plates
and extrusions.

The material evaluated was a 3-inch-thick plate supplied by Kaiser with
the following composition:

Chemical
Cnmgosition Percent
Zinc 7.6
Magnesium 2.5
Copper 1.5
Chromium 0.15
Silicon 0,25 max
lron 0.35 max
Titanium 0.10 max
Manganesc 0.20 max
Alumi wum balanee

Processing and Heat Treating

Specimens were tested in the as-rceceived -T7351 temper.
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704917351 Altoy Data' ™

Thickness: 3e<inch plate

Temperature, F

Property RT 750 350 500
Tension
TUS (longitudinal), ksi 75.5 59,0 45.4 1501
TUS (transverse), ksi 74,6 60,8 47.0 17,2
TYS (longitudinal), ksi 66.5 58.7 45,1 14.9
TYS (transverse), ksi 64,7 59.5 46,3 17.2
e (longitudinal), percent in 2 in. 13,0 18.2 20,2 11.9
¢  (transversa), percent in 2 in, 10,7 15.5 17.3 28,8
RA  (longitudinal), _.crcoent 36,1 53.5 646.9 86.73
RA  (tramsverse), percent 25.6 43.4 54,6 83.2
- (longitudinal), 107 ksi 10,7 9.3 8.0 H,0
L ‘transverse), 107 ksi 10,4 9.3 8.4 ). 7
Compression
CYS (longitudinald, kst a1 56.8 44,4 1o, 7
CYS (transverse), ksi 69,2 59.8 47,5 17.0
L, (longitudinal), 10 kst 10.3 9.4 8.1 H.Y
Lo (transverse), 100 hsi 10,9 a,7 8.3 7.0
shear ')
1o - ) - , (¢) .
SUS (longitudinaly, wksi 46,1 U L 1
SUS (transverse), kuai 45,0 U L |
ImEact(d)
Venotch Charpy, tt.lh,
(longitudinal) 5.8 N U r
{transverse) 3.3 U (N v
Fracture Touuhnnss(“
Kio (LeT), ksi “in, 34.0 v t :
Rie (T-L), ksi “in. 281 v v v ¢
. A (£
Axial Fatigue (transverse) i
Unnotched, R = 0.1 %
1Q' cycles, ksi 65 60 47 Y b
100 cycles, ksl A 1Y 3 v ;
107 cycles, ksi E}) 2y 23 v i
Notcpcd, K, = 3.0, R = 0.1 4
10 cveles, ksi 33 51 574 v i
105 eycles, ksi u 1i 17 v ’
107 cycles, ksi 11 10 10 v 3
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7049177951 alloy bata
(Cont inued?

lemperature, F

Property RT 7750 350 500

Crecep (transverse)

. , . , ) 1 ,
V.27 plastic deformation, 100 hr, ksi Nall 30 | )
0.27 plastic detormation, 1000 hr, ksi A Ty h 2
& Stress Rupture (transverse)
b
4 ¥ Rupture, 100 hr, ksi NA 52 18 a
& Rupture, 1000 hr, ksi NA b7 12 /
P )
ﬁ i Stress Corrosion;&}ransverseﬁg No Cracks
b ¥ SO, TYS, 1000 hr maximum
!; Coctticient of Thermal Uxpansion
l 12.9 % 1077 in./in./F (70 to L2 )

Density

0,099 1b./in,

(a) Values are awrage of triplicate tests conducted at gattelle under the svbe-
¢ joct contract unless otherwise indicated,  Fatisue, creep, and stress-
rupturce values are from curves gencerated using the resnlts of a grecator
number ol tests.

(b) Double-shear pin-type spocimen; averaue of 4 tosts,

{¢) U, unavailable: NA, not applicablu,

{4y Average of 6L and 6T tests,

t¢Y  Specimens were slow=benqd type l-inch thick x 2-inches wide with a span of
8 inches, KI values are valid by oxisting ASTM critervia,
N
() "RM ropresents the alegebraic ratio of minimum stress to maximum stress in
one cveley that is, R = Sminlsml“' "Kt" represents the NeubersPeterson
- HIT
theoretical stress concontration factor,

T AL M o L L

(o Roometomperature throe-point beml test.,  Alternate immorsion in 3 172 Na€l
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FIGURE 1. "UFECT OF TEMPERATURE ON THE TENSILE PROPERTILS
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INCONEI. 617 ALLOY

"ANNEALED SHEET

1ssued by

Air Force Materials Laboratury
Air Force Systems Command
Wrignt-Patterson Ait Force Base, Nhio

Prepared by

BATTELLE

Columbus Laboratories
Columbus, Ohio 43201

F33615.73.C-5073
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i condition,

Inconel Alloy 617 is a solid-solution, nickel-chromium-cobalt-
molybdenum alloy with an exceptional combination of .high-:emperature
‘strength and oxidation resistance. It has excellent resistance to a wide '
range of corrosive environments, and is teadxly formed and welded by
conventxonal technlques.

“The hxgh nickel and chromium contents make the alloy resistant to
‘a variety of both reducing and oxidizing media. The aluminum, in conjunction
with the chromium, provides oxidation resistance at high temperatures. Solid-
‘solutlon strengthenxng is prov;ued by ‘the cobalt and molybdenum,

The combxnatlon of hzgh strength and oxxdatlon resistance at elevated
' temperatures makes this alloy an attractive material for gas-turbine aircraft
engines and other applications involving exposure to extreme temperatures.

The material used for this evaluation was 0.047 -inch-thick sheet
from Heat XX00A7US with the following composition:

Processing and Heat Treating

Specimens were tested in the as-received cold-rolled and annealed 4

il v i iy A

)

. 3
Inconel €17 Alloy 4
. : . . 5
. i R : a

TR o K SR . g,

AT

L B i e -

Chemical
Composition = RPercent
Chromium 22.0
Cobalt 12.5
Molybdenum 9.0
Aluminum 1.0
Carbon 0.0
Nickel 54.0
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. INCONEL ALLOY 617 DATA(®

Thick ness: 0.047+inch nominal
Condition: Cold-rolled and annecaled

Lol
[D.

.j
o , o0 Temperatuxe, F »
Properties ' RT "800 . 1200 1600 j
—r , ; . _ #
dension _ i- x
TUS (longitudinal), ksi , ! 122,64 103,3  83.9 24,6 ¥
TUS (transverse), ksi _ - 123,6 105.7 96.0 24.8 ok
TVS (longitudinatl), ksi ‘ 56,6 . 41,0 38.2 21,7 i
TYS (transverse), ksi " 56.5 43,6 . 39.3 22.9 #
e (longitudinal), percent in 2-in. ' 55.5 5.0 43.3 46.0 o
e (tronsverse), percent in 2-in. 56.2 -~ 50.7 46.7 55.0 *
E (longitudinal), 103 ksi : 27,0 23.6 23.1 17.0
E (transverse), 103 ksi 30.5 24.8 29.8 l6.6
CYS (longitudinal), ksi 619 48.9  41.0 30.9 3
CYS (transverse), ksi \ . 6l1.5 49.9 41.6 31.6 b
Ec (longitudinal), 103 ksi : 30.4 27.9 24.1 20,0 a
Ec (transverse), 10”7 ksi 33.7 29,7 27.5 24.2 i
b ' :
ﬁhﬂu() .
SUS (longitudinal), ksi 106.6 yre) v u
SUS (transverse), ksi 107.6 U U U
Bepd (transverse)
Minimum Radius or ] .U U
I o
5
b Kg» T-L, ksi /TA. (d) U U U
S8 Axial Fatigue (transverse)(®
? v
? Unnotclied, R = 0.1
: : 103 cycles, ksi 115 95 88 U
. 107 cycles, ksi 93 67 67 U
. 107 cyeles, ksi 67 60 60 v
i . »
b Notched, K, = 3.0, R = 0,1 3
; ’ 103 cycles, ksi 80 65 61 u
. 10° cycles, ksi 52 46 43 U
v . 107 cycles, ksi, 32 36 31 u

201
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LNCUNEL ALLOY bl’ DATA (‘UHLLHU(Q)

‘ﬁ , o : -0 ' _Lemperatuge, T
S © Promertics o RT "800 1200 1600

““ ’ 0.2 plustic deformation, 100 nr. ksi ‘ N ' YD) 43 7 \J
L Uoo plascic detorvmation, 1000 ey, ksi A (1) 3Y 9

‘ TR R NI

CRupture, LUG hr, ksi : 5 - NA 103 02 L4
i , Rupture, 1000 hre, ksi ‘ NA 102 48 Y
] . . .
P ‘ (1) ' g ' 2
y ' shress Cortosion {trausygtse ’ ‘
i ? 0 L8, 1000 hre wmax Lo no U ¥ U X
- i ‘ cracks
E‘ ! QL A ol Lx il

IS

| P00 x 1070 Hal hua /b (R to w00 i
, 5.0 % J07Y inJ/in. /1 (RT vo J200
i o/ x 107" fnuZiug/l (KD te Ieln b
] JIRLES AR

| :

j 0,302 1o/ i,

1

!

i

|

]

mae = ot il o mee oo et i e < L i S ossimmmea oos RS

“a) Values are averave ol triplicate tests conducted at Batcelice under the subject
contract unless othorwise indivated,  Patioue, creep, and stress-rupture values
wite from curves wenerated wiine the resades of a greater numbar of tosts.

(b)  Sheet shear type specimen: averase of four tests fu cach direction,
(e¢) U, unavallable: WA, not applicable,
() Spocimens were lo-inches wide by 3o-inches long wich a saw-cut {law in the

center,  Net ostress at tractare was greater than the tensile yiold streneth
ol the material, theretore, the test was not valid for Keo

I

} te)  "RY pepresents the ﬂ]LUhrﬂi( ratio of mirinum stress to maximum stregs in oone

‘ cycley that is, R lin/sm,w. "Kt" represents the Noubor=Potorson thooregical
stross concentration Pdc tor,

Ly Na appreciable detoarmation,

O Roometenps rature throvepoint bend test,  Alternate immersion in 1.17/2 0 500,

202
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MECHANICAL-PROPERTY DATA
7475 ALUMINUM ALLOY

-T7351 PLATE

Issued by

‘ Air Force Materials Laboratory
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

Prepared by

BATTELLE

Columbus Laboratories
Columbus, Ohio 43201

F33615 73-C-5073
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7475 Aluminum Alloy

Matoria: vescription

Alloy 7475 was developed by the Alcoa Laboratories for sheet and plate
applications that raequire high strength and superior fracture toughness. This
product was previously designated "Alcva 467 Process X7475 Alloy". The 467 Process
is o proprietary process developed tu enhance the toughness of a high-purity 7075
type alloy. !t is still used in the productian of 7475 sheet and plate.

Alloy 7475 is available as bare and alclad sheet and plate. The material
nsod i this evaluation wag 2 inch thick i =2 plate produced within the following
¢ pasition limits:

o7 e e it Lo v 30 ¥, RS et Ao Bt it i e f TR oo ois

Composition Percent
Silicon 0.10 wmax
3 Iron 0.12 max
; Copper 1.2-1.9
E Manganese 0.06 wmax
g ¥ Miagnes ium 1.9-2.6
Chromium 0.18=0.25
Zing 5.2-6 2
Titanium 0.6 max
Others 7,15 total
Aluminum Balance

Processing and Heat Treating

7 e D T WG TS T ENCRT. ST XY

The alloy was evaluated in the as-received -T7331 tewper,

" S

;
{ 3
,‘ b
; i
[ 207 )
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7475-T7351 aLLOy DATA(®)

Thickness: 2 inches

Temperature, F

Properties RT 250 350 500
Tension
TUS (longitudinal), ksi 72.1 55.6 44,7 1.0
TUS (transverse), ksi 73.2 56.9 45.3 17.4
TYS (longitudinal), ksi 62.9 55.5 44.6 18.8
TYS (transverse), ksi 62.4 55.5 44.9 17.2
e (longitudinal), percent in 2 in. 18.3 17.3 20.5 35.5
e (transverse), percent in 2 1in. 15.2 17.0 28.2 44.8
RA (longitudinal), percent 47.8 60.5 71.6 90.7
RA (transverse), percent 35.3 52.2 69.8 92.5%
E (longitudinal), 10" ksi 10.2 9.0 7.8 7.1
F E (transverse), 10° ksi 9.8 9.6 7.8 6.8
E‘ ? Compression
; CYS (longitudinal), ksi 61.0 54.9 46.4 18.5
i CYS (transverse), ksi 65.5 57.6 48.4 18.9
s Ec (longitudinal), 10° ksi 10.6 9.4 8.9 7.8
9 Ec (transverse), 10° ksi 10.5 9.9 9.6 7.7
! Sheap(b) (c)
' SUS (longitudinal), ksi 45.7 u U U
: SUS (transverse), ksi 45.0 v U v
F : Imgact(d)
3 V-notch Charpy, ft/1b
(longitudinal) 17.1 u U U
(transverse) 5.9 \] V] U

Fracture Toughness
Kio» ksifin. (e) U Y t

Axial Fatigue (transverse)(f)
Uanotched, R = 0.1

10" cycles, ksi 63 55 45 U
: 10; cycles, ksi 53 48 41 v
: 10" cycles, ksi 48 37 27 t

Notched, K, = 3.0, R =0.1

3 10" cycles, ksi 52 50 45 v
v 10 cycles, ksi 24 20 17 u
E 10 cycles, ksi 13 11 10 U
f

4

g 208
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Temperature, F
Properties RT 250 350 500

e IS e A T

Creep (transverse)
0.2% plastic deformation, 100 hr, ksi NA 38 17 4
0.2% plastic deformation, 1000 hr, ksi NA 29 10 2.5

Rupture (transverse)
Rupture, 100 hr, ksi NA, 46 22 7
Rupture, 1000 hr, ksi NA 41 15 5

(g)

Stress Corrosion (transverse)

cycle; that is, R = S,;,/S,.x "K¢' represents the Neuber-Peterson theoretical
stress concentration factor,

. %_ 80% TYS, 1000 hr maximum no cracks
- Eﬁ ' .
X ; Coefficieat of Thermal Expansion
i P 12.9 x 10 in./in./F (68 ~ 212 F)
' ; Dernsity ]
- % 0.101 lb/in.”

¥
ot
! gf (a) Values are average nf triplicate tests conducted at Battelle under the subject
4 X contract unless otherwise indicated. Fratigue, creep, and stress-rupture values
) %T are froum curves generated using the results of a greater number of tests.
A
; g. (b) Pin-shear tests. Average of four tests in each direction.

ﬁ (¢) U, unavailable: NA, not applicable.
’ ' (d) Average of gix tests in each direction.
4 . ' ,
( . (e) Specimens were slow-beund type 1-inch thick ¥ 2-inches wide with an 8-inch span, g
g Average K, obtained was 59.8 for L-T specimens and 55.3 for T.L specimens, These

values ars considered indicative of the material toughness, but do not meet the
rizorous size standard of ASTM 1399-71 and, therefore, are not valid KIC values, ;
(f) "R" represents the algebraic ratio of minimum stress to maximum stress [n one

(g) Room-tempurature three-point bend test. Alternate immersion in 3.7 NaCl.
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MECHANICAL-PROPERTY DATA
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2419 ALUMINUM ALLOY. .~ .
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- Wright-Patterson Air Force Base, Ohio ,

Prepared by

BATTELLE

Columbus Laboratories
Coulumbus, Ohio 43201
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2419 Avaminum Al lov

Matevial Description

, Allev 2419 iv a recenr developiont of the Alumloum Compdny of
America, 1t is essentially a 2219 allov with more closely controlied copasi-
tion. Mechanicdal properties are the same as 2219 with improved trac.ure tough-
ness. The alloy is readily weldabie and is useful for applications at a wide
range vl temperdbures from 452 F to about 600 F.

Compostition Timits lor 2519 are as shown:

Chemical
Composition ercent

Csilicon D.1% max.
Tron ' .18 max.
> Copper 5.8 to 6.8

Jyp‘ “” ‘ - Manganese S 0,20 to 0.40
o ‘ Maguesium ‘ 0.02 max.
; Zince : 0,10 max.

o Tivanium 0.02 to 0.10

3 ’ Others each 0.05, toral 0,15
E Aluminu Balance .

o The material used for this evaluation was a 2-iuch-thick plate from
- Aleoa lot number 270-841. ’

Prucessing and Heat Treatment

: P o The alloy was evaluated in the overaged and stress-~relieved =185
L.
e : temper,

oa R
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2419-T851 Alloy bata’

Condition:
Thiickness:

-1851
- 2-inch plate

T e
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: Temperdature, F _
Properties - RT 250 350 500
Tension i
TUS (longitudinal), ksi 66,7 55.4 45,5 22,9
. TUS (transverse), ksi “ 66,4 54.9 4.5 23,0
" TYS (longiiudinal), ksi 52,4 At R al.4 20,4
TYS (transverse), ksi 52.1 45.0 39,7 1.7
- @ (longitudinal), percent in 2 in, 11.0 15.0 14,5 13,0
e (transvevrse), percent in 2 in. 10.7 13,2 14.8 18.0
RA (longitudinal), percent ©23.6 37,4 48 .4 53.2
RA (transverse), perceat 18.1 33.9 46,2 5.6
E (longitudinal), }O” ksi 10,4 10,4 9,! 7.4
E (tvansverse), 107 ksi 10.8 9.9 - 9.5 9.1
Compressiun
CYS (lengitudinal), ksi 3.3 47.8 42,2 25.0
CYS (transverse), ksi 51.7 4.9 41.7 25.5
E. (longitudinal), i0" ksi 10,8 10.5 10.0 9.3
E, (traasverse), 107 ksi 10,7 10,4 9.8 9,0
Shear
SUS (longitudinal), ksi 19,4 Ky [\ t
sUS (transverse), ksi 39.5 ] U ’
Impact
V-notch Charpy, ft-1lt
(longftudinal) 5.5 ! u &
(transverse) 4.3 U u i
Fracture Toughnesa
Kie (L-T), ksi’in. 35.3 U U U
Kic (T-L), ksil/in. - 30.2 u u u
s (f)
Axial Fatigue (transverse)
Unnotched, R = 0.1
W07 cycles, ksi 6o 55 5 {
10 cyeles, ksi 42 42 39 &
107 cveles, ksi I 30 26 I
Notched, Ky = 3.0, R = 0.1
107 cveles, ksi 50 4% s v
10 cvelers, ksi 19 17 7 i
107 evelos, kst 1 1B)] 0 v

e LR A :
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2419-T851 Alloy Data (Continued)

: " Temperature, F
~Properties oo RT - 250 350 "~ 500
Creep (transverse)
X I ) ‘ o ‘
0.2% plastic deformation, 100 hr, ksi NA 36 23 9.4
0.2% plastic deformation, 1000 hr, ksi - NA 32 18 6.2
Stress Rupture (transverse)
Rupture, 100 hr, ksi - NA 44 31 14
 Rupture, 1000 hr, ksi . NA 41 26 9.4
. Stress Corrosion gtransverpe)(g) .
P 80% TYS, 1000 hr maximum 'No cracks

. Coefficient of Thermal Expansion
12.4 x 10 in./in./F (70 to 212 F)

Density
0.102 1b/in.”

(a) Values are average of triplicate tests conducted at Battelle under the
subject contract unless otherwise indicated. Fatigue, creep, and stress-
rupture values are from curves generated using the results of a greatet

2 number of tests.

(b) Double-shear pin-type specimen; average of 4 tests in each direction,

U

(c) U, unavailable; NA, not applicable,

; (d) Average of 6 tests in each directiom.

; (e) Specimens were slow-bend type l-inch thick by 2-inches wide with a span of 8

: ' inches. KIc values are valid by existing ASTM criteria.

; ) (f) "R" represents the albebraic ratio of minimum stress to maximum stress in one
cycle; that is, R = 'Rt" represents the Neuber-Peterson theoreti-

Smin/smax‘
cal stress concentration factior.

e et B - S

(g) Room-temperature three-point bend test. Alternate immersion in 34% NaCl.
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Ti=6A1~2Z2r-28n-2Mo-2Cr Alloy

Material Description

This alpha-beta alloy, designed for deep hardenability, is a recent
development of RMI Company. Preliminary information shows the material also
to have low density, high modulus, high toughness, and good producibility,
Strength retention to 800 F is good.

The material used for this evaluation was a 4-inch x 6-inch forged
billet from RMI ingot number 890180 which had the following chemistry:

Element Percent

Al 5
S$n 2
Zr 1
Mo 2
Cr 1
Si 0.
0
0
0.
lan

.

OOON\DO@D—‘@

(ENt\)O‘!—‘

Fe
C
Vv
Ti Ba

.

Additional information on this alloy is available from work performed
by RMI Company under Air Force Contract F33615-72-C-1152,

Processing and Heat Treating

The billet was heat-trcated to the duplexe-annealed condition by RM1
Company using the following procedure: 1745 F, 1 hour, air cool to 1560 F
and water queunch; plus 1000 F for 8 hours and air cool. Specimens received
no further heat-treatment before testing.
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- Tie6A1222r<25n<2Wo=2Cr ALLOY DATA(a)

Condition: duplex annecaled
Thickness: 4 inch x 6 inch forged billet

fomperature, b

|
|

. Praperties RT %00 600 800
; lension
I TS (longitudirall, ksi 158.4 tyn,3 1347.3 139,%
‘ TUS (transverse), ksi 166.0 145.5 132.1 132.9
} TYS (longitudinal), ksi 143.9 111.0 102.5 102.0
| TYS (transversc), ksi 150.4 11 .4 100.6 9%, %
! e (lepgitudinal?, percenr in 2 in, 15.3 16,3 15.3 16,5
; ¢ (transverse), percent in 2 in, 13,7 14,0 16,0 f5.3
| RA {longitudinal), percont 36,0 47,4 36.0 47,7
: RA  (“vansverse), percent 36,7 48.1 40,3 48.8
i £ ‘lengltudinal), 107 ksi 15.¢€ 4.7 14.5 13.4
- & (transversod, 100 ksi 15.8 13.9 14,8 13.4
Compression
CYS (longitudinal), ksi 1494 116,2 106,45 9.7
CYS (transversae), ksi 155%.6 122.2 197.5 1021
N £, (lorgitudinal), 107 ksi 1o, [ 14,1 i
} fe (traasverse), 0P ksi 16,1 .3 14.8 144
' .
| Shear b \
', T SUS (lenuitudinall, ksi 1025 L ¢ u
{ S8 (transverso), ksl 1655 L U I
i !moact(d)
' Venotch Charpy, ft, 1bs.
; t1epeitudinal) 14.9 [N U §
3 {trangworse) 4.9 v v U
; Fracturn Toughness‘“\ y
Kjos Lo, edge. ksi/in, 45.1 I\ ¥ v 3
Kie» L-T, cencer, ksifin, 51.8 U v v ’
Kios ST-L, center, ksi/in, 62.C it v U Vi
- TN ¢ |
$ Axial Fatigue (transverse) 3
1 Unnotched, R=0.1 3
107 cycles, ksl 164 144 134 U
107 cyeles, ksi 130 112 106 v §
10 cycies, ksi 76 76 70 u o
’ ;
: Notehed, K(=3.0, £=0.1 i
3 IQf cycles, ksi 110 100 92 v ]
1 1¢ cycles, ksi 50 46 L6 l ;
§ 10" eycles, usi 40 40 40 v ?
| —- 1
?j 222 i
. }
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Tie0Al=2Z2r<250«Mo-2Cr ALLOY DATA
(Cont inued)
Temperature, F
Properties Rt 400 600 800
Ureop cLransverse)
0.2" plastic deformation, 100 hr,, ksi NA 107 96 70
0,27, plastic deformation, 1000 hr., ksi NA 102 70 44
Stresg-Rupture (transverse)
Rupture, 100 hr., ksi NA 133,53 26 121
Rupture, 100UV hr., ksi RY: 133 128,53 |
7 )
stress (orrosion (cransverse\(& no cracks
Coufficiont of Thermal EHxpansion
5.1 x L0 in,/in, /" (68 to 800 1)
rnglty
e — pp———
0,165 1o, /in,

va)  Valuas sre average of triplicite teste esnducted ot dartotle undeov Lhe
subjoct centract unlogg ~thorwise jndicated.,  Fatf:ue, creoop, and stresd-
ruptitre values are Jrowm curves goneeated wsing the resalts of g greater
numbor of testo,

thY  oubineghear pinetype gbhecimen; avorase of 4 tests o in each dicoetion,

(¢Y U, unavarlable:s N\, ner applicabice,

(Y Avoracs of & tusts in cach direction,

(2) Valuus shown are Urom valid tests at RN Company.  Battelle tests woern
considered marginally valid and are not reporied, @ven though they

generally agreed with the RMT roesulis,

(EY "R ruprasents the algedbraie rotio obf minimem stress te maximum stress

N . ¢ Y 1Q e . . y . ) s
in one cyelor that io, R=Sop,'Spo.. Kp'' represents the Nouber-Poters»n

theor-tical stress concentration factor.

v2)  Ropmatomperature theeoopaint bond rost,  \lternate {mmorsion in 3 1/ NaCt.
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Tensiie Strength, ksi

Elongation,
percent

Compressive Strength, ksi

o, st eiagn v ol e Y S 4 R st oo

180
ﬁ :frus m}
I60 <> TUS (L)
RSN
40 \;
120
O TUS (L)
A TUS(T) e
005 Tvs (L)
solLO_TYs (1)
6 .
Oeln)| “ o
A elT)q 8§ =
oEw 3%
0 CEM), £~
0 200 400 600 800 IOO%

Temperature, F

FIGURE 1, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES

OF DUPLEX ANNEALED Ti-6Al-2Zr-2Sn-2Mo-2Cr
FORGED BILLET

160 I8
CYS (L) -
140 Cys(m 6 ,,;;
N E 5
1200 cys (™ = < 14 W
A CYS (T) ~ 4
1000 E, (L) == 12 3
O E (M <
80 L 10
0 200 400 600 800 1000 3
' Temperature, F A-i634 v

FIGURE 2, EFFECT OF TEMPERATURE ON THE COMPRESSIVE

PKOPERTIES OF DUPLEX ANNEALED Ti-6Al-2Zr-

2Sn-2Mo-2Cr FORGED BILLET
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. Material Description

Ti-6A1-2Cb-1Ta-1Mo Alloy

6A1-2Cb-1Ta-1Mo titanium alloy is a modification by RMI Company of the

. T1-7A1-2Cb-1Ta composition. The modification was developed specifically for salt-

water stress-corrosicn resistance. The alloy is of medium strength and is forg--
able and weldable. It is generally used in the annealed condition. Some increase
in strength can be obtained by solution treating and aging, but at a sacrifice in
ductility and toughness,

Ti1-6A1-2Cb-1Ta~1Mo is 4vailable as billet, bar, p1ate, sheet and wire.
‘It is uormally processed in the beta phase region.

The material evaluated was a lj-inch-thick plate from RMI {ngot number

294447 with -the following composition:

Chemical

Compogition Percent
Carbon .02
Nitrogen .006
Iron : .07
Aluminum 6.0
Columbium 1.9
Tantalum .93
Molybdenum 77
Oxygen .080
Titanium Balance

Processing and Heat Treating

The material was evaluated in the as-received, beca processed and annealed
(1825 F, 1 hour, air cooled) condition.
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T1-6A1-2Cb-1Ta-1d0 Alloy Data‘®’

o ' . o o . " Condition: Annealed
o Thickness: * l%-inch plate

Temperature, F

Properties . RT - 400 600 800 :
Tenaion | :
TUS (longitudinal), ksi 117.6 87.8 180.2 74.0
TUS (transverse), ksi K 119.3 89.0 80.5 75.2
TYS (longitudinal), ksi _ 102.1. 64,5 58.0 52.4 .
TYS (transverse), ksi ‘ 103.7 65.8 56,1 55.4 "
e (longitudinal), percent in 2 in. . 18.3 18.3 19.6 19.7 '
e (transverse), percent in 2 in. 17.3 17.3 18.0 17.3
RA  (longitudinal), percent 33.8° 42.6 ’ 51.7 50.3
RA (transverse), pcrcent 32.9 42.6 47.2 49.0 E
E (longitudinal), 10" ksi ' 17.0. ~16.0 4.0 12.8 B
E  (transverse), 10" ksi , 17.0 17.4 14.8 144 -
Compression . ' . };
CYS (longitudinal), ksi Loe.3. 74.2 60.8  55.2 )
'CYS (transverse), ksi 111.9 77.4 63.2 58.3 ';
Ec (longitudinal), }0' ksi 17.6 15,9 15.0 13.7 ’
Ec (transverse), 10° ksi 17.5 15.6 14.9 13.9 SN
(b) - » | , | . -
Shear o k.
SUS (longitudinal), ksi 83.7 yle) u v .
SUS (transverse), ksi 83.8 u U U
Imgact(d)

V-notch Charpy, ft/1b

(longitudinal) 38.5 U U U
. (transverse) 33.8 U u U
ﬂ Fracture Toughness
; Kyc» ksi /in. (e) U U u
} - Axial Fatigue (transverse)(f)
; Unnotched, R = 0.1
: 10" cycles, ksi 115 90 80 U
: 10° cycles, ksi 97 78 74 u
, 107 cycles, ksi 68 57 54 I

229
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Ti~bAl~-2ub=1Tw~-180 Alloy Data J(tontinued)

- N PRRI . B 3

i . L : PR - - e

- - o .- P

e e i o e a mate e . R

Temperarure, I

Properties I RT . 400 " 600 800
8 hwtched, K, = 3.0, K = 0:1 E ,
‘i 100 cyeles, ksi : .90 .83 80 U
! 10° cycles, ksi - T4y .4 40 u
10 cycles, ksi , . 28 6 25 U

Creuh (Lransverse)

) .
0.2% plastic deformation, 100 hr, ksi NA(“' 67 L 73 . 6l
0.2% plastic deformation, 1000 hr, ksi NA .66 . 72 .52
! stress Rupture (transverse)
‘ Rupture, 100 he, ksi ©ONA 88 81 ' 73
Rupture, 1000 hr, ksi . NA , 87 14} .72
StLUsS Currunion(g)
807 TYs, 1000 hr maximum : No cracks
o Cuefficient of Thermal Expansion - " -

5.2 x 100 in./in./F(RT to 1200 F)
Deonsicy
0.162 1b/in.”

(a) Values are average of triplicate teusts conducted at Battelle under the subject
contract unless otherwise indicated, Fatigue, creep, and stress-rupture

values dare frow curves generated using the results of a greater number of
tests,

(b) Doublec-shear pin-type specimen; averaue of four tests,

(¢) U, unavailable; NA, not applicable.

(d) Average of six tests in each direction,.

(¢) Specimens were slow-bend type l-inch thick x 2-inches wide with a span of 8
inches. Tests did not meet the size standard of ASTM E399-72. From this
specification, the specimen strenpth ratios (Rgp) were calculated. These
averaged 2,18 for L-T specinens and 1.82 for T-L specimens.

(1) "R" represents the algebraic ratio of minimum stress to maximum stress in one
cycle, that is, R * Smin/Sua.. "K' represents the Neuber-Peterson theoreti-
cal stress concentration factor,

(Y Roon temperature three-point bend test, Alternate immersion in 37 NaCl,

23G
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Compressive Strength, ksi

FIGURE 2.

Modulus, E, 10% ks

Modulus, E., 10” ksi
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Temperature, F
WIGURE 1. EFFECT OF TEMPERATURE ON THE TENSILE PROPEKTLES
OF ANNEALED Ti-6A1-2Cb-1Ta-1Mo ALLOY PLATE
120, I8
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EFFECT OF TEMPERATURE ON THE COMPRESSIVE PROPERTIES
OF ANNEALED Ti-6A1-2Cb-1Ta-1%o ALLOY PLATE
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ANNEALED Ti-6Al1-2Cb-1Ta-1llo ALLOY PLATE
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| MECHANICAL-PROPERTY DATA
. Ti-6Al-4V ALLOY

BETA-ANNEALED PLATE

Issued by

Air Force Materials Laboratory
Air Force Systems Command
“Wright-Patterson Air Force Base, Ohio

4
1
3
!
4

Prepared by

BATTELLE

Columbus Laboratories
‘ ' Columbus, Ohio 43201

F33615-73-C-56073
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Ti-bAl=4V Alloy

Material Description

Ti-6A1-4V is one of the most used titanium allov and thus needs ao
descriptive words. It is used in great quantities and in various product forms
for aerospace and other applicarions. The 0.57-inch-thick plate used for this
evaluation was GFM from waterial produced for Boeing to their low oxygen specifica-
tion.

Processing and Heat Treating

The material was tested in the as-received, bheta-annealed condition,
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Ti-6A1-4V ALLOY DATA'®)
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Condition: Beta annealed
Thickness: 0.57 plate
Temperature, F
Properties RT 400 600 800
Tension
TUS (longitudinal), ksi 135.8 103.3 92.5 83.0
TUS (transverse), ksi 136.0 103.7 92,7 82.5
TYS (longitudinal), ksi 127.7 86.1 72.1 65.6
TYS (transverse), ksi 126.7 85.6 71.5 64.1
e (longitudinal), percent in 2 1in. 12.2 16.0 15.0 20.7
e (transverse), percent in 2 in, 12.0 15.7 14.3 18.3
RA (longitudinal), percent 20.9 34.4 35.1 48.8
RA (transverse), percent 27.4 32,2 34.3 45.0
E (longitudinal), 10° ksi 17.5 16.1 15.9 13.2
E (transverse), 10° ksi 16.9 16.5 15.3 13.9
Compression
CYS (longitudinal), ksi 132.4 89.5 73.5 68.3
CYS (transverse), ksi 134.8 91.4 76.6 69.9
E. (longitudinal), 10" ksi 17.1 15.8 14.8 14.0
E. (transverse), 107 ksi 17.5 15.4 15.1 14.0
Shear(b) :
SUS (longitudinal), ksi 90.6 A U u
SUS (transverse), ksi 89.9 U U U
Imgact(d)
V-notch Charpy, ft.lbs.
(longitudinal) 23.6 U U U
(transverse) 23,2 U U U
Fracture Toughness (e)
\ (£)
Axial Fatigue (transverse)
Unnotched, R = 0.1
10° cycles, ksi 126 102 92 \
10" cycles, ksi 112 85 78 v
10" cycles, ksi 92 17 70 u
Notched, Ke = 3.0, R = 0.1
10° cycles, ksi 110 92 80 U
10" cycles, ksi 53 44 43 u
107 cycles, ksi 35 35 35 \
236
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Ti=-6A1-4V ALLOY DATA

(Continued)
Temperature, F
Properties RT 400 600 800
Creep (transverse)
0.2% plastic deformation, 100 hr., ksi NA 82 88 46
0.2% plastic deformation, 1000 hr., ksi NA 81 84 30
Stress Rupture (transverse)
Rupture, 100 hr., ksi NA 102.5 92 82
Rupture, 1000 hr., ksi NA 102 91.5 70
Stress CorrostonAigransverggl(g)
807 TYS, 1000 hr,, maximum no cracks
‘ a3 Coefficienf(gf ‘thermal Expansion
‘ % 5.0 x 10" in./in,/F (RT to 800 F)

; 3 Density ,
0.160 1b./in."

e

(a) Values are average of triplicate tests conducted at Battelle under the
subject contract unless otherwise indicated, Fatigue, creep, and stress-
rupture values are from curves generated using the results of a greater
number of tests.

(b) Double-shear pin-type specimen; average of 4 tests in each direction.

e WS

L (c) U, una.ailable; NA, not applicable.

(d) Average of 6 tests in each direction,

(e) Specimens were compact tension tvpe. Tests did meet the P _,/PW require-

2 . s . max .
ment but not the size requirement of E399-72, Specimen strength ratios
(Rsc) were calculated and a2ve 1.28 for L-T specimens; 1.22 for [-1L

! specimens,

(f) "R" represents the algebraic ratio of minimum stress to maximum stress in
one cycle; that is, R = Smin/smax‘ "Kr" represents the Neuber-Pe'erson
Theoretical stress concentration factor.

(g) Room-temperature three-point bend test. Alternate immersicn in 3", NaCl.
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MECHANICAL-PROPERTY DATA
Ti-6Al-4V ALLOY

ISOTHERMAL FORGING

Issued by

Air Force Materials Laboratory
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio
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. Prepared by
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Columbus Laboratories
Columbus, Ohio 43201

F33615-73-C-5073
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Ti-6A1-4V Isothermal Forging

Material Desgeription

Application of the isothermal forging concept to titanium alloys L

been investigated on a laboratory scale for many years. The material evaluated

on this program came from an Air Force sponsovred program (F33615-.71.C-1264) at
the ‘Ladish Company. Thc specific goal was to develop isothermal forging
technology as a process that will yield titanium airframe parts having suriaccs

- which are "net", or which require no past-forging machining. The results of
this program have been published in AFML-TR-74-123 from which additional

information regarding this material may be obtained.

Pfocessing;gnd Heat Treating

"The stabilizer rib from which the specimens were machined was of

varying taickness and complex shape. All specimens were sectioned from the

forging in the transverse direction. Specimens were tested in the as-received
(annealed) condition,
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'f:,' fz : ' - Ti-6Al-4V Alloy Data(a)
Condition: Isothermally Forged

and Annealed
Thickgess: Various

Temperature, F

Properties RT 400 600 800
Tension '
TUS (transverse), ksi 143.9 110.5 99.8 87.4
TYS (transverse), ksi 136.3 102,2 93.4 78.3
e (transverse), percent in 1 in. 17.0 17.5 18.5 21.5
RA (transverse), percent 45.7 47,7 54,1 62.3
E (transverse), 10° ksi 16.4 15,2 14.5 12.9
Compression ' ‘ .
CYS (transverse), ksi 135.9 101.4 93,2 79.6
E. (transverse), 10° ksi 16.5 15.4 13,9 12.9
Shear (o)
SUS (transverse), ksi 97.2. Ut Al U
Impact N
Venotch Charpy, tt.lbs. (d) ( B
(transverse) 16.9 U u v
Fracture Toughness (e)
Kic» kei /in, 59.0 U U u
¢ Axial Fatigue (transverse)(f)
i Unnotched, R = 0.1
i 10° cycles, ksi -~ 135 110 95 U
: 10° cycles, ksi 128 105 89 u
T : 107 cycles, ksi 75 80 73 U
. ; Notched
4 10° cycles, ksi 65 65 65 U
- 10° cycles, ksi 46 50 43 v
: 107 cycles, ksi 31 28 35 U
; E
3
P 243
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'TigﬁAl-QV Alloy Data (Continued)

Temperature, F

Properties R 400 600 800

Creep (Transverse) :

0.2% plastic deformation, 100 hr, ksi : NA 98 74 21

0.2% plastic deformation, 1000 hr, ksi NA - 96 70 11
Stress Rupture (trangverse) : L

Rupture, 100 hr, ksi NA 112 102 101

Rupture, 1000 hr, ksi : NA 111 101 57

Stress Corrosion (transverse)(g)
BOA TYS, 1000 hr, maximum °

Coefficient of Thermal Expansion
5.0 x 10 ° in./1in./F (RT to 800 F)

Densit
""o"'.‘i"a% 1b./in.2

(a) Values are average of triplicate tests conducted at Battelle under the
subject contract unless otherwise indicated. Fatigue, creep, and stress-
rupture values are from curves generated using the results of a greater

number of tests.

" (b) Double-shear pin-type specimen; average of 4 tests.

(¢) U, unavailable; NA, not applicable.

(d) Average of 6 tests,

(e) Compact tension type specimen,

i (f) "R" represents .the algebraic ratfo of minimum stress to maximum stress
in one cycle; that is, R = §;./S, ... "K. " repregents the Neuber-
Peterson theoretical stress concentration factor.

i

(g) Room-temperature three-point bend test, Alternate immersion in 3 1/2% NaCl,
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(Kt = 3,0) Ti-6A-4V [SOTHERMAL FORGINGS
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MECHANICAL-PROPERTY DATA
Ti-6Al-4V ALLOY

ANNEALED CASTINGS

Issued by

Air Force Materials Laboratory
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

Prepared by

BATTELLE

Columbus Laboratories
Columbus, Ohic 43201

F33615-73-C-6073
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Ti-6A1-4V Alloy Castings

Material Description

T1-6A1-4V castings have been utilized in airframe construction for a
number of years, primarily in simple shapes and in unstressed or low stress
areas, Recently, more complex shapes have been used as confidence in casting
properties has increagsed. One of the primary reasons is that parts can be
cast to a finighed or near-finished shape instead of being machined to size.
from a large forging or thick plate. )

The material used for this evaluation was cast, wedge shaped, plates
approximately 5 inches by 6 1/2 inches and tapering from &bout 1 inch to 1/2
inch. The material was from TiTech International casting Heat Number 6.4 2119
and had the following composition:

Chemical Composition Percent
Carbon .028
Oxygen .18
Hydrogen .0027
Nitrogen 015
Aluminum 5.90
Vanadium 3.90
Iron .10
Titanium Balance .

Procesging and Heat Treating

The specimens were all machined in one direction from the cast
plates described above. The material was received in the annealed condition
and no further heat treating was done.
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Ti-bAl-4V Alloy Casting Data(a)

Condition: Annealed
Thickness: 0.5 to 1 inch

. N e i T i

Temperature, F

Properties RT 400 600 800
Tension :
TUS (longitudinal), ksi 137.8 100.8 84.8 77.5
TYS (longitudinal), ksi 130.4 88.2 69.8 63.8
e (longitudinal), perceant in 1 in. 6.5 10.2 12.0 12.0
RA (longitudinal), percent 11,2 19.0 24,3 28,4
E (longitudinal), 10° ksi 17.2 16.8 15.2 15.1
Compression
CYS (longitudinal), ksi ¢ 137.5 92.9 74.6 67.5
Ec (longitudinal), 10% ksi 16.5 15.6 14.9 13,5
Shear
SUS (longitudinal), ksi 92.,8(® u(® U U
Impact
Venotch Charpy, ft.ibs, (d)
(longitudinal) 16,2 ] U U
Fracture Toughness (¢) U U u
Axial Fatigue (longltudinall(t)
' Unnotched, R = 0.1
] 10% cycles, ksi 130 130 84 U
: 105 cycles, ksi 70 63 60 u
107 cycles, ksi 44 39 37 u
5 Notched, K, = 3.0, R = 0.1
! 10 cycles, ksi 90 82 76 u 1
: 105 cycles, ksi 58 49 44 1]
] 10”7 cycles, ksi 41 29 27 U
3 1

|
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Ti-6A1-4V Alloy Casting Data (Continued)

Temperature, ¥

Properties RT 400 600 800

- ——

Creep (longitudinal)

0.2% plastic deformation, 100 hr, ksi NA 77 81 45

0.27, plastic deformation, 1000 hr, ksi NA 76 77 2
Stress Rupture (longitudinal)

Rupture, 100 hr, ksi NA 88 82 12

Rupture, 1000 hr, ksi NA . 87 81 69

Stress Corrosgsion (10@3itudina1}(g)
80% TYS, 1000 hr, maximum no cracks

Coefficient of Thermal Expansion
5.0 x 10°® in./in./F (RT to 800 F)

Density )
0.160 1b./inm,”

oy [ —
=

T ms smemen =

(a) Values are average of triplicate tests conducted at Battelle under the
subject contract unless otherwise indicated. Fatigue, creep, and stress-
rupture values are from curves generdied using the results of a greater
number of tests,

.t e e

(b) Double-shear pin~type specimen; average of 4 tests,
F‘ (¢) U, unavailable; NA, not applicable,
(d) Average of b tests,
: (e) Material thickness was not sufficient for valid test results,
(f) "R" represents the algebraic rativ of minimum stress to maximum stress

in one cycle; that is, R = Sminlsmax‘ "K," represeats the Neuber-
Peterson theoretical stress concentration factor.

(g) Room-temperature three-point bend test. Alternate immersion in 3Y% NacCl.
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Incoloy 903 Alloy

Material Description

Incoloy alloy 903 is a precipitation-hardenable nickel-iron-cobalt
alloy whose outstanding characteristics are a constant low coefficient of
thermal expansion, a constant modulus of elasticity, and high srrength., Be-
cause the alloy contains no chromium, oxidation resistance may become a
congideration for some high temperature applications. '

The mater131 used for this evaluation was a .0635.inch-thick sheet
from Huntington Alloys Heat No, HH25A9UK with the following composition:

Chemical Composition Percent

Carbon 0.03
Manganese 0.16
Iron 40,92

: Sul fur 0.004

i Silicon 0.07

- Nickel 38.08

: Aluminum 0.88

g Titanium 1.61

i Cobalt 15,22

] Columbium plus

§ Tantalum 3,01 .

|

Processing and Heat Treating

The sheet was received in the annealed condition and was heat

treated as follows: 1325 F, 8 hours, furnace cool at 100 F per hour to 1150,
held for 8 hours, air cool.
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Incoloy 903 Alloy Datp<a)

Condition: Heat Treated
Thickness: .0635 inch

RIS R e N Y . DRSS - g-mm

Temperature, F

Properties RY

S - ————— —

1000

800 1200
Iension
TUS (longitudinal), ksi 191.9 170.7 166.6 130.6
TUS (transvecse), kst 193.0 . 170.1 163.5 131.6
TYS (longitudinal), ksi ‘ 155.5 140,8 134,8  116.7
TYS (transverse), ksl 165.0 142,6 135.6 120.4
¢ (longitudinal), percent in 2 in. 13.7 17.3 17.2 16.5
e (transverse), percent in 2 in, 16,0 15.8 14,7 17.3
E (loagitudinal), 10°® kst 24.7 21.6 22.6 21.4
E (transverse), 10° ksi 25.8 22,2 22.3 21.1
Compression
CYS (loagitudinal), ksi - 167.0 152.2 141.4 122,5
CYS (transverse), ksi 174.2 160,9 145.6 125.1
B (longitudinal), 10® ksi 25.2 22.8 23,0 21.4
E, (transverse), 10° ksi 24,3 23.7 23,2 22,2
Shear(b) ()
‘SUS (longitudinal), ksi 123.9 U U J
SUS (transverse), ksi 127.8 U U U
Fracture Toughness (d)
K. (T-L) ksi/in. 244.5
- Axial Fatigue glggnsverse)(e)
Unnotched, R = 0.1
10 cycles, ksi 154 140 131 u
10° cycles, ksi 125 112 98 J
107 cycles, ksi 84 73 67 U
Notched, K, = 3.3, R = 0.1
10 cycles, ksi 120 100 100 u
10° cycles, ksi 73 64 64 U
107 cycles, ksi 46 44 44 u

257




e R

o,

s e e = ST S syt A s

rmwerm@Downloaded from http:/WWW.BVerySPEC.Com T oy i =

v————— O

Incoloy 903 Alloy Data (Continued)

Temperature, F

RT 800 1000 1200

Jreep (transverse)

0.2% plastic deformation, 100 hr, ksi {no creep) 15

0.2% plastic deformation, 1000 hr, ksi 14
Stress Rupturs (transvérse) =

Rupture, 100 hr, ksi NA 48 50 k)1

Pupture, 1000 hr, ksi NA 35 44 15
Stress Corrosion (transverse)‘f)

807% TYS, 1000 hr, maximum no cracks
Coefficieut of Iﬁggmgl_ggggpston‘

5.6 x 10°% in./in./F
Density

0.294 1b./in.®
s ikt = S ITEES BT 2 RETS S AT T e § B S S EIRRSEE s B S F SRS d
(a) Values are average of triplicate tests conductwl . 3ittalle under the

h)
(c)
(d)
(e)

(f)

subject contract unless otherwlsa indicatal, Fatigue, creep, and stress-
rupture val.es are from c irves zanerated using the results of a greater
number of tests.

Sheet-shear type specimen; average of 3 tests in each direction.

U, unavailable; NA, not applicable,

Specimens were 18 x 36 with a center flaw. Value Ls average of 4 tests,

“R" represents the algebraic citlo of mliimum stress to maximum stress in
one cycle; that i8, R = § n/Smax' "Kt" represents the Neuber-Peterson
tieovetical stress coaceutration factor.

Room-temperature three-point bend test, Alternate immersioa in 3%% NaCl,
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"MECHANICAL-PROPERTY DATA

~201.0 ALUMINUM ALLOY

~T7 CASTING.

 lssued by

Air Force Materials Laboratory
, Alr Force Systems Command
"Wright-Patterson Air Force Base, Ohio

Prepured by

BATTELLE

Columbus Laboratories
Columbus, Ohio 43201

F33615-73-C-5073
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201-T7 Aluminum Castings

Material Description

201 is a recently developed heat-treatable, high strength aluminum
casting alloy which contains copper, silver, magnesium, and titanium. Premium
quality castings made from this alloy have exhibited improved mechanical
strength properties when compared to castings of other conventional aluminum
alloys, The alloy can be cast by sand, permanent mold, or investment casting
techniques. '

The castings used for this evaluation were actual production parts
used Iin airframe construction.

Processing and Heat Treating

The alloy was tested in the as-received ~T7 condition,

263

RSN AU S S T S

P o



R SRLN R R T S AL

Downloaded lfroml Htvtp://www.evié‘:r&/spré'c

201-T7 Alloy Data'®

Condition:
Thickness: Various

I!

<T?7

i C S A e )

.com

Temperature, F

Properties RT 300 400 500
Tension
TUS (longitudinal), ksi 67.1 56.8 48.4 29.8
TYS (longitudinal), ksi 60.0 49.4 46,2 28.3
e (longitudinal), percent in 2 in. 4.7 7.2 9.5 14.5
E (longitudinal), 10° ksi 10.5 9.6 8.8 8.0
Compression
CYS (longitudinal), ksi 60.9 53.6 48,2 30.9
E, (longitudinal), 10% ksi 11.1 9.9 9, 9.0
Shear
SUS (lungitudinal), ksi 39.3(b’ U(C) v U
Impact
Venotch Charpy, ft.lbs. (d)
(longitudinal) 5.0 U |\ U
Axial Fatigue (transverse)(e)
Unnotched, R = 0.1
10° cycles, ksi 62 62 62 v
10° cycles, ksi 37 36 35 v
107 cycles, ksi 31 27 25
Notched, K, = 3,0, R = 0,1
10° cycles, ksi 54 54 50 U
10° cycles, ksi 22 21 19 U
107 cycles, ksi 16 14 12 u
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201-T7 Alloy Data (Continued)

Temperature, F

Properties RT 300 400 500

Creep (transverse)

0.2% plartic deformation, 100 hr, ksi U 43 34 8

0.2% plastic deformation, 1000 hr, kai U 41 19 4.5
Stress Rupture (trangversa)

Rupture, 100 hr, ksi U 50 39 13

Rupture, 1000 hr, ksi U 47 32 3.5
Stress Corrosion (trannverne)(f)'

807 TYS, 1000 hr, maximum no cracks

(a) Values are average of triplicate tests conducted at Battelle under the
subject contract unless otherwise indicated. Fatigue, creep, and
stregs rupture values are from curves generated using the results of a
greater number of tests.

(b) Double~shear pin-type specimen; average of 4 tests.

(¢) U, unavailable; NA, not applicable,

(d) Average of 6 tests,

(e) "R" represents the algebraic ratio of minimum stress to maximum stress

in one cycle; that is, R = smin/smax' "Kt" represents the Neubere
Petergon theoretical uatress concentration factor,

(f) Room~-tempevature three-point bend test, Alternate immersion in 3 1/2% NaCl,
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