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INTRODUCTION

mna 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 importance. 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 Eattelle'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 orcould 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,
APML-TR-68-211, AFML-TR-70-252, AFML-TR-71-249, AFML-TR-72-196, Volumes I and
II, and AFML-TR-73-114.

This technical report is a result 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) Inconel 617 annealed sheet
(3) 7475-T7351 plate
(4) 2419-T851 plate
(5) Ti-6A1-2Zr-2Sn-2Mo-2Cr duplex annealed forging
(6) Ti-6A1-2Cb-lla-lMo annealed plate
(7) Ti-6AI-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 heat-treat conditions selected for evaluation are I
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 aerospace 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 sunmnary
technical report. These data sheets are reproduced as Appendix III of this report.

Detailed information concerning the properties of interest, test tech- !1
niques, and specimen types are contained in Appendices I and II of this report.

!!! _7j
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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-

T6 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 the form of extrusions and plate.

The material evaluated on this program was a 3-inch thick plate from
Kaiser lot number 680201. The material had the following composition:

Chemical
Composition Percent

Zinc 7.6
Magnesium 2.5
Copper 1.5
Chromium 0.15
Silicon 0.25 max
Iron 0.35 max
Titanitum 0. 10 max
Mantanese 01. 70 max
Aluminum Ralance

Processi j and Heat Treating

"the srprmenr 1aynoIt i, ,hc-ir it. Pir, 1 gppe 4 mens were tpsted in
the as rereived T"',,per.

Test Results

Tension. Tests-7f-r c.rmducted kt rcem te'nperature, 250 F, 350 F, and
500 F on both longitudinal a*nd long traisverse specimens. Test results are given
in Table I. 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 II. Typical stress-strain and tangent-modulus curves at tempera-
ture are presented in Figures 4 and 5. Effect-of-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 III.

2
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Im t. Charpy V-notch test results for longitudinal and long trans-

verse specimens are given in Table IV.

Fracture Toughness. Results of slow-bead 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..

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 (Kt = 3.0)
specimens. These data are presented as S-N curves in Figures 8 and 9.

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.

Stress Corrosion. Specimens were tested ai described in the experimental
procedures section of this report. No failures or cracks occurred in the 1O00-hour

test duration.

Thermal Expansion. The coefficient of Lhermal 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 lb0/ini.

"4
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II

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

Spcie Strngh, Stnth in 2Ice, inAa, Mouls

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Reduction Tensile

SSpecimen Strength, Strength, in 2 Inches, in Area, Modulus,Number ksi ksi percent percent 103 ksi

Longitudinal at Room Temperature

1L-1 75.8 65.8 12.0 32.3 10.3- 10.1
IL-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 10.2

Long Transverse at Room Temperature

1T-1 73.1 63.4 10.5 24.4 10.4
1T-2 77.6 68.0 10.5 25.8 10.3
1T-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

1 L-4 59.2 59.0 18.5 53.8 9.2
1L 5 59.3 58.7 18.0 50.9 9.5
IL-6 58.5 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 I
1T-5 62.2 61.2 15.0 41.4 9.6

S1T-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

IL-7 45.7 45.4 20.0 64.5 7.7
lL-8 45.8 45.7 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

1T-7 46.1 45.8 17.0 53.7 8.8
1T-8 48.4 47.2 17.0 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

IL-11 15.0 14.8 33.0 87.3 6.2
1L-12 15.4 15.2 30.5 85.9 6.3

Average 15.1 14.9 31.8 86.3 6.0

Long Trinsverse 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
IT-12 17.8 17.7 29.0 84.0 5.8

Average 17.2 17.2 28.8 83.2 5.7

5
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L CUMPKLSSION ThST R1'ULTS FOR 7049-T7351 ALLOY PLATE

0.2 Percent Offset

Specimen Yield Strength, Compressive Modulus,
Nuinaer ksi 10t ksi

Loagit•tdin. ,. at Room Temperature

2L-1 64.6 10.8
L 63.b 10.7

b4.o 10.9
Average 54.1 10.8

Lotig iL-'aiverse at Room Temperature
'.11, 1 o6.0 10.9

21 -2 71.0 11.1
'1'-•3 1o.7 10.6

Average 69.2 10.9

Longitudinal at 250 V

2L-4 57.2 9.4
2i.-S 56.6 9.1
2L-6 56.7 9.8Average 56.8 9.4

LouI Transverse at 250 F

-4 60.4 9.7
21-5 56.7 9.9
2T-b 62.3 9.6

Average 59.8 9.7

Longitudinal at 350 F
2L-7 44.1 8.0

21,-8 44.5 8.2
2L-9 44.7 8.1

Average 44.4 8.1

Long Transverse at 350 F

241-7 48.1 8.1i
"2T-8 47.7 8.4
2T-9 46.8 8.4

Ave rage 47.5 8.3

lo)nyitudinal at 500 F

21. 1() 16.1 7.1
21,-11 16.6 b.8
2L-12 17.3 6.7

Average 16.7 6.9

Long "lranwverse at 500 F

21-.0 15.8 b.9"- 11 17.b 7.5

17.7 6.5
AvU L.LgL 17.0 7.0

S= •'| :• ' .• : ' .'... • ' : , W~ w,. • . . .. , _ _,< .. ....,, , ,I
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TABLE~ III. PIN SHEAR TEST RESULTS FOR
7049-T7351 ALLOY PLATE AT
ROOM TLMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

, Loitudinal

4L-1 45.4
4L-2 42.4
4L-3 46.4
4L-4 50.2

Average 46.•1

Lonu Transverse

4T-1 48.3

4T-2 44.1

4T-3 43.0
4T-4 46.3

Average 45.4

TABLE IV. IMPACT TEST RESULTS FOR
7049-T7351 ALLOY PLATE

AT ROOM TEMPERATURE

Specimen Energy,
Number ft/lb

Longitudinal

1OL-1 Z.0
1OL-2 5.0
1OL-3 5.0
1OL-4 5.0
1OL-5 6.0
1OL-6 6.0

Average 5.8

Long Transverse

1OT-1 3.0
1OT-2 4.0
1OT-3 4.0

1OT-4 3.0
lOT-5 3.0
1OT-6 3.0

Average 3.3

7
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TABLE V. RESULTS OF SLOW-BEND TYPE FRACTURE TOUGHNESS TESTS
FOR 7049-T7351 PLATE AT ROOM TEMPERATURE

Specimen W, B, P Span,

Number inches inches inches inches KQ

Longitudinal (L-T)

6L-1 2.00 0.934 1.00 5,000 8.0 2.403 34.0 I
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
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 34.0

Long Transverse (T-L)

6T-1 2.00 0.886 1.00 4,550 8.0 2.237 28.8
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 KIc values by existing

ASTM standards.

8
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,'I
TABLE VI. AXIAL LOAD FATIGUE TEST RESULTS FOR

UNNOTCHED 7049-T7351 ALLOY PLATE
(LONG TRANSVERSE, R 0.1)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-1 60 12,700

5-6 55 31,100

5-2 50 48,300

5-7 45 92,970

5-40 93,500

5-3 35 1 2 , 7 5 8 , 6 0 0 (a)

5-4 30 10,361,500

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 I0,068,600 (a)

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

5-20 30 3,529,000

5-24 25 7,954,100
(a)5-25 20 16,836,600(a

(a) Did not fail.
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TABLE VII. AXIAL LOAD FATIGUE RESULTS FOR NOTCHED
(Kt - 3.0) 7049-T735i ALLOY PLATE
(LONG TRANSVERSE, R 0.1)

Specimen Maximum Lifetime,
Number Stress, ksi cycles 4

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

5-46 10 1 1 , 9 8 9 , 20 0 "a"

250 F

5-39 40 5,000

5-40 35 8,800

5-41 30 17,800

5-42 25 39,600

5-43 20 79,500

5-44 15 835,400

5-45 10 1,630,400

5-46 10 1 0, 3 0 0 , 0 0 0 (a)

350 F

5-48 40 3,300

5-49 35 6,700

5-50 30 15,600

5-51 25 31,400

5-52 20 96,200

5-53 15 399,000

5-54 10 10"M0000

10
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Longitudinal

701- R
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in40 I
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20-

10 1
0002 0.004 0.006 0.008 0.010 0.012

Strain, i.n.A-I5Ob

FIGURE 2. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR 7049-T7351 ALUMINUM ALLOY PLATE (LONGITUDINAL)
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80 Long transverse
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l

60-

50- 5

040
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Strain, in./in. A-1509

FIGURE 3. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR 7049-T7351 ALUMINUM ALLOY PLATE (LONG TRANSVERSE)
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80

Longitudinal

70°

60- 5

50-

0 0 F 43650 12

h.40-

30 1
20-

( OGIT INL

10-4

0 0.002 0.004 0.006 0.008 0.010 0.012

0 2 4 6 8 10 12

Tangent Modulus, l0 psi A-1510

FIGURE 4. TYPICAL COMPRESSIVE STRESS-STRAIN AND
TANGENT-MODULUS CURVES AT TEM.PERATURE
FOR 7049-T7351 ALUM~INUM ALLOY PLATE
(LONGITUDINAL)
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80

Long transverse
RT RT

70-
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Tangent Modulus, 06 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 PLATE
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Ineonel 617 Alloy Sheet

Material Description

Inconel Alloy 617 is a solid-solution, nickel-chromium-cobalt-
molybdenum alloy with a good combination o'f high-temperature streagth and
oxidation resistance. It has excellent resistance to a wide r.ange uf cor-
rosive environments, and is readily formed and welded by conventional tech-
niques.

The high 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-
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 involving exposure to extreme temperatures.

The material used for this evaluation was a 0.047-inch-thick sheet
from Huntington Alloys Heat XXOOA7US with the following compositi, n:

Chemical
Composition Percent

Chromium 22.0
Cobalt 12.5
Molybdenum 9.0
Aluminum 1.0
Carbon 0.07
Nickel 54

Processing and Heat Treating

The specimen layout for this alloy is shown in Figure 11. Specirens
were tested in the as-received cold-rolled and annealed 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. Typical
stress-strain curves at temperature are shown in Figures 12 and 13. Effect-of-
temperature curves are presented in Figure 16.

Compression. Results of tests in both tho longitudinal and transverse
directions at room temperature, 800 F, 1200 F, and 1600 F are given in Table X.
Typical stress-strain and tangent-modulus curves at temperature are presenLed in
Figures 14 and IS. Effect-of-temperature curves are shown in Figure 17.
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XI Shear. Test results for sheet-shear type specimens are given in Table
SXI. 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 K determination.

c

Fatigue. Axial-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 (Kt = 3.0) specimens at a load
ratio of R 0.1. S-N curves are pri>sented in Figures 18 and 19.

Creep and Stress-Rupture. Tests were conducted at 800 F, 1200 F, and
1600 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 i:; 8.7 x 10'6 in./in./F from room temperature to 1600 F.

Density. The density of this material is 0.302 lb/in.'.

21
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TABLE IX. TENSILE TEST RESULTS FOR INCONEL 617 ANNEALED SHEET

Ultimate 0.2 Percent
Tensile Offset Yield ElongaLion Tensile A

Specimen Strength, Strength, in 2 Inches, Modulus,
Numbe" ksi ksi percent 10( ksl I

Longitudinal at Room Temperature

1L-1 122.3 56.4 56.0 28.4
1L-2 122.4 56.9 56.0 24.3
IL-3 122.5 56.5 54.5 28.4

Average 122.4 56.6 55.5 27.0

Transverse at Room Temperature

IT-I 122.9 55.9 56.0 30.9
IT-2 124.4 57.1 54.5 30.2
IT-3 123.5 56.5 58.0 30.4Average 123.6 56.5 56.2 30.5

Longitudinal at 800 F

IL-4 102.7 40.8 49.0 21.8
IL-5 103.5 42.0 51.0 29.6
1L-6 103.6 40.3 50.0 19./4

Average 103.3 41.0 50.0 23.6
Transverse at 800 F 5

1T-4 105.2 44.1 50.0 24.4
lT-5 105.7 43.9 49.0 25.6
IT-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
iL-8 82.6 38.3 49.0 25.3
1L-9 85.8 38.6 33.0 23.0

Average 83.9 38.2 43.3 23.1

Transverse at 1200 F

IT-7 95.9 39.1 44.0 23.3
1T-8 96.3 39.4 43.0 29.1
IT-9 95.8 39.3 53.0 32,0

Average 96.0 39.3 46.7 29.8

Longitudinal at 1600 F

IL-10 25.1 21.4 50.0 19.0
IL-Il 24.3 22.0 39.0 14.6
IL-12 24.5 21.8 49.0 17.4

Average 24.6 21.7 46.0 17.0

Transverse at 1600 F

IT-10 25.3 24.3 50.0 13.3
IT-1l 23.7 21.6 70.0 20.0
IT-12 25.5 ?2.8 47,0 16.4

Average 24.8 22.9 55.7 16.b
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TABLE x, COMPRESSION TESST RESULTS FOR INCONEL 617
AN.NEALED SHEET

0.2 Percent Comprer iioa
Specimen Offset Yield Modulus,

Number Strength, ksi I03 ksl

Longitudinal at Room Temperature

2L-1 62.4 30.6
2L-2 62.2 29.7
2L-3 61.0 30.9

Average 61.9 30.4
Transverse at Room Temperature

2T-1 60.5 33.7
2T-2 62.2 33.9
2T-3 61.8 33.5

Average 61.5 33.7
Longitudinal at 800 F

2L-4 (a) 25.7
2L-5 48.8 29.0
2L-6 49.1 29.1

Average 48.9 27.9

Transverse at 800 F
2T-4 51.2 29.6
2T-5 47.5 29.3

2T-6 50.9 30.3
Average 49.9 29.7

Lonaitudinal at 1200 F

2L-7 41.1 21.5
2L-8 40.9 24.3
2L-9 40.9 26.4

Average 41.0 24.1

Transverse at 1200 F

2T-7 39.6 25.6
2T-8 44.1 29.1
2T-9 41.2 27.9

Average 41.6 27.5

Lonaitudinal at 1600 F

2L-10 30.2 19.3
2L-11 31.8 22.7
2L-12 30.8 18.0

Average 30.9 20.0

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

(a) Machine malfunction.
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TABLE XI. SHEAR TEST RESULTS FOR INCONEL 617
ANNEALED SHEET AT ROOM TEMPERATURE

Specimen Ultimate Shear 3
Number Strength, ksi

Longitudinal

4L-1 (a)
4L-2 108.3
4L-3 104.7
4L-4 106.8

Average 106.6

Transverse

4T-1 104.74T-2 107.5

4T-3 110.5
4T-4 107.1

Average 107.6

(a) Did not fail in shear.
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TABLE XII. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED ANNEALED INCONEL 617 SHEET
(Transverse, R-0.1)

Specimen Maximum Lifetime,
Number Stress, ksi Cycles

Room Temperature

5-4 105.0 41,550

5-3 100.0 45,210

5-5 95.0 77,750

5-6 90.0 136,200

5-2 85.0 190,830

5-7 80.0 587,560

5-8 75.0 576,970

5-13 70.0 2,635,900

5-10 70.0 8,676,840
5-9 65.0 14,444,620•a

800 F
5-14 95.0 900

5-15 80.0 11,500

5-16 75.0 29,000

5-17 70.0 55,300

5-19 65.0 142,100

5-11 62.5 2,122,600

5-18 60.0 10,144,000 (a)

1200 F

5-20 80.0 5,800

5-22 75.0 18,400
5-23 72.5 38,300

5-21 70.0 2,501,100

5-24 65.0 4,245,000

5-25 60.0 1 0 , 2 4 4 , 9 0 0 (a)

(a) Did not fail.
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TABLE XIII. AXIAL LOAD FATIGUE TEST RESULTS FOR NOTCHED
(Kt-3.0) ANNEALED INCONEL 617 SHEET
(Transverse, R-0.1)

Specimen Maximum Lifetime,
Number Stress, ksi Cycles

Room Temperature

5-32 70.0 12,860

5-33 65.0 35,790

5-34 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 1 0, 0 0 0 , 0 00 (a)

800 F

5"56 65.0 1,100

5-46 60.0 13,000

5-41 55.0 39,900

5-42 50.0 70,200

5-43 45.0 69,300

5-44 40.0 6,212,300

'5-45 35.0 13 , 0 2 2 ,1 0 0 (a)

1200 F

5-47 60.0 3,000

5-48 55.0 4,900
5-49 50.0 8,200

5-50 45.0 121,500

5-51 40.0 1,539,800

5-52 35.0 870,000

5-53 30.0 11,249,200(a)

(a) Did not fail.
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FIGURE 12. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR ANNEALED INCONEL 617 ALLOY SHEET (LONGITUDINAL)

Downloaded from http://www.everyspec.com



Transverse
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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 TEMPERATURE FOR ANNEALED
INCONEL 617 ALLOY SHEET (LONGITUDINAL)
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FIGURE 15, TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR ANNEALED
INCONEL 617 ALLOY SHEET (TRANSVERSE)
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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:

Chemica 1
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 pin-shear
type longitudinal and transverse specimens. Test results are given in Table XVIII.
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Impact. Charpy V-notch test results for longitudinal and transverse
specimens 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 K0 values shown in Table XIX are considered invalid Kic values
by existing ASTN 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 (Kt - 3.0)
specimens. The data are presented as S-N curves in Figures 28 and 29.

2Creep and Stress-Rupture. Test results for transverse specimens at
250 F, 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"e in./in./F from 70 F to 212 F.

Density. The density of this material is 0.101 lb/in.
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WIN
TABLE XV. TENSILE TEST RESULTS FOR 7475-T7351 ALLOY PLATE

Ultimate 0.2 Percent Elongation Reduction Tensile
Specimen Tensile Strength, Offset Yield in 2 Inches, in Area, Modulus,

Number ksi Strength, kai percent percent 1O" 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 62.7 180, 47.1 9.7

Average 72.1 62.9 18.3 47.8 10.2

Transverse at Re-om Tempernaure

1T-1 73.2 62.5 14.0 34.9 9.7
IT-2 73.5 62.5 16.0 36.6 9.8
lT-3 73LO 621 1 0.0

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
IL-5 56.0 56.0 17.0 60.4 9.1
1L-6 55.4 55.3 18.0 60.8 9.1

Average 55.6 55.5 17.3 60.5 9.0

Transverst at 250 F

1T-4 57.8 55.8 17.0 52.4 9.2
1T-5 55.9 54.9 17.0 53.0 10.1
1T-6 57.1 55.8 17.0 54.3 '9.4

Average 56.9 55.5 17.0 53.2 9.6

Longitudinal at 350 F

1L-7 44.7 44.4 20.0 70.0 7.7
1L-8 44.1 44.3 25.0 73.4 7.8
1L-9 45.1 45.1. 16.5 7ui 7.9

Average 44.7 44.6 20.5 71.6 7.8

Transverse at 350 F

1T-7 45.1 44.7 33.5 72.1 8.3
1T-8 45.7 45.5 23.5 67.0 7.5
1T-9 45.1 44.6 27.5 70.2 7.6

Average 45.3 44.9 28.2 69.8 7.8

Longitudinal at 500 F

IL-1O 16.8 16.5 39.5 91.9 7.1
IL-Il 18.0 17.8 40.0 91.8 6.7
1L-12 22.3 22.1 27.0 88.4 7.5

Average 19.0 18.8 35.5 70.7 7.1

Transverse at 500 F

IT-10 17.4 17.2 40.5 92.2 7.0IT,- l 17.6 17.3 43.5 92.5 6.8
IT-12 17.1 17.0 41.5 92.8 6.6

Average 17.4 17.2 41.8 92.5 6.8
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TABLE XV1. COMPRESSION TEST RESULTS FOR 7475-T7351 ALLOY PLATE

0.2 Percent Compressive
Specizmen Offset Yield Modulus,
Number Strength, ksi I10 kui

Longitudinal at Room Temperature

2L-i 60.1 10.5
2L-2 61.8 10.4
2L.3 61.1 10.9

Average 6r.,6
Transverse at Room Temperature

2T-l 65.4 10.6
2T-2 65.7 10.4
2T-3 65.5 10.4

Average 6 10.5

Longitudinal at 250 F

2L-4 54.4 9.6
2L.5 55.2 9.3
2L-6 55.0 9.4

Average 54.9 9.4

Transverse at 250 F
2T-4 57.3 10.0
2T-5 57.5 9.9
2T.6 58.0 9.7

Average 57.6 9.9

Longitudinal at 350 F

2L.7 46.2 9.0
2L-8 46.2 8.9
2L-9 46.8 8.8

Average 8.9

Transverse at 350 F

2T-7 48.5 9.4
2T-8 48.2 9.9
2T-9 48.6 9.6

Average 48- 9.6

Longitudinal at 500 F

2L.10 17.7 8.2
2L-l1 19.5 7.7
2L-12 18.2 7.6

Average 18.5 7.8

Transverse at 500 F

2T-10 17.8 8.1
2T=l1 19.7 7.8
2T-12 19.3 7.1

Average 18.9 7.7
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TABLE XVII. PIN-SHEAR TEST RESULTS FOR 7475-T7351

ALLOY PLATE AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

Longitudinal

4L-1 45.0
4L-2 46.4
4L-3 44.8
4L-4 46.6

Average 45.7

Transverse

4T-l 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 ft/lb

Longitudinal

1OL-1 15.0
1OL-2 21.0
1OL-3 14.0
1OL-4 15.5
1OL-5 18.0
1OL-6 19.0

Average 17.1

Transverse

1OT-I 7.0
1OT-2 5.0
1OT-3 5.0
10T-4 5.5
1OT-5 8.0
10T-6 5.0

Average 5.9
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TABLE XIX. RESULTS OF SLOW-BEND TYPE FRACTURE TOUGHNESS
TESTS FOR 7475-T7351 ALLOY PLATE

Specimen W, B, a, Span, P o f(a K (a) R (b)
Number inches inches inches inches v Q sb

Longitudinal (L-T)

6L-l 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
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 8.0 6,100 6,720 2.982 51.4 1.49
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
6T-4 2.00 1.00 1.022 8.0 6,550 6,700 2.761 51.2 1.35
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

(a) Candidate K. values are invalid as K values since they do not meet the
QK Ic

standard of a, T, < 2.5 Q )2

(b) Rb is a function of the maximum load that the specimen can sustain, its

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

72, it is a useful comparative measure of toughness of materials where size may

be less than sufficient for valid Kic determination.
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TABLE XX. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED 7475-T7351 ALLOY PLATE

Specimen Maximum Lifetime,
Number Stress, 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(a)

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(a)

350 F I
5-10 55.0 (b)

5.9 50.0 24,200

5.11 45.0 115,800

5-12 40.0 464,800

5-13 35.0 949,200

5-14 30.0 2,062,800

5-15 25.0 9,979,100

(a) Did not fail.
(b) Failed on loading.
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TABLE XXI. AXIAL LOAD FATIGUE TEST RESULTS FOR NOTCHED
(Kt-3.O) 7475-T7351 ALLOY PLATE

Specimen maximum Lifetime,

Number Stress, ks. cycles

Room Temperature

5-48 35 11,000

5-49 30 37,500
5.50 25 94,140
5-51 20 171,040

5-54 15 518,400

5-53 12.5 12 , 78 6 , 0 0 0 (a)

5-52 10 10,191,000(a"

250 F

5-31 45 3,900

5-32 40 8,400
5-36 35 9,000

5-33 30 23,900

5-37 25 41,600

5-34 20 165,900

5-38 15 381,400

5-35 10 10,000,000(8)

350 F

5-39 45 2,000

5-40 40 3,200

5-41 35 9,300

5-42 30 23,200

5-43 25 13,400

5-45 25 33o100

5-44 20 157,800

5-46 15 394,800

5-47 10 0,000000(a)

(a) Did not fail.
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Longitudinal
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1~* 60-

50-

300

20-

0 0.002 0.004 0.006 0008 0.010 0.012
Strain, in./in. A-1593

FIGURE 22. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEM~PERATURE
FOR 7475-T7351 ALUMINUM ALLOY PLATE (LONGITUDINAL)
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30-
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FIGURE 23. TYPICAL TENSILE STRESS-~STRAIN CURVES Al* T~>E-1ETL.RE
FOR 7475-T7351 ALUMINUM ALLOY PIATE (TRANSVERSE)
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*25 F

10.

0I
0002 0.004 0.006 0.006 0010 Q012

Strain, In./in.

0 2 4 6 a 10 12
Tangent Modkilu 103 ScsiA-

FIGURE 24. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR 7475-T7351.
ALUMINUM ALLOY PLATE (LONGITUDINAL)

47

Downloaded from http://www.everyspec.com



Transverse

70- RT

60 2M F 250 IF

-i• •40-

30 --

20 IF 500 IF

10-

0tIo [ml,

0 0.002 0004 Q006 0008 0.010 0.012
Strain, In./in.

06 10 123ITangent Modulus, 10 ksl A-I59o

FIGURE 25. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR 7475-T7351
ALUMINUM ALLOY PLATE (TRANSVERSE)
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FIGURE 27. EFFECT OF TEMPERATURE ON THE COMILEPROESSIVES
PRPRISOF 7475-T7351 ALLOY PLATE
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2419-T851 Aluminum Plote

Material Description

Alloy 2419 is a recent development of the Aluminum Company of America. I
It is essentially a 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 temperatures'
from -452 F to about 600 F..

Composition limits for 2419 are as shown:

Chemical
Composition Percent

Silicon 0. 15 max
Iron 0.18 max
Copper 5.8-6.8
Manganese 0.20-0.40
Magneasium 0.02 max
Zinc 0.10 max
Titanium 0.02-0.10
Others each 0.05,

total 0.15
Aluminum Balance

The material used for this evaluation was a 2-inch-thick plate from
Alcoa lot number 270-841.

Processing and Heat Treatment

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

Test Restlts

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 at 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.
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Impct. Charpy V-notch test results for longitudinal and transverse
specimens are given in Table XXVI.

Fracture Touhness. Results of slow-bond type tests in both the longi-
tudinal (L-T) and transverse (T-L) directions are given in Table XXVII. Specimens
were 1.O0-inch thick by 2.00-inch wide with a span of 8 inches. The candidate •

values shown in Table XXVII are considered valid K values by existing ASTM
criteria. 

"•

Fatigue. Axial-load test results 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 (Kt = 3.0)
specimens. The data are presented as S-N curves in Figures 38 and 39.

Creep and Stress-Rupture. Test resultu 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-hour test duration.

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

Density. The density of this material is 0.102 lb/in.3 .
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i
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 Area, Modulus,
Number kai kui percent percent 10P ksi

Longitudinal at Room Tewopratrire

IL-I 66.6 52.2 11.0 24.0 10.0
1L-2 66.5 52.5 11.0 23.0 10.6
1L-3 511. 23.7 1

Average 66.7 52.4 11.0 23.6 10.4

Transverse at Room Temyerature

1T-1 66.5 51.4 10.0 14.6 11.5
1T-2 66.5 51.3 11.0 19.3 10.6
1T-3 1w 20.4

Average 66.4 51.2 10.7 18.1 10.8

Longitudinal at 250 F

IL-4 55.2 46.9 13.0 36.5 10.9
1L-5 55.7 46.7 14.0 36.1 9.7
1L-6 55.L2 468IL2 A.la 11j.L.

Average 55.4 46.8 15.0 37.9 10.5

Transverse at 250 F

1T-4 55.4 45.6 13.0 34.5 9.6
1T-5 54.8 45.9 13.5 34.1 9.6

*1T-6 54.6 19. 4L
Average 54.9 45.A 13.2 33.9 9.5

Longitudinal at 350 F

1L-7 45.6 41.4 14.5 49.7 9.3
IL-8 45.8 41.5 14.5 46.0 8.9S1L-9 4_.AL AL jj5 AU 2.1.-

Average 45.5 41.4 14.5 48.4 9.1

Transverse at 350 F

1T-7 44.5 40.0 16.0 46.4 9.8
1T-8 44.6 39.7 13.5 45.6 9.8
1T-9 46.7 A

Average 44.5 39.7 14.8 46.2 9.5

Longitudinal at 500 F

IL-10 23.0 21.4 12.0 60.4 8.5
IL-1i 20.6 20.0 12.0 45.3 6.1
1L-12 2_3j.0 2A 22I22.

Average 22.2 20.9 12.0 53.2 7.4

Transverse at 500 F

IT-10 22.4 20.7 17.0 47.8 9.3
iT-11 23.4 22.1 19.0 54.1 9.3
1T-12 23.5 22.2 jj--, 53.0 8j8

Average 23.1 21.7 18.0 51.6 9.1
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TABLE XXIVCOMPRESSION TEST RESULTS FOR 2419-T851
ALUMINUJM ALLOY PLATE

0.2 Percent Compressive
Specimen Offset Yield Modulus,

Number Strength, kai 10e kui

LijO cudinal at, Room Temperature

2L-1 53.5 10.5
2L-2 53.0 11.2
2L-3 53. 10.8

"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 47.7 10.4

Average 47.8 10.5

Transverse at 250 F

2T-4 47.0 10.2
2T-5 46.9 10.2
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

Lonaitudinal at 500 F

2L-10 25.3 8.8
2L-11 25.4 9.5
2L-12 25.8 9.5

Average 25.5 9.3

Transverse at 500 F

2T-10 25.4 8.9
2T-11 25.7 9.0
2T- 12 25.3 9.2

Average 25.5 9.0
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TABLE XXV. PIN SHEAR TEST RESULTS FOR 2419-T851
ALUMINUM ALLOY PLATE AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

Longitudinal

4L-1 38.54L-'2 40.5 •4L-3 38.9

4L-4 39.8
Average 39.4

Transverse

4T-I 39.34T-2 38.9
4T-3 39.6

4T-4 40.
Average 39.5

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

'• Specimen Energy,

Number ft / lb

Longitudinal

1OL-1 6.0
lOL-2 6.0
10L-3 5.0
IOL-4 6.0
IOL-5 5.0
IOL-5 5.0

Average 5.5

Transverse

lOT-I 4.0
lOT-2 5.0
IOT-3 4.0
1OT-4 4.0
IOT-5 5.0
lOT-6 4.0

Average 4.3

57 - -

44

Downloaded from http://www.everyspec.com



TABL1Z XXVII. RESULTS OF SLOW-BEND TYPE FRACTURE TOUGHNESS TESTS
FOR 2419-T851 ALLOY PIATE AT ROOM TEMPERATURE

Specimen W, a, B, P1 Span, (a)
Nimber inches inches inches i inches w i

Lonnitudinal (L-T)

* 6L-1 2.00 0.932 1.00 5,000 8.0 2.396 33.89
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-4 2.00 0.968 1.00 5,050 8.0 2.533 36.18
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 M5M

Averape 35.30

Tr6n2ver9e (T-L)

6T-1 2.00 0.972 1.00 4,200 8.0 2.549 30.20
6T-2 2.00 0.9"4 1.00 4,400 8.0 2."0 30.37

6T-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
6T-5 2.00 0.961 1.00 4,450 8.0 2.505 31.53
6T-6 2.00 0.974 1.00 3,900 8.0 2.556 njaI

Averag 30.20

(a) These candidate xq values are considered valid KIc values by existing ASTM
standards.
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TABLE XXVIII. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED 2419-T851 ALLOY PLATE
(TRANSVERSE, R - 0.1)

Specimen Maximum Lifetime,Number Stress, kai cycles

Room Temierature

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 1 4 , 1 28 , 8 0 0 (a)
5-5 30 10,000, 000(a)

250 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

5-55 50 100

5-57 50 150

5-56 40 120,200
5-58 35 186,200
5-59 30 2,365,400

5-60 27.5 5,921,900

5-61 25 1010001000ia)

(a) Did not fail.

59

Downloaded from http://www.everyspec.com



TABLE XXIX. AXIAL LOAD FATIGUE TEST RESULTS
FOR NOTCHED (K - 3.0) 2419-T851
ALLY PLATE (TkSVERSE, R 0.1)

Specimen Maximum Lifetime,
Number Stresa, kvi cycles

Room Temverature

5-31 45 3,600

5-32 40 8,600

5-33 35 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(a)

250 F

5-40 40 5,60Q

5-42 35 10,100
5- 39 30 15,800

5-43 25 25,300

5-41 20 63.700

5-44 15 3b3,400

5-45 12.5 914,100

5-46 10 10,102,000 (a)

5-41 35 10,500

5-48 30 24,200

5-49 25 23,000

5-50 20 69,400

5-51 15 402, (900

5-52 15 483,700

5-54 12.5 2,918,200

5-53 10 10,885.000

(a) Did not fail.
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FIGURE 32. TYPICAL TENSILE STRESS-SThAV4 CURVES AT TEMPERATVRE
FOR 2419-T851 ALUMINUM ALLOY PLATE (LONG;ITUDINAL)
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FIGURE 33. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR 2419-T851 ALUMINUM ALLOY PLATE• (TRANSVERSE)
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FIGURE 34. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR 2419-T851

ALUMINUM ALLOY PLATK, (LONG ITUI)INAL)
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F(IGURE 35. TYPICAL COMPRESSIVE STRESS-STATE AND TANGENT-

MODULUS CURVES AT TEMPERATURE FOR 2419-T851 4

ALUMINUM ALLOY PLATE (TRANSVERSE)
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FIGURE 37. EFFECT OF TEMPERATURE ON THE COMPRESSIVE
PROPERTIES OF 2419-T851 ALLOY PLATE
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Ti-6Al-2Zr-2Sn-2No-2Cr Alloy

Material Description j
This alpha-beta alloy, designed for deep hardenability, is a recent -

development of RPI Company. Preliminary information shows the material also to
have low density, high modulus, high toughness, and good producibility. Strength 'j retention to 800 F is good.

•i ~The material used for this evaluation was a 4-inch x 6-inch forgedbillet from RHI ingot number 890180 which had the following composition:

Element Percent

SAl 5.8
Sn 2.1
Zr 1.8
Mo 2.0
Cr 1.9
Si 0.21
Fe 0.06
C 0.02
V 0.02

OZ 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 billet 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

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.

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
XXXII. Typical stress-strain and tangent-modulus curves are shown in Figures 44
and 45. Effect-of-temperature curves are presented in Figure 47.
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MAai Finsher test resulIto far both the longitudinal and long trans-*.........vesedtcioiatto temprature, at. given in Table XXXIII.

SResults of Charpy V n4~tdh teots at room temperature in both i
the Iongiuia ln o~ rnvredrcin t iven to Table XXXIV.

`W4161~i. P~lt-0f s 164 -bitrd type tests :in both. the longi-
tudi~al (L4T) AO`10 rotram ro (T-L) 'deootions are given in Tablet XXXV. Even

thoag th cndiat KQva ,sdo not Meet the rfigorOUS, a, T, < 2.5 (Ko/T'iS) r

cri~teria they, 41e bOpe 2. t/TS hol ecoasideted good indicative

blm.Axial load fatigue tosts weirs conducted at room tempera ture,
.400 1, ýand -600 Vfor unnotohed andM notched -lon~g tranovorste specimens at -a atresa
ratio 'of I -a 0.-1. Results are given in Trables XXXVI and XXXVII. $-N curves
at* pressnted P1nligures -48 and -49.A

-reband -Stress' lasture. Toots were, conducted on long transverse
opecO~ms.o at 400 79 .600 F, and 800 7. tabular teot results are given in Table
XXXVII. Log-streus versus log-time curves are presdoted in Figure 50.

Stress Corrosigh. Specimens were tasted as described in the experi-
mental procedures section of this report. No fractutar or cracks occurred in
the 1000-hour test duration.

fliumInaniZ n The thermal expansion coefficient for this alloy
is 5.1 XIW liiT fiqTf fo; 70 to 800 F.

Density. The density value is 0.162 lb./in.3.
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TUiLS ZXI. 'TSRSILE TEST, NESULTS FOR 1PULrX ANNEALED
Ti-M1-296-2tr-2MP-Cr YORGE. &=Tl

S....U1Jltat~e , 0.2 P~rcot Elonigation -6duction Tensile

-..Specmen� enl*•. . Offset. YUld in 2 Inches, in Area, Moulus,

We mber Strength. %st Streaft•, ht percent percent IT k&L

W .3ttdinal t~.Teort
1 iL.i 12.*8 -.141.4 17.5 38.9 15.2

.L-2 -166.8 149.3 13.0 32.0 15.8

Average 158.4 143,9 15.3 36.0 15.6

SLoam Ta"mver.se .t 3o Tlitae ature
IT-1 14.2 -149.0 14.0 36.4 15.9
1T-2 163.8 148.6 14.5 37.7 15.9
IT-3 LQIk.A 3

J 3. L
Average -166.0 150.4 13.7 36.7 15.8

Log&L~tMdipAl At 400 F
1L-4 135.9 111.4 15.0 45.1 13.7
IL-S 131.8 107.9 18.01 51.8 15.9
IL-6 141.2 113.L7 1045.2L46

Average 136.3 111.0 16.3 47.2 14.7

LomTagaveyrse at 1400 F '
IT-4 133.7 110.7 16.0 45.2 13.7
IT-5 151.5 120.7 12.0 54.1 14.0

T1-6 U IQM. 14Z
Average 145.5 .117.4 14.0 48.1 13.9

Lonsitudinal at 600 F

IL-7 132.2 101.5 17.0 40.0 14.4
IL-S 138.4 101.5 16.0 34.9 14.5
1L-9 310 101 1 4_ 4

Average 137.3 102.5 15.3 36.0 14.5

Lona Transverse at 00F

1T-7 131.1 99.3 15.0 43.8 15.2
IT-8 131.9 100.5 17.0 44.8 14.6

Average 132.1 100.6 16.0 40.3 14.8

LonuitudinAl at 800 F

IL-10 132.3 96.9 18.0 50.3 13.6
IL-li' 142.1 103.4 16.5 52.0 14.4
IL-12 144.9 105.7 U-0 39.3 12.3

Average 139.8 102.0 16.5 47.2 13.4

Lona Transverse at 800 F

IT-10 130.1 96.7 18.0 47.6 13.4
IT-11 136.7 103.6 19.0 53.2 13.4
T-12 131.8 8.0 45.5 13.5

Averaie 132.9 98.8 18.3 48.8 13.4
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TABLE XXXI 1. COMPRESS1ION TEST RESULTLS FOR DUPLEX AINNEALED
Ti-6A1-2Un-Zr-2Mo-2Cr FORCED BILITT

0.2 Percent Compression
Specimen Offset Yield Modulus,

Number Strength, ksi 10o ksi

Lonaitudinal at Room Temqerature 4
2L-1 148.6 16,4
2L-2 151.5 16,21
2L-3 1821.

xLon Tragnverg at TAM1Mrsture .

S2T-1 155.7 16.5 ,
•:.,2T-2 157.7 '- 16.3 •

i Average 154t,. 6 16.1I_

wuiOn/tudinal at 400 F

2L-4 119.2 15.0
2L-5 119.0 14.3

2L-6 1103 14.8
Average 116.2 14.7

Lonp Transverse at 400 F

2T-4 129.1 15.2 4S2T-5 12113 15.5

Average 122.2 15.3 ,•

Lonaitudinel at 600 F

2L-7 108.4 14.4
2L-8 108.2 14.0
2L-9 102.7 14.0

Average 106.4

Lon& Transverse at 600 F

2T-7 111.9 14.8
2T-8 104.6 15.1
2T-9 105.9 14.4

Average 107.5 14.8

Lonmitudinal it 800 F

21-10 94.9 13.2
2L-11 101.0 13.6
2L-12 97.7 12?.8

Average 97.9 13. 2

Lon& Tronaverse at 800 F

2T -1 10.0 1 .b
21-I1 103.1 13,61W.5.

A[-12 102.5 13.4
Ave~raige 10.'.! 13 .4
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TABLEJXXXIII. PIN SHEAR TEST REMILTS FOR DUPLEX ANNAL TbA-2SE2Zr.?M -,E,
k'UWG1W BILLET AT WMLJ TENRATURE

;•... .. Spec inwak V L tiulALV iht• 4tA;

,, ,or : Strength. ksi

•i• : "- " ± t.udlnia 1

4L-1 1 J ,
4L-2 no,
4L-3 I Vk). 4
4L-4".

Average 102.8

.Loi 'iransve rse

.4T-1 1 o4.
4T-210.
4T-3 10/.4

4T -4 194 ~Average 10511

TABLE XXXIV. IMPACT TEST RESULTS FUR 1XIXP)I,X ANNEALED Ti-6A1-28n-2Zr-2?Mo-2Cr
FORGED BILLET AT ROOM TEMPERATURE

Spec imen Ene rg y,

Number f oo t -pollid

LUwI.&litudlnd 1

IOL-1 11.)
IOL-2 15.0
1OL-3 15.0
lOL.4 ISe. 5 '

1OL-5 14.5___

Ave t I. tg 14. .

long Irangverwe

IOT-1 1..
lOT-2 15
10T-3 ,

10T-4 I "
10T-5 hh, 1.
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T-717! 171

AA
fI

TARIXl XXXV. RESU;,T% OF SLOL-I~~Nts TYPF FRACTURE~ '~W~S 'S
FOR fl'LiLXANNEALVI TtI.Al..Sn-2Zr-?M&o.,N'r
FORCEDP HILLL~r

1;PVC mon %0 a TP Spatf, f
Nuabet inches Inches inches I be. inctle.v

6L..L 1.500 0.746 0. 751' 7,600 6.0I Z64 87.~4
61.-? 1.100 0-.783 0. 7 t 7,200 E.0 ?.86 8.
6L .3 1.500 0.723 0.7%0 7,950 f6.0 2.%2 87.1

614 1.5(10 0.763 0.7S0 7,350 6.0 2. 7 97.7

6T-1 1.500 0.770 0.7%0 7.,6;o 6.0 2 , 7A 92.7
Al -' 1, Sn fl.77 n, 7r(N 7,',50 2' .82 97. q
6T -3 1.5no !).770 0. 7%n (l. o 2., 9..

1A C ntld idltl 'K v~altes areiiv-Oitlv :11 K~ IC 'mi ii tj 8 %nce tiley do not *Itovt t ho 1K

r Iiv-rolq %t indatrd of i. T. e' 1. % ( I 'w V' r li- "'Wc'sd :1 2. 2 ( Q-):

oin,) 11 U101 01sh 't bkI -VJ li :' qi 001-d tT1IT *'j~ IV lv f1 (I.
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TABLE XMXVI. AXIAL LOAD FATIGUE: TEST RESULTS FOR LINNOTCHED
"DUPLFýX-ANNEALED Ti-6A1-2Sn-2Zr-2Mo-2Cr FORCE[)
BILLET (LONG TRANSV E, RE - 0.1)

Spec im n Max imum Lifot ime,
Number Stress. ksi cyclevs

"Room Temperatture

5.3 145 52,730/

5-4 135 37,730

S5.5 125 159.300

5-6 115 303,270
5-.2 '.J5 392.790

5-8 95 429,580

5-9 85 4,527,790

5-1 75 2,268,600

5-7 b5 10,003,500a

400 1-

S-10 145 5,4U"

5-11 135 12,900

5-13 125 15,800

5-14 115 47,900

5-15 105 212, 00

""5 1,277,700

5-12 95 io,13o,OO

600 F

5-24. 135,b

5-23 125 15,400

5-18 1v 14,700

5-l,4 ?0 18, k00

5-20 95 if,,,00

5.21 "k 1.,)I ,I no

5-22 4 ) I ,,t

,.-,I I i..4 '-t ,.Yi0

:t) i.i l.. m I I •.(i l
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TABLL XXXVII. AXIAL LOAD FATIGUE TEST RESULTS FOR NOTCHED 4

(Kt - 3.0) DUPLEX-ANNELED Ti-6AI-2Sn-2Zr-
2Mo-2Cr FORGED BILLET (WNG TRANSVERSE, R - 0.1)

Specimen Maximum Lifetime,

Number Stress, ksi cycles

Room Temperature

5-32 95 3,600

5-31 85 8,600

5-33 75 11,400

5-34 65 23,4G0
5-35 55 89,100

5-37 50 89,900

5-38 45 153,200

5-36 40 5,069,900

5-39 35 11,645,200(a)

400 F

5-40 85 3,700

5-41 75 6,850

5-42 65 14,700

5-43 55 33,300

[ 5-46 47.5 141,200

5-44 45 417,400

5-47 40 237,000

5-34 35 17,270,800

600 F

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 10,0849900 (a)

(a) Did not fail.
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ISO
580 LongitudinalI

120

20 400 F

1000 1
50-

40 4

0 0.002 0.004 0,006 0.C008 0A.0l0 0.012

Strain, In./inl A- 1629

FIGURE 42. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPMfATLJRE FOR
DUPLEX-ANNEALED Ti-6A-2Zr-2Sn-2Mo-2Cr FORGED BILLET
(LONGITUDINAL)
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S60 Transverse

140 -

120 -

U6000

60--

40-

20"

0 0.002 0.004 0.006 0.008 0.010 0.012

Strain, in./in. A-1630

FIGM','i 43. TYPTCAL TENSILE STRESS-S'TRALIN CURVES Al' 'IE'MPERATURE FOR
DUPLEX-ANNEALED TI-6AI-2Zr-2Sn-2Mo-2Cr FORGED BII,I1,L'

(LONG TRANSVERSE)
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160
RT Longitudinal

S~140 -

• \00 F 400
120

00 F 6

80810
41-

60-

0 0.002 0.004 0.006 0.008 0.10 0.012

Strain, in./in.
I .. I I I I

0 3 6 9 12 15 18

Tangent Modulus, 103 ksi A-1631

FIGURE 44. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-MODULUS
CURVES AT TEMPERATURE FOR DUPLEX-ANNEALED Ti-6AI-2Zr-

2Snt-2Mo-2Cr FORCED BILLET (LONGITUDINAL)
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-. .- - -

l60___

140-

120 -

800 F" " 10o" 00
100-

S8o-

60-

40-

0 0.002 0.004 0.006 0.008 0.010 0.012
Strain, in./in.

I I I I - I - i I '
0 3 6 9 12 15 18

Tonqent Modulus, IO ksi A-16O2

FIGURE 45. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-MODULUS
CURVES AT TEMPERATURE FOR DUPLEX-ANNEALED Ti-bAl-2Zr-
2Sn-2Mo-2Cr FORGED BILLET (LONG TRANSVERSE)
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120 , •-.'", . .. .. _" .flrI

-O TUS.. T) •.. .-- -- -. ....

ISI
( O _____TU_ (T_-,)

10 LUJ 40 6080I0

Temperature,F

FIGURE 46. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES

L? 140

OF DUPLEX( ANNEAL•,) TI-6A1-2Zr-2Sn-2Mo-2Cr
FORGED BILLET

0 200 (L)

soo

120 c14

L 0 O0cEL(L)

0200 400 600 800 1000

Temperature, F A-1

FIGURE 47. EFFECT OF TEMPERATURE ON THE COMPRESSIVE
PROPERTIES OF DUPLEX ANNEALED Ti-6AI-2Zr-
2Sn-2Mo-2Cr FORGED BILLET
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ISO
Linnotched

lea ~ Transversej
R:OT

140L 10Freq.=20 Hz

120-

E 0

a0

0ORT
60 & 400F-

0 600 F
4C

103 10 105 0 0

Lifetime, cycles

FIGURE 48. AXIAL LOAD FATIGUE BEHAVIOR OF UNNOTCHED DUPLEX
ANNEALED T1-6A1_2Zr-2Sn-2Mo-2Cr FORGED BILLET

120 - - --

Notched
Transverse

Kt=3.O
800 Freq,=20 H

E 604
E

o 3  600 Fo

Lifetime, cycles A-IWO0

FIGURE 49. AXIAL LOAD FATIGUE BEHAVIOR OF NOTCHED (Kt 3.0)
DUPLEX ANNEALED Ti_6A1-2Zr-2Sn-2Mo-2Cr FORGED !1ILLETr
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Ti-6A1-?Cb-lTa-lMo Alloy Plate

Material Dscription

6Al-2Cb-lTa-lMo titanium alloy is a modification by RMI Company of
the Ti-7Al-2Cb-lTa composition. The modification was developed specifically
for saltwater stress-corrosion resistance. The alloy is of medium strength and
is 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 toughntess.

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

The material evaluated was a 1½-inch-thick plate from PMI 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 .77
Oxygen .08
Titanium Balance.

Processing and Heat TreatinA

The material was evaluated in the as-received beta-processed and
annealed (1825 F, 1 hour, air cooled) condition. The specimen layout 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 Tab•i. 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 in 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.

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

Fatigue. Results of fatigue tests for unnotchled and notched Lrans-
"verse specimens at room teniperature, 400 F, and 600 F arc given in Tables
XLIV and XLV. S-N curved 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 Corrosion. Specimens were tested as described in the experi-
mental procedures section of this report. No failures or cracks occurred
during the test duratihrn.

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

Density. The density of this material is 0.162 lb./in. 3 .

I
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TABLE XXXIX. TENSILE TEST RESULTS FOR ANNEALED

Ti-6A1-2Cb-lTa-1Mo ALLOY PLATE

Ultimate 0.2 Percent Elongation Reduction Tensile
Specimen Tensile Offset Yield in Two Inches, irn Area, Modulus,

Number Strength. ksi Strength, ksi Percent Percent 103 ksi

Longitudinal at Room Temperature

IL-I 116.5 103.1 19.0 33.7 16.9
1L-2 117.7 101.1 18.0 35.3 17.1
1L-3 118.5 102.0 18.0 32.4 16.9

Average 117.6 102.1 18.3 33.8 17.0

Transverse at Room Temperature

IT-I 119.6 103.5 18.0 32.9 17.3
IT-2 119.7 104.5 17.0 32.4 17.0
1T-3 118.6 103.2 17.0 33.4 16.8

Average 119.3 103.7 07.3 32.9 17.0

Longitudinal at 400 F

1L-4 88.1 64.1 18.0 43.4 16.0
IL-5 87.5 63.8 19.0 40.8 16.0
UL-6 87.9 65.7 18.0 43.7 16.1

Average 87.8 64.5 18.3 42.6 16.0

Transverse at 400 4

1T-4 89.3 66.6 17.0 42.1 17.3IT-5 89.6 66.0 17.0 42.0 17.5d

..T-6 88.1 64.9 ".043.7 17.3
Average 89.0 65.8 17.3 42.6 17.4

Longitudinal at 600 F

IL-7 79.7 58.7 20.0 52.3 14.6
IL-8 80.2 57.2 19.0 52.6 13.6
1L-9 80.7 58.1 20.0 50.3 13.9

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
IT-8 81.0 56.2 18.0 47.1 14.5
IT-9 80.5 57.1 8.00 47.1. 15.3

Average 80.5 56.1 18.0 47.2 14.8

Longitudinal at 800 F

IL-1O 74.4 52.8 20.0 48.8 12.6
IL-li 73.6 53.8 20.0 51.2 12.6
7.L-12 74.0 50.7 19.0 50.9 13.1

Average 74.0 52.4 19.7 50.3 12.8

Transverse at 800 F

IT-1O 74.9 55.8 17.0 49.7 14.0
IT-Il 75.8 55.3 18.0 48.4 15.8
IT-12 74.9 55.0 17.0 48.8 13.5

Average 75.2 55.4 17.3 49.0 14.4
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TABLE XL. COMPRESSION TEST RESULTS FOR ANNEALED
Ti-6A1-2Cb-ITa-lMo ALLOY PLATE

0.2 Percent Compression
Specimen Offset Yield Modulus,
_Ngber Strength, ksi 103 kgi

Longitudinal at Room Temperature

2L-1 107.8 18.0
2L-2 108.1 17.6
2L-3 1 08.9 17.1

Average 108.3 17.6

Transverse at Room Temperature

2T-1 112.4 17.3
2T-2 112.0 17.1
2T-3 18.11.1.0

Ave rage 111.9 17.5

Longtitudinal 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

Transverse at 400 F

2T-4 76.8 16.1
2T-5 77.6 15.72T-6 77.9 •

Average 77.4 15.6

Lonaitudinal. at 600 F

2L-7 60.8 15.3
2L-8 61.1 14.8
2L-9 60.5 14.8

Average 60.8 15.0

Transverse at 600 F

2T-7 63.2 15.0
2T-8 63.7 15.3
2T-9 62.7 14.I

Average 63.2 14.9

Longitudinal at 800 F

2L-10 55.2 13.6
2L-11 54.6 13.6
2L-12 l5d 13.8

Average 55.2 13.7

Transverse at 800 F

2T-10 58.5 14.0
2T-11 58.0 14.1
2T-12 58.3 13.6

Average 58.3 13.9
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TABLE XLI. PIN SHEAR TEST RESULTS FOR ANNEALED
Ti-6A1-2Cb-ITa-lMo ALLOY PLATE AT
ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strenath. ksi

Longitudinal

S4L-1 83.4
4L-2 85.0
4L-3 82.5
4L-4 83.9

Average 83.7

I' Transverse
4T-1 84.2
4T-2 82.5
4T-3 84.4
S4T-4

Average 83.8

TABLE XLII. IMPACT TEST RESULTS FOR ANNEALED
Ti-6A1-2Cb-lTa-lMo ALLOY PLATE
AT ROOM TEMPERATURE

Spec linen Energy,
Number ft-lbs

Lonp-itud inal

1OL-1 40
1OL-2 38
1OL-3 37
1OL-4 40
lOL-5 37
1OL-6 39

Average 38.5

Transverse

1OT-1 33
10T-2 33
1OT-3 33
1OT-4 35
IOT-5 33
1OT-6 36

Average 33.8
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TABLE XLIII. RESULTS OF SLOW-BEND TYPE FRACTURE TOUGHNESS TESTS
FOR ANNEALED Ti-6A-2Cb--lMo ALLOY PLATE

Number inches inches inches inches lbs' lbs f (b)
Spcmn U , a pn P, ~x' £(, () Rsb

SLongitudinal (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-L)

6T-1 2.00 1.00 0.988 8.0 13,000 1,250 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.O04 8.0 12,750 16,000 2.682 96.7 1.88

6T-4 2.00 1.00 0.988 8.0 11,750 14,7'0 2.614 86.9 1.68

(a) Candidate KQ values are invalid as K., values since they do not meet the standard

of a, t, .2.5 (KQ/TYS): or the ratio of P11X/PQ 1.10 or le;s.

(b) R is a function of the maxim•um load that the speciwmen can sustain, its dimensions,
aný the yield strength of the material. As explained in ASTM 11399-72, it is a use-
ful comparative measure ol toughness of materials where size may be less than suf-
ficient for valid K1  determination.
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TABLE XLIV. AXIAL LOAD FATIGUE TEST RESULTS FOR UNNOTCHED
ANNEALED Ti-6A1-2Cb-ITa-lMo ALLOY PLATE

2 (Transverse, R - 0.1)

Specimen Maximum 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(a)

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, 9 34,000(a)

600 F

5-12 80 140
5-14 75 214,600
5--43 7n 241,700
5-16 65 1,235,800
5-17 60 2,658,100
5-18 55 9,435,800

(a) Did not fail.
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TABLE XLV. AXIAL LOAD FATIGUE TEST RESULTS FOR NOTCHED
(Kt - 3.0) ANNEALED Ti-6A1-2Cb-lTa-lHo
ALLOY PLATE (Transverse, R U 0.1)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-31 85 4,100
5-32 75 7,200
5-33 65 18,300
5-34 60 27,700
5-35 55 60,000
5-36 45 99,600
5-37 35 3,715,300
5-38 30 5,065,600
5-44 25 1 0 , 0 0 0 , 0 00 (a)

400AF

5-39 75 4,100
5-40 65 7,900
5-41 55 15,300
5-42 45 76,500
5-43 35 709,900
5-45 25 15,211,700(a)

600 F

5-46 75 3,000
5-47 65 5,100
5-48 55 12,500
5-49 45 41,700
5-50 35 463,400
5-51 25 11,537,700(a)

(a) Did not fail.
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FIGURE 52. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPER-
ATURE FOR ANNEALED Ti-6A1-2Cb-lTa-lMo ALLOY
PLATE (Longitudinal)
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FIGURE 53. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE FOR
ANNEALED Ti-6Al-2Cb-lTa-lMo ALLOY PLATE (Transverse)

97

Downloaded from http://www.everyspec.com



Longitudinal

140-

120 R

goo-

Bo- OF

60- 0

40-

II
0I

0 0,002 0.004 0.006 0.008 0.010 0,012
Strain, in./in.

0 3 6 9 12 15 18
Tangent Modulus, lOG psi A- 1557

FIGURE 54. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-MOUDLUS
CURVES AT TEMPERATURE FOR ANNEALED Ti-6A1-2Cb-lTa-lMo

ALLOY PLATE (Longit~udinal)
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FIGURE 55. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-MODULUS
CURVES AT TEMPERATURE FOR ANNEALED Ti-6A1-2Cb-1Ta-lMo
ALLOY PLATE (TRANSVERSE)
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FIGURE 56. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF ANNEALED TL-6A1-2Cb-lTa-lMo ALLOY PLATE
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FIGURE 57. EFFECT OF TEMPERATURE ON THE COMPRESSIVE PROPERTIES
OF ANNkALED Ti.6A1-2Cb-lTa-lMo ALLOY PLATE
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Ti-6AI-4V Alloy Plate

Material Description

Ti-6A1-4V is one of the most used titanium alloys and thus needs not 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
specification.

Processing and Heat Treatin-

The specimen layout is shown in Figure 61. The material was tested

in the as-received, beta-annealed condition.

Test Results

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
XLVII. Typical stress-strain curves at temperature are shown in Figures 62 and
63. Effect-of-temperature curves are presented in Figure 66.

Compression. Results of tests in both the longitudinal and tLansverse
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
shown 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-
inents of ASTM E399 could not be met; h-wever, Rsc values were calculated from
the test results and are presented in Table LI.

Fatigue. Test results for transverse specimens in both the unnotched
and notched conditions at room temperature, 400 Y, 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 specimens I
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 Exuansion. The coefficient of thermal expansion for this
alloy is 5.0 x 101 in./in./F for 70 F to 1200 F.

Density. The density for this material is 0.160 lb./in 3 .

I
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TABLE XLVII. TENSILE TEST RESULTS FOR BETA-
ANNEALED Ti-6Al-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' ksl

Longitudinal at Room Temperature

IL-I 138.0 130.7 12.0 14.6 17.6
IL-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

iT-1 136.5 126.8 12.0 27.3 16.8
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

Traosverse at 400 F

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
IL-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

IT-7 92.8 71.2 15.0 35.8 15.3
1T-8 92.2 70.7 14.0 34.4 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

1L-1O 83.1 66.0 24.0 48.2 13.4
IL-1I 82.3 64.6 18.0 47.0 13.2
1L-12 83.7 65.9 20.0 51.1 13.0

Average 83.0 65.5 20.7 48.8 13.2

Transverse at 800 F

IT-10 82.4 64.4 18.0 45.5 14.7
IT-I1 82.6 63.7 18.0 43.6 14.1
1T-12 82.5 64.2 19.0 45.8 13.0

Average 82.5 64. 18.3 45.0 13.9
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TABLE XLVIII. COMPRESSION TEST RESULTS FOR BETA-S~ ANNEALED Ti-6A1-4V ALLOY PLATE

0.2 Percent Compressive
Specimen Offset Yield Modulus,

Number Strength, ksi 10 kal

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
S~Transverse *t 400 F

2T-4 92.3 16.1
2T-5 90.7 15.0

S~2 T- 6 9 1.._3 1 5.2 -.
Average 91.4 15.4

Longitudinal at 600 F
S2L-7 73.3 14.7

2L-8 72.9 14.5
2L-9 74.4 15.1

Average 73.5 14.8

Transverse at 600 F

2T-7 76.7 14.7
2T-8 76.2 15.7

2T-9 76.9 15.0
Average 76.6 15.1

Longitudinal at 800 F '

2L-10 67.8 14.0

2L-11 68.6 13.6
2L-12 68.___4 14 .__3

Average 68.3 14.0

Transverse at 800 F
2T- 10 70.6 13.9

2T-11 69.6 14.2
2T-12 69.4 13.8

Average 69.9 14.0
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TAV.LE XLVIX. PIN SHEAR TEST RESULTS FOR
BETA-ANNEALED Ti-6AI-4V ALLOY
PLATE AT ROOM TEMPERATURE

Specimen Ultimate Shear

Number Strength, ksi

Longitudinal
4L-1 89.4
4L-2 89.0
4L-3 92.3
4L-4 91 .7-_

Average 90.6

Transverse

4T-1 89.4
4T-2 91.0
4T-3 89.6

4T-4 89.4
Average 89.9

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

Spscimen Energy,
Number ft./lbs.

Longitudinal

IOL-2 23.0

IOL-3 24.0
1OL-4 24.0
IOL-5 23.0
1OL-6 24.0

Average 23.6

Transverse

IOT-1 21.0
1OT-2 24.0
1OT-3 24.0
lOT-4 24.0
IOT-5 23.0
lOT-6 23.0

Average 23.2
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TABLE LI. RESULTS OF COMPACT TENSION TYPE FRACTURE TOUGHNESS
TESTS ON BETA-ANNEALED Ti-6A1-4V ALLOY PLATE

Number inches inches inches s. Q (a)

Longitudinal (L-T)

6L-l 3.0 0.561 1.62 10,375 11,000 10.842 115.7 1.235
6L-2 3.0 0.560 1.62 10,600 11,500 10.842 118.5 1.294
6L-3 3.0 0.560 1.62 10,650 11,550 10.842 119.1 1.299
6L-4 3.0 0.560 1.60 10,600 11,750 10.607 115.9 1.281
6L-5 3.0 0.561 1.70 9,750 10,250 11.929 119.7 1.317
6L-6 3.0 0.560 1.66 10,250 10,450 11.342 119.9 1.254

Transverse (T-•)

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
6T-3 3.0 0.560 1.60 10,750 11,325 10.607 117.6 1.235
6T-4 3.0 0.561 1.60 10,875 11,300 10.607 118.7 1.230

S6T-5 3.0 0.561 1.62 10,625 11,025 10.842 118.5 1.238
66T-6 3.0 0.560 1.64 10,625 11,250 11.049 121.0 1.30

(a) Candidate K values are invalid as Kic values. Tests do meet the Pa /P
requirement but do not meet the size requirement.

(b) Rsc is a function of the maximum load that the specimen can sustain, its

dimensions, and the yield strength of the material. As explained in ASTM

E399-72, it is a useful comparative measure of toughness of materials where
size may be less than sufficient for valid Kic determination.
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TABLE LII. AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED BETA ANNEALED Ti-6AI-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 1 0, 8 14 , 9 0 0 (a)

400 F

5-8 110 15

5-22 100 11,400

5-9 90 32,700

5-11 85 57,000

5-10 80 2,699,800

5-23 80 6,519,100

5-12 75 5 3 0 , 6 0 0 (b)

5-14 70 LI.792,700(8)

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 , 2 3 5 , 8 0 0 (b)

5-20 70 1 , 2 6 1 , 9 0 0 (b)

5-21 70 10,328,700

(a) Did not fail.

(b) Failed at thermocouple weld.

110

Downloaded from http://www.everyspec.com



TABLE LIII. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (Kt - 3.0) BETA ANNEALED Ti-6Al-
4V PLATE (TRANSVERSE, R 0.1)

Specimen Maximum Lifetime,
Number Stress, ksl cycles

Room Temperature

5-31 120 1,600

5-32 110 1,900

5-33 100 2,900

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

5-39 30 16,935,000(a)

400 F

5-42 60 15,400

5-45 55 19,100
5-41 50 34,900

5-43 45 258,400
5-40 40 280,100

5-44 35 11, 161,100 (a)

600 F

5-46 60 9,600

5-48 55 12,900

5-47 50 31,100

5-50 45 388,000

5-49 40 6,739,500

5-51 37.5 3,488,800

5-52 35 10 , 0 64 , 70 0 (a)

(a) Did not fail.
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FIGURE 62. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE FOR
BETA-AINNEALED Ti.-WA-4V ALLOY PLATE (LONGITUDINAL)
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FIGURE 63. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE
FOR BETA-ANNEALED Ti-6A1-4V ALLOY PLATE (TRANSVERSE)
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FIGURE 64. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR BETA-ANNEALED
Ti-6AW-4V ALLOY PLATE (LONGITUDINAL)
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FIGURE 65. TYPICAL COMPRESSIVE STRESS-SrRAIN AND TANGENT-

MODULUS CURVES AT TEMPERATURE FOR BFI'A-ANNEAfED
Ti-6AI-4V ALLOY PLATE (TRANSVERSE)
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Ti-6A1-4V Alloy Castings

Material Description

Ti-6A1-4V castings have been uitilized 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 6k inches and tapering from about 1 inch to ½ inch.
The material was from TiTech International casting heat number 6-4 2119 and
had the following composition4

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 Talile 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.
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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 I
in Table LVIII.

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. KQ
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 remults are given in Table LXI. Log-stress versus log-
time curves are presented in Figure 77.

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

Thermal Expansion and Density. Values for these properties are thet , same as for wrought Ti-6AI-4V.

Specimen Orientation

Cast Wedge
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TABLE LV. TENSILE TEST RESULTS FOR ANNEALED Ti-6AI-4V CASTINGS

Ultimate 0.2 Percent Elongation Reduction Tensile
Specimen Tensile Strength, Offset Yield in 1-inch, in Area, Ho~ulus,

Number kai Strength, ksi percent percent 10 ksi

Room Temperature

1L-i 136.9 130.0 6.5 10.1 17.4
1L-2 137.9 130.1 6.5 13.5 17.6
IL-3 138.5 131.0 6.A 9.9 16.5

Average 137.8 130.4 6.5 11.2 17.2

400 F

IL-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

1L-7 83.5 68.9 11.5 25.5 16.2
1L-8 83.9 69.9 10.5 22.0 14.8
1L-9 86.9 70.6 14.0 25.4 14.7

Average 84.8 69.8 12.0 24.3 15.2

800 F

IL-10 75.6 62.7 10.5 27.4 14.9
IL-1i 78.5 63.9 13.0 30.4 16.1
IL-12 78.4 64.9 12.5 27.3 14.4

Average 77.5 63.8 12.0 28.4 15.1
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it
TABLE LVI. COMPRESSION TEST RESULTS FOR

ANNEALED Ti-6A1-4V CASTINGS

S0.2 Percent Compression
Specimen Offset Yield Modulus,

Number Strength, ksi V0? ks"

Room Temperature

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

2L-4 90.9 16.1
2L-5 93.3 15.7
2L-6 94.6 15.0

Average 92.9 15.6

600 F

2L-7 73.7 14.1
2L-8 74.4 15.3
2L-9 75.7 15.3

Average 74.6 14.9

800 F

2L-10 65.8 13.5
2L-l1 69.8 12.7
2L-12 66.9 14.3

Average 67.5 13.5
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TABLE LVII. PIN SHEAR TEST RESULTS FOR
ANNEALED Ti-6AI-4V CASTINGS

| AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

4L-1 92.7
4L-2 94.7
4L-3 92.3
4L-4 91.5

Average 92.8

IABLE [,VI ] L IMPACr' TEST RESULTS FOR
ANNEALED Ti-6AI-4V
CASTING AT ROOM TM'IEIRATUIU'

Spe• imeI Lne rgy,
Number ft/lb

1OL-1 16.5

10L-2 15.0
1OL-3 15.0
10L-4 16.0

1OL-5 18.5
1OL-6 16.0

Average 16.2
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TABLE LIX. AXIAL LOAD FATIGUE TEST RESULTS
FOR UNNOTCHED ANNEALED Ti-6A1-4V

CASTINGS (R 0.1)

Specimen Maximum Lifetime,

Number Stress, ksi cycles

Room Temperature

5-1 100 54,200

5-2 80 70,800

5-3 70 102,700

5-4 60 209,000

5-5 55 22,800

5-6 50 2,276,500
5-7 47.5 471,500

5-8 42.5 10,061,700(a)

5-12 90 5,200
5-11 80 35,200
5-9 70 462,200
5-20 60 297,200
5-13 50 114,600
5-14 45 989,300

i:5-15 42.5 1,603,200

( i5-16 40 8,332,800

SO600 F

_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
5 -24 40 4,443,100. (a

5-25 35 10,263,900

(a) Did not fail.
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TABLE LX. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (Kt - 3.0) ANNEALED TI-6AI-4V
CASTINGS (R - 0.1)

Specimen Maximum Lifetime,
Number Stress, kai cycles

5..1.Room-Temperature

5-31 80 10,100
5-32 70 17,700
5-33 60 85,500
5-34 50 256,500
5-35 45 1,307,700
5-36 42.5 439,000
5-37 40 10,068,000(a)

400 F

5-41 70 7,800
5-38 60 20,100
5-39 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 V,261,000
5-55 30 3,765,700

600 F

5-51 70 5,500
5-40 60 11,800
5-47 50 42,600
5-49 40 234,000
5-50 35 8,419,300

5-52 35 250,700
5-53 30 2,009,000 .
5-54 25 14,433,000•a

(a) Did not fail.

I
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Ti-6A1-4V Isothermal Forging

Haterial Description

Application of the isothermal forging concept to titanium alloys
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 AFHL-TR-74-123 from which
additioal 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 forging in the transverse direction. Speci-
mens were tested in the as-received (annealed) condition,

* Test Results __

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 showa 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 in Table LXIII. 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 LXIV.

IMpact. Charpy V-notch test results at room temperaLure are given
in Table LXV.

Fracture 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 Kic - 59 kst fin.
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Fatigue. Axial, load fatigue test results for unnotched and notched
transverse specimens at room temperature, 400 F, and 600 F are given in Tables
LXVI and LXVII. S-N curves are shown in Figures 82 and 83. 4

"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 TableLXVIII, Log-stress versur log-time curves are presented in Figure 84.

Stress Corrosion. Tests were conducted as 4escribed in the experi-
mental procedure section of this report. No failures or cracks occurred in
the test duration.

Thermal Kxpautsion and Density. These values are the same as for

wrought Ti-6A -4V.

Sketch of Fo"Ing

I
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S! TABLE LXII. TENSILE TEST RESULTS FOR Ti-6A1-4V
* iISOTHERMAL FORGINGS (TRANSVERSE)

Ultimate 0.2 Percent Elongation Reduction Tensile
Specimen Tensile Offset Yield in 1 Inch, in Area, Modulus,

Number Strength, ksi Strength, ksi percent percent lO&psi

Room Temperature

IT-l 142.5 134.1 17.0 46.6 16.2
IT-2 144.0 138.0 17.045.3 16.6
1T-3 145.2 13L.8 17.0 45.2 16.4

Average I09 136.3 17.0-4-' . 16.4

400 F

IT-4 110.7 102.1 17.5 47.8 15.1
IT-5 111.3 104.6 18.0 50.0 15.9
1T-6 109.6 100.0 17.0 45.3 14.7

Average 1 5 102.2 15.2

600 F

1T-7 98.7 92.7 18.5 55.8 1.4.7
1T-8 100.1 92.7 18.0 54.8 14.9
IT-9 101.6 94.7 19.0 51.7 13.9

Average 99.8 93.4 18.5 5471 14.5

1T-10 87.0 75.6 20.5 A4.8 12.5
1T-11 85.7 79.1 21.0 62.1 13.2
T-12 89.__ 80.3 23.0 60.0 13.0

Average 87.4 78.3 '1.5 62.3 12.9
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TABLE LXIII. COMPRESSION TEST RESULTS FOR Ti-6A1-4V
SISOTHERMAL FORGINGS (TRANSVERSE)

0.2 Percent Compression .
Specimen Offset Yield Modulus,

Number Strength, ksi 103 ksu

Room Temperature

2T-1 136.2 16.5

2T-2 135.7 16.9
"2T-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

2T-7 94.5 13.9

2T-8 93.2 14.2
2T-9 92.0 13.7

Average 93.2 13.9

800 F

2T-10 81.9 13.2 1
2T-11 79.6 12.6
2T-12 77.4 13.0

Average 79.6 12.9

1
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TABLE LXIV. TRANSVERSE SHEAR TEST RESULTS FOR Ti-6A1-4V

ISOTHERMAL FORGINGS AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

4-1 99.4
4-2 98.3
4-3 97.3

Average 97.2

TABLE LXV. CtIARPY V-NOTCH TEST RESULTS FOR
Ti-6A1-4V ISOTHERMAL FORGINGS
(TRANSVERSE)

Specimen Energy,
Number ft./lb.

1OT-1 16.5
1OT-2 17.5
10T-3 16.5
1OT-4 17.0

Average 16.9
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TABLE LXVI. AXIAL LOAD FATIGUE TEST RESULTS FOR UNNOTCHEDI
Ti-6A1-4V ISOTHERMAL FORGINGS (TRANSVERSE, R-O.1)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-1 130 48,640

5-2 120 539,620

5-3 110 746,390

5-4 110 895,770

5-5 100 1,329,130

5-6 95 1,133,900

5-7 90 1,624,500

5-8 80 3,368,800

5-9 70 10, 0 9 9 , 2 5 0(a)

400 F

5-11 110 16,180

5-12 105 26,260

5-20 100 605,000

5-13 95 1,609,000

5-21 90 32 5 , 8 00 (b)

5-19 90 1,765,000

5-14 90 2,530,760

5-22 80 597,200(b)

5-10 80 10,100,000

600 F

5-15 90 50,100(b)

5-18 90 184,140

5-22 85 316,400

5-17 80 5,119,160

5-23 75 5,620,200

5-16 70 10,124,000

(a) Did not fail.

(b) Failed in grip.
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TABLE LXVII. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (Kt - 3.0) Ti-6A1-4V ISOTHERMAL
FORGINGS (TRANSVERSE, R - 0.1)

Specimen t Maximum Lifetime,

Number Stress, ksi cycles

P 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(a)

400 F
5-38 60 15,800
5-44 55 38,000
5-41 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(a

600 F

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

5-49 35 1 1 , 3 5 3 , 00 0(a)

(a) Did not fail.
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FIGURE 78. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE FOR

Ti-6A1-4V ISOTHERMAL FORGINGS (TRANSVERSE)
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Incoloy 903 Alloy Sheet

Material Description

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

The material used for this evaluation was a 0.063-inch-thick sheet
from Huntington Alloys Heat Number HH25A9UK with the following composition:

Chemical Composition Percent

Carbon 0.03
Manganese 0.16
Iron 40.92
Sulfur 0.004
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 transverse specimens at
room temperature, 800 F, 1000 F, and 1200 F are given in Table LXIX. Typical
stress-strain curves at temperature are shown in Figures 86 and 87. Effect-
of-temperature curves arc 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
IXX. Typical stress-strain and tangent-modulus curves are shown in Figures
88 and 89. Effect-of-temperature curves are presented in Figure 91.
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Shear. Test results for sheet-shear type specimens at room 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 specd-
mans 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.

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 failures or cracks occurred when specimens

were tested as described in the experimental procedures section 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 lb/in..
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TABLE LXIX. TENSILE TEST RESULTS FOR HEAT-
TREATED INCOLOY 903 SHEET

0.2 Percent Elongation Tensile
Specimen Ultimate Tensile Offset Yield in 2 Inches, Modulus,

Number Strength, ksi Strength, ksi percent 103 ksi

Longitudinal at Room Temperature

1L-I 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

Transverse at 800 F

IT-4 170.0 142.0 16.5 22.2
IT-5 168.4 145.6 15.5 23.0

1T-6 171.9 140.2 15.5 21.4
Average 170.1 142.6 15.8 22.2

SLongitudinal at 1000 F

1L-7 167.2 138.5 16.5 22.1
IL-8 168.0 134.6 17.0 24.2
1 L-9 164.6 131.4 18.0 21.4

SAverage 166.6 134.8 17.2 22.2

Transveree at 1000 F

IT-7 164.6 137.2 16.5 22.1
IT-8 160.8 134.6 13.5 23.2
1T-9 165.2 135.6 14.0 21.7

Average 163.5 135.6 14.7 22.3

Longitudinal at 1200 F

IL-10 132.0 116.0 18.0 21.4
IL-Il 131.6 118.5 14.5 22.1
1L-12 128.2 115.6 17.0 20.7

Average 130.6 116.7 16.5 21.4

Transverse at 1200 F

IT-10 131.9 120.3 17.5 20.1
IT-1I 129.6 121.3 17.0 22.6
1T-12 133.4 119.7 17.5 20.7

Average 131.6 120.4 17.3 21.1
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TABLE LXX. COMPRESSION TEST RESULTS FOR HEAT-
TREATED INCOLOY 903 SHEET

0.2 Percent Compression
Specimen Offset Yield Modulus,
Number Strength, ksi 103 ksi

Longitudinal at Room Temperature

2L-1 168.7 24.5
2L-2 168.0 25.2
2L-3 164.2 26.0

Average 167.0 25.2

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-4 152.6 22.4
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
2T-5 159.0 22.2
2T-6 163.7 23.8

Average 160.9 23.7

Longitudinal at 1000 F

2L-7 138.7 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._

Average 145.6 23.2

Longitudinal at 1200 F

2L-10 122.7 21.1
2L-11 125.0 22.1
2L-12 119.7 20.9

Average 122.5 21.4

Transverse at 1200 F

2T-10 130.2 23.1
2T-11 124.8 22.0
2T-12 120.4 21.5

Average 125.1 22.2

150

Downloaded from http://www.everyspec.com



TABLE LXXI. SHEAR TEST RESULTS FOR HEAT-TREATED
INCOLOY 903 SHEET AT ROOM TEMPERATURE

Specimen Ultimate Shear
Number Strength, ksi

Longitudinal

4L-1 124.4
4L-2 119.6
4L-3 127.8

Average 123.9
Transverse

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

Specimen Thickness, Width, Stress, Precrack, Ka Stress,
Number B, inch w, inch ksi inches ksi - t. ksi

6-1 .0635 18.0 100.6 3.70 243 126.6

6-2 .0635 18.0 100.8 3.64 241 126.4

6-3 .0635 18.0 102.1 3.63 244 127.5

6-4 .0635 18.0 104.6 3.64 250 131.1
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TABLE LXXIII. AXIAL-LOAD FATIGUE TEST RESULTS
FOR UNNOTCHED HEAT-TREATED INCOLOY

903 SHEET (TRANSVERSE, R - 0.1)

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature -,

5-1 160 100

5-2 150 3,000

5-3 140 12,800

5-4 130 92,100

5-5 120 198,200

"5-6 110 462,100

5-7 100 528,790

5-8 90 4,683,200
5-9 80 10,000,000(a)

800 F
P, 5-10 140 1,230

5-11 130 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(a)

1000 F

5-21 130 14,100 I
5-22 120 15,200

5-23 110 84,900 j

5-24 100 57,900

5-25 90 101,400

5-26 80 987,100

5-27 70 8,200,700

5-28 65 10,000,000(a)

(a) Did not fail.
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TABLE LXXIV. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K - 3.0) HEAT-TREATED
INCOLOY 905 SHEET (TRANSVERSE, R - 0.1)

Specimen Maximum Lifetime,

Number Stress, ksi cycles

Room Temperature

5-30 120 3,300

5-32 100 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 I0,000,000
S800 F

5-39 100 500

5-40 90 1,200
5-38 80 52,000
5-41 70 17,100

5-42 60 342,100

5-44 50 848,600
5-43 40 10,000,000(a)

1000 F
5-45 90 9,600

5-46 80 12,200

5-47 70 184,000

5-48 60 177,000

5-49 55 432,700
5-50 50 1,409,700

5-51 45 7,216,000 I
5-52 40 11,250,000

(a) Did not fail.
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FIGURE 86. TYPICAL TENSILE STRESS-STRAIN CURVES AT TEMPERATURE

FOR HEAT-TREATED INCOLOY 903 SHEET (LONGITUDINAL)
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FIGURE 87. TYPICAL TE~NSI:LE' STR'SS-STRAIN CUTRVES AT TEMPE~RATURE
FOR IIEAT-TREMETE INCOLOY 903 SHEIET (TRANSVE'RSE)
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FI(TRE 88. TYPICAL COMPRESSIVE STRRESS-STRAIN AND TANGENT-

MOI)ULL'S C1RVES AT TIZIPERATURI" FOR PAT-'RLA'LD

INCOLOY 903 SHEET (LONG;ITUI) INAL)
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FIGURE 89. TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT-
MODULUS CURVES AT TEMPERATURE FOR HEAT-TREATED

INCOLOY 903 SHEET (TRANSVERSE)
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201.0 T7 Aluminum Castings

Material Description

ctig 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
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.

Processing and Heat Treating

The alloy was tested in the as-received -T7 condition.

Test Results

Tension. Results of tensile tests at room temperature, 300 F,
400 F, and 500 F are given in Table LXXVI. Typical stress-strain curves at
temperature are shown in Figure 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. Typical 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. 'Ihe 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 tempe-ature, 300 F, and 400 F are given in Tables LXXX and LXXXI.
S-N curves are presented in Figures 99 and 100.
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Creep and Stress Rueture. 'L.'sts wevue eonduct.ud at 300 F, 400 F,
and 500 F. Tabular test results are given in Table LXXXII. Log-stress versus
log-time curves are presented in Figure 101.

I Stress Corrosion. Tests were conducted as described in the experi-mental procedure section of this report. No failures or cracks occurred in the

test duration.

n Thermal Expansion. The coefficient of thermal expansion is 13.2 x l0-'Iin./in. IF.

j Densit. The density of this alloy is 0.iOl lbh/in.n.

10b3
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TABLE LXXVI. TENSION TEST RESULTS FOR 201-T7 ALUMINUM ALLOY CASTING

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Tensile

Specimen Strength, Strength, in 2 Inches, Modulus,
Number ksi ksi percent 10P ksi

Room Temperature

1-1 66.1 60.4 4.5 10.1
1-2 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

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

1
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TABLE LXXVII. COMPRESSION TEST RESULTS FOR
201-T7 ALUMINUM ALLOY CASTINGS

0.2 Percent Compression
Specimen Offset Yield Modulus,

Number Strength, ksi 10' ksi

Room Temperature

2-1 62.0 11.1
2-2 61.6 11.2
2-3 59.0 10.9

Average 66. 11.1

300 F

2-4 55.8 9.8
2-5 52.0 10.1
2-6 53.0 io.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 j
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TABLE LkXVIII. SHEAR TEST RESULTS FOR
, ~201-T7 ALUMINUM ALLOYj

CASTINCS AT ROOM
TEI•PERATU RE I

,pwciienU1 Utimate Shear
Number Stiength, ksl

4-1 39.3
4.2 39.0
4-3 39.8
4-4 39.3Average 39.3

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

Specimen Energy,
Number ft./lbs.

10-1 7.0
10-2 5.0
10-3 4.0
10-4 4.0
10-5 5.0
10-6 5.0

Average 5.0
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TABLL LUXX L AXh\L I.OAD [ I",t IUL ST RESULTS I OR L'NNOTICIIL

201-T7 ALUIMINUIM ALLOY CASTINGS

I

Spsc ime n Max imum Li fo t imo,Numbu r Stress, ksi cycles

Room Temperature

5-2 b0.0 9,500
5-3 15.U '1,300
5-1 50.0 30,200S5 . 4- 5* . 0 70 ,600

5-3 42.1 2,581,900i5-5 40.0 50,400
5-7 37.5 53,3005.6 35.0 3,858,400

5-9 30.0 11,340,80001)

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 37.5 2,384,200
5-17 35.0 204,300
5-18 30.0 2381300(0)
5-19 25.0 11,538,190('i

400 F

5-20 60.u 100
5-24 50.0 28,100
5-22 45.0 33,700
5-25 42.5 97,800
5-21 40.0 177,900
5-26 37.5 212,300
5-23 35.0 2,851,600
5-27 30.0 236,800
5-28 ?9.0 14,461,900

(a) Did not fail.

(h) Failed at Radius.
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TABLE LXXXI. AXIAL LOAD FATIGUE TEST RE.SULTS FOR
NOTCHED (K ; 3.0) 201-T7 ALITMTNHMALLOY CASTINGS

Specimen Maximum Lifetime,
Number Stress, ksi cycles

Room Temperature

5-31 40.0 7,500
5-32 30.0 21,600
5-34 25.0 44,700
5-36 22.5 107,400
5-33 20.0 247,500
5-35 17.5 2,646,500
5-37 15.0 14,621,000(")

300 F

5-44 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
5-51 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
5-43 15.0 509,000
5-52 12.5 4,744,700
5-53 10.0 1 3 , 3 8 4 , 1 0 0 (a)

(a) Did not fail.
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DISCUSSION OF PROGRAM RESULTS

The tendency in an evaluation program of this type is to compare the
malterials property information obtained with similar data on materials alrearly
in uwe. Whether such a comparison should be the deciding factor for interest

in a newer alloy is open to question. Many criteria, such as forming character-
i.I-;, o.xidaticn resistance, weldability, etc., can he of particular importance
in :i prticular application so that strength properties may become secondary.
lkOwe,,er, sincc! first comparisons are usually made on the basis of mechanical
strength (tensile ultimate and tensile yield), the materials evaluated on this
program art compared to each other and to similar alloys. Figures 102 and103 are -!Efoct-of-temperature curves concerned with these p roperties.

This data sheet effort was concerned primarily with aluminum and
titanium alloyss As can be seen from Figures 102 and 103, the aluminum alloyswere similar in strength, as were the titanium alloys. The two heat-resistant

alloys, Incnnel 617 and the higher strength Incoloy 903, show good strengthSproperties with extremely good strength retention at eltevated temperatures.

Thc 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 &trangth properties. Table LXXXIII presents the

coom temperature fatigue strength at I0 cycles for these materials. It is
Sintresting to note that, although there is some variaL ion in the unnotched
fatigue strength, the notched (Kt - 3.0) fatigue properties (of prime
Importance in structural design) are very similar. In fact, the two cast
;11[oys show higher notched fatigue properties than their wrought al.loy counter-

. pjrts.

r TABLE LXXXIII. FATIGUE STRENGTHS AT ROOM

TWPERATURE FOR PROGRAM ALLOYS

Fatigue Strength at 101 cycles ksi
Alloy Unnotched Notched

.049 35 11 I
7475 48 13
2419 36 11

201 30 16

Ti-6-4 Cast 44 41

Ti-6-4 Forged 75 31

Ti-6-4 Beta Annealed 92 35

Ti-6-2-i-I 68 28

Ti-6-2-2-2-2 76 40
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iI
CONCLUS TONS

The objective of this program was the generation of useful engineering
data for newly developed materials. During the contract term, the following
materials were evaluated

(1n 7049-T7351 plate
(2) Inconel 617 annealed sheet
(3) 7475-T7351 plate
(4) 2419-T851 plate
(5) Ti-6AI-2Zr-2Sn-2Mu-2Cr duplex-annealed forging
(6) Ti-6A1-2Cb-lTa-lMo annealed plate
(7) Ti-.6A1-4V beta-annealed plate
(8) Ti-6A.-4V annealed castings
(9) TL-6AI-4V isothermal forgings
(10) Incoloy 903 heat-treated sheet
(II) 201.0 T7 castings.

A data sheot wis issued for each material. As a summary, each of tht,
data sheets is reproduced in Appe'ndix 1II.
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APPENDIX I

EXPERIMENTAL PROCEDURE

Mechanical Properties

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

S~(1) Tens ion

"(a) Tensile ultimate strength, TUS

(b) Tensile yield strength, TYS

(c) 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 stress-rupture

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

(b) Stress for rupture in 100 hours and 1000 hours.

(4) Shear

(a) Shear ultimate strength, SUS

(.5) Axial fatigue*

(a) Unnotched, R = 0.1, lifetime: 103 through m07

cycles

"R" represents the algebraic ratio of the minimum stress to the maximum stros
in one cycle; that is, R = SISmax "Kt" represents the Neuber-Peterson
theoretical stress concentration factor.
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(b) Notchcd (K L 3.0), R 0.1, lifetime: I0' through

107 Cycles.

(6) Fracture toughness, KIC or K

(7) Stre.- corrosion

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

(8) Thermal expansion,

(9) fiend

S~(a) Minimum radius.

(10) Impact

(a) Charpy V-notch.

(11) Density.

Specimen Identification

A simple system of numbers and letters was used for specimen identifi-
cation. Coding consisted of a number indicating the type of test and also indi- 1

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 F•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 stress-rupture

4 Shear

5 Fatigue

6 Fracture toughness
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II
A, - s i gni, d

uNlu bc r T,,.s t T'.pe

7 Stress corrosion I
8 'r~he rma L v >,pans ioi"

q lie nd

iO impact

i i -lis i.,'

As ai cxwiiple, n speclnien numhc IO-l ?-'I5 is a compress i oil ",cinwll, tralMverSu:

orientation, cut from Locatkin _. Alý,,, a specimen numbered 5-12 i.s a tati',
specimenL cut from Location 1-'.

Test Desecra

Tens ion

ProLudure.; used fOLr tnsion tcsting are thosc: recommended in ASTM
methods E8-b9 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 Baldwin Universal testing
machines. These machines are calibrated at frequent intervals in accordance
with ASTM method E4-72 to assure loading accuracy within 0.2 percent. The
machines are equipped with integra. automatic strain pacers and autographic
strain recorders.

Specimens tested at elevated temperatures were heated in standard
wire-wound resistance-type furnaces. Each furnace was equipped with a Foxboro
controller capable of maintaining the test temperature to within 5 F ol the con-
trol temperature over a 2-inch gage length. Chromel-Atumel thermocouples
attached to the specimen gage section were used to monitor temperatures. Each
specimen was soaked at temperature at least 20 minutes betore being tested.

An averaging-type linear diff erential transformer extensometer was
used to measure strain. For elevated temperature testing, the extensometer
was equipped with extensions to bring the transformer unit out of the furnace.
The extensometer conformed to ASTM 1783-67 Classification BI having a sensitivity
of 0.0001 inch/inch. The strain rate in the elastic region was maintained at
0.005 inch/inch/minute. AE¶:,r yielding occurred, th-- head speed was increased
t,, 0.1 iohh/inch/rminute unt, fracture.
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,,pre ,4 s ion

Procuduru for eOfLdUCLinf compression test•j e iuot ILn. in ,'STMN
Method E9-70 along with Lemperatur•• control provisions of E-21-70. Al 1 t I

and Uhin plate tests were carried out in Baldwin Universal LusLin,; mael4 .u
using a North American type comprussion fixture as shown in Reference ?.
Specimen heating was accomplished by a forced-air furnace for tempL:ratures up
to 1O00 F. Specimen LemperULttre was maintainled by means of a WheelCO pyro(n ter.
Three Chromel-Aluitel thermocouples at'tache-d to Lhe lixture were., used t.' moLh .,,
temperatures to within 3 1' of tho tcst temperature. Fo highcr tLL, pLXaLUrt,,,
wLre-wound £ :jnaees were used with controls as duscribd il Lhi t usilu -It:t
section.

The extensometer used for Lh: compression tests wa6 quiL,. siminar Lo
that used in the tensile testing. The extension arms were fastened to the spOci.
mon at small notches spanning a 2-inch gage length. The output itrm the micro.
f.'•rmer was fed into a load-strain ricorder to provide autographic load-strain
curves. During testing the strain rate was adjusted to 0.005 inchinch/minutc.

For bar and forging material, cylindrical specimens similar to thoo
described in ASTM E9-70 were used with appropriate temperature conLrol and strain
measurement as described above.

Six specimens (ti:ree longitudinal and three transverse) were tesLUd at
each temperature.

Shoar

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 (thr-ee longi-
tudinal and three transverse) were used to determine ultimate shea! strength.

Bernd

The procedures for conducting bend tests are described in Report MAIý-
192-M. The specimens were placed in a rigid three-point loading fixture and
bending tups of various sizes were used to determinc thse minimum bund radius
at room temperature.

Creep 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
Ih, accuracy requirements of ASTiM method E139-70.
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r1

Specimens similar to those 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 gage section for temperature measurements. Extensomettor
measurements were made visually through windows in the furnace by means of a
filar micrometer microscope in which the smallest division equals U.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 + 2 F by Foxboro controllers in response to I
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 and 1000 hours using as many specimens as necessary t0 obtain
precise information. The percent creep deformation obtained was lependent on
the material under test. In most instances stress-time curves were defined for

0.2 and 0.5 percent elongation.

Stress Corrosion I

Seven specimens of each 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 prepared for testing by degreasing with acetone. Where

a surface film remained frtn heat treating, it was abraded off one side and the
adjacent 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. Deflection for a given maximum fiber stress
was calculated by the following expression:

y c (3 P' '-4a a
Y -12 dE,

where I

y (deflection I
c maximum fiber stress

Sdistance between outer load points

a distance between outer and inner load points

d specimen thickness

E = modulus of specimen mnaterial.
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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. T
solution for ten minutes and held them above the solution to dry for 50 minutes.
Tests were continued to the first sign of cracking or for 1000 hours, whichever
occurred first.

Specimens weve given frequent low-power microscopic examinations to
detect cracks. At t.he 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 whichI:, cracks were found were also givcn a metallographic examination ta establish the
type and extent of the cracks.

, 4 iThermal Expansion

Linear-thermal-expansion measurements were performed in a recording
dilatometer.with specimen s,'protected by a vacuum of about 2 x 10~ mm of m~ercury.

SIn this apparatus a sneet-type specimen is supported between two graphite struc-
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 tiansformer. The output of
the transformer is recorded continuously as a function of specimen temperature.
The entire ,assembly is enclosed in a ýacuum chamber.

'. The furnace is controlled to hat aý the desired 'rate, usually 5 F per
minute. Errors associated with measurements in this apparatus, re estimated not
to exceed+2pret hsi based on ralibriktion with matorials of known
thermal-expansion.charae _eriotics.

"" , 4 . , , ' ,

Fatigue tests were conducted using Mr.S electrohydraulic-zervocontrqlied,
testing machias,. The frequoncy of cycling of these' machine is variab.le to
beyond 2,000 c.pm depending on, specimen rigidity. These machines operate •with

S , " .closed-loop deflection, strain or load control. Urider load control used in "
this program, cyclic loads were autottatically maintained,, (regardless of the,
required amount of ram travel) by means of load-ce-11 feedback signals. The
calibration and alignment of each machine are checked,,periodically. In each
"case, the dynamic load-control accuracy is bettet •han + 3 porcent of the test

,• load.

"For elevated temperature studies, an induction heating coil controlled

by a LUpel 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 lubricanL. 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
polishing apparatus. This machine utilizes a rotating belt sander driven
rectilinearly along the specimen test section while the specimen is being rotated.

* The belt speed and specimen speed are adjusted so 'that polishing marks on the
specimen are in the lcgitudinal direction. The surface finish is about the same
as that on the flat specimens. The notched flat specimens were held in a fixture
and polished with a slurry of oil and alundum grit applied liberally to a rotat-
ing wire. Notched round specimens are polished in the same manner, except that:,
the specimen is rotated. ,

A shadowgraph optical comparator was used for measuring the test sections* ' of all polished specimens and for inspection of the root radius in the case of_.
*� the notched specimens.

The stress ratio for all specimens was R - 0.1. Stresses for notched
(Kt - 3.0) and unnotched specimens were selected so that S-N curves were defined
ivtrteen 103 and 10' cycles using approximately 10 specimens for each set of fatigue
conditions..,

Fracture Toughness

Three types of fracture toughness tests weru 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,
center through-cracked tension panels were used as test specimens. All specimens
were precracked in fatigue and subsequently fractured in a servocontrolled electro-
hydraulic testing system of appropriate load capacity.

The slow-bend type specimens were precracked and tested under 3-point
* loading. The pop-in load for materials susceptible to brittle fracture was deter-

mined from the load-compliance curve. When pop-in was not detectable, the curves
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 section, the
maximum stresses were adjusted to keep the applied stress-intensity factor less
than one-third or one-quarter of that anticipated at fracture. This usually in-
volved stepping down the stresses as the cracking proceeded. The crack was
extended to approximately one-quarter of the panel width. Buckling guides were
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

.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

Prepared by

BATTELLE

Columbus Laboratories
Columbus, Ohio 43201

F3361 5-73-C-5073
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I
•i 7049-T7351 Aluminum Plate

Material Description

Alloy 7049 was de2veloped by Kaiser Aluminum and Chemical Corporation to
have a strength level in tne rango Of 7075-T6 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. I

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

Chemical
Composition Percent

Zinc 7.6
Magne sium 2.5
Copper 1.5
Chromium 0. 15
Silicon 0.25 max

Iron 0.35 max
Titanium 0.10 max
Manganese 0.20 max
Alumi ium lBalanre

P'rocossin• and Peat Treatin!

Specimens were tested in the as-received -T7351 temper.
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7049-T7351 Al loy Data (a

Thickness: 3-inch plate

"[romlpo~a~ure, 1:

Property RWT 21 350 500

Tens ion

TUS (longitudinal), ksi 75.5 59.0 45.4 13.1
TUS (transverse), ksi 74.6 60.8 47.0 17.2
TYS (longitudinal), ksi 66.5 58.7 45.1 1'4.9
TYS (transverse), ksi 64.7 59.5 46.3 17.21

e (longitudir.al), percent in 2 in. 13.0 18.2 20.2 3l.8
e (transverse), percent in 2 in. 10.7 15.5 17.3 28.b
RA (longitudinal), ,ercent 36.1 53.5 64.9 86.3
RA (transverse), percont 25.6 43.4 54.6 83.2

-" (longitudinal), 10:' ksi 10.? 9.3 8.0 6.0

E 'transverse), 10: ksi 0.'4 1 8.4 4.7

Compression

CYS (lUngitudinal), ksI 64.1 56.8 44.4 1.7

CYS (transverse),ki 69.2 59.8 47.5 17.)

cc (longitudinal), 10O ksiL 10.8 9.14 8,1 0•.1

• (transvor-ýo) 10' ks i 10.9 9. 7 8.3 7.0

Shear( b)

SUS (longitudinal), k:;t 61.1 UL

SUS (transverse), kqi -5,. U

Impact(d

V-notch Charpy, ft.tlb.
(longitudinal) 5.8 ' 1' L
(transverse) 3.3 V " '

Fracture Touhness •:

KIc (L-T), ksi -in. 34.0 V '
Klc (T-L), ksit 'in. '8.1 C' I,

Axial Fatigue (transverse,) M

Unnotched, R = 0.1
10" cycles, ksi 63 ho 1 "
10'• cycles, k sj "' 31) '36I

107 cycles, ksi 33 :'" 23 1'

Notched, K< = 3.0, R = 0.1
1i cycles, ksi 93 9) 93 t
10" c'cles, 1si 1" 17 V
O'"' cycles, ksi II 10 10 1
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Propertv RTr 250 350 500

Croop (transverse)

U. 2; plastic do fortmationi, 100 hit- ks i NA 2i3
0. 2 p1lastic dtieI rinmLion, 1000 hir, k; i IN A

Stress Ru~pturo (transverse)

Ru~pture, 100 hir, ksi NA 2Ul ~ I

RuptUre , 1000 fir, ks! NA 1? 4

Stress Corrosion (transverse)NoCak

0, TYS , 1000 hir maximum

cue f ic jeft of Thermal ExpanOsionj

12.9 x 10- in./inl./' 0T Lo 11.2 11)

*i)cnL;i. tyr0. 099 1)./in.'
(a) Valtieq art- a wra-ge of triptIicate' tests, conduc Lod atL ;,lt tull unider tho svh-

joc t contract unloss othorw Lso nd ic I t L! l (I Fi ark:, creeip, and stress -
ruipture va1 t~es areý from curIv2Sýes t~enratd uLS[1 ntheO re sri ts otf a groato'r
number of LOSLS.

ib) iDoub Ic-shear pin-type spocimien 'ive rat~ of 4 Loý;L.S.

(c) U, unavailable, NA, not applicable. kx2irueswdeihasanf-

d)Average of 61, and 6T tests.

Spec imons wore 1 ow-bend tYpe 1.- inchl thic x Inlc iow ha-PIlO

C ihcheS. 1Kvalues0f aro .vzlid by .,\istinq. ASTN criteriar.

R( v'R' rp resen ts the zitcebraic rat ito (I Ill it) urii 1 t r S t 0ITI mairrrr 111)Zt rk!SS in1

onle cvc Ic: that is, I' = ' S .'VI' ropresonts tho Ncubrr'rPoterst;nnmi n 11,t
theretcalStress concontraitita factor

* 1 , ''rf L'fO It I I V t 1) -0 , -p:,i L 1 1 1o e t . .\itrolnrlto immrurn' ion inl 3 1 121 N;iCi
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MECHANICAL-P6ROPERTY: DATA
'INCONEL 617 -ALLOY

ANNEALED SHEET 1

Issued byA

Air Force Materials Laboratorv
Air Force Systems CommandA

Wriqht-Pattersori Air Force Base, O)hio

Psepaied by

BATTE LLE
Columbus Laboratories

Columbus, Ohio 43201

F33615-73-C-5O73
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Inconel 617 Alloy

1~atrialDesRption

Incoumel Alloy 617 is a solid-solution, nickel-chromium-cobalt- A!,••-: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 readily formed and welded by
conventional techniques. '

The high 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-

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 involving exposure to extreme temperatures.

The material used for this evaluation was 0.047-inch-thick sheet

from 4IeaL XXOOA7US with the following composition:

Chemical

o Percent

Chromium 22.0
Cobalt 12.5
Molybdenum 9.0
Aluminum 1.0
Carbon 0.07

Nickel 54.0

P, and Heat Treating

Specimens were tested in the as-received cold-rolled and annealed
condition.
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INCONEL ALLOI 617 DATA(u) I'

'rhickhess: 0.047-inch nominal
Condition: Cold-rolled and annnaled "

Temperature. F
Properties RT 800 1200 1600

TUS (longitudinal), ksi 122.4 103.3 83.9 24.6
TUS (transverse), ksi 123.6 105.7 96.0 24.8

ST\S (longitudinal), ksi 56,6 41.0 38.2 21.7
TYS (transverse), ksi 56.5 43.4 39.3 22.9
e (lonitudinal), percent in 2-in. 55.5 50.0 43.3 46.0
e (transverse), percent in 2-in. 56.2 50.7 46.7 55.0
E (lorgitudinal), 103 ksi 27.0 23.6 23.1 17.0
"E (transverse), 103 ksi 30.5 24.8 29.8 16.6

i Comprua±ia

CYS (longitudinal), ksi 61.9 48.9 41.0 30.9
CYS (transverse), ksi 61.5 49.9 41.6 31.6
Ec (longitudinal), j03 ksi 30.4 27.9 24.1 20.0
Ec (transverse), 10 ksi 33.7 29.7 27.5 24.2

Shearb)i •

SUS (longitudinal), ksi 106.6 Ukc) U U
SUS (transverse), ksi 107.6 U U U

bend ( transverse )

Minimum Radius OT U U U

Fracture Toughness

KcK T-L, ksi ,/T. (d) U U U

Axial Fatioue (transverse) (e)

Unnotched, R 0.1
10 3 cycles, ksi 115 95 88 U
105 cycles, ksi 93 67 67 U
107 cycles, ksi 67 60 60 U

i'No•.ched, K. z 3.0, R - 0.1

103 cycles, ksi 80 65 61 U
10, cycles, ksi 52 46 43 U
107 cycles, ksi. 32 36 31 U
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ij)NýLALL10', bill DATA ý':onLinued)

1'ro-..r t iL v RT 800 1200 ihoo

0.2 1 1 SL ii ý Lit.: tiott, L 3il 00 nr. ksi INA 4) 43 7
*U.. p1dsL it, dclUtluiwtLJL'tL, 1000 :ir, ksi NA 39 5

WOp nr ,10 r. ksi NA 103 62 14
Iuu',LOWt hr, ksi NA 102 4 8 9

'ki0 1 1 1000 It r Im ma ll ;'.i0 U UU

7. 0 x 10 ii ,jo.A ./I (R t .100 V)
Ls 0 x. J0 O tt. n.1 kIR 10 1-0 F01
b j x' A 0 "~ (t./ 1 0 tI o I I(Al) I
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strt-4,t coF1c~t t I (Lion ;ICLol .
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MAECHANICAL-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

Alloy 7475 was developed by the Alcoa Laboratories for sheet and plate
t appIlcatioiis that require high strength and superior fracture toughness. This

product was previously designated "Alcoa 467 Process X7475 Alloy". The 467 Process

Sis i proprietary process developed Lo enhance the toughness of a high-purity 7075
S •type alloy. It is still used in the production of 7475 *3heeL and plate.

Alloy 7475 is available as bare and alclad sheet and plate. The material
1,1• this evaluation was 2 inch thick I -r2 plate produced within the followin2

c," 'p-)'•ition limits:

Composition Percent

Silicon 0.10 0ax
Iron 0.12 max
Copper 1.2-1.9
Manganese 0.06 max
Magnes ium 1.9-2.b

C Chrow ium 0.18-0125
Zi nc 5.2-6
Titanium 0.6 maxl<S(,)r~e~sQ. I.) t,•tal

A I um i nu L a m uc

Processing and Heat Treatiwg

The alloy was evaluated in the as-received -17351 te:;lveŽr.

It I
iI,
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7475-T7351 ALLOY DATA(a)

Thickness: 2 inches

Temperature, F
Properties RT 250 350 500

Tension

TUS (longitudinal), ksi 72.1 55.6 44.7 19.0
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 in. 15.2 17.0 28.2 44.8

RA (longitudinal), percent 47.8 60.5 71.6 90.7
RA (Lransverse), percent 35.3 52.2 69.8 92.5
E (longitudinal), I0' ksi 10.2 9.0 7.8 7.1
E (transverse), 10e ksi 9.8 9.b 7.8 6.8

ComDression
CYS (longitudinal), ksi 61.0 54.9 46.4 18.5
CYS (transverse), ksi 65.5 57.6 48.4 18.9
Ec (longitudinal), 10' ksi 10.6 9.4 8.9 7.8
P (transverse), li ksi 10.5 9.9 9.6 7.7

Shear(b)
SUS (longitudinal), ksi 45.7 U U U
SUS (transverse), ksi 45.0 U U U

Impnact(d)
V-notch Charpy, ft/lb

(longitudinal) 17.1 U U U
(transverse) 5.9 U U U

Fracture Toughness

KIC, ksi:,in. (e) U U

Axial Fatigue (transverse)(fM
Unnotched, R = 0.1

10" cycles, ksi 63 55 45 U
i0 cycles, ksi 53 48 41 U
10v cycles, ksi 48 37 27 U

Notched, K = 3.0, R 0.1

10a cycles, ksi 52 50 45 U
10• cycles, ksi 24 20 17 U
10" cycles, ksi 13 11 10 U
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Temperature, F

Properties RT 250 350 500

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 7t Rupture, 1000 hr, ksi NA 41 15 5

Stress Corrosion (transverse

807% TYS, 1000 hr maximum no cracks

Coefficient of Thermal Expansion
12.9 x 10 in./in./F (68 - 212 F)

0. 101 lb/in.:

(a) Values are average nf 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) .Pin-shear tests. Average of four tests in each directiui.

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

(d) Average of six tests in each direction.

(e) Specimens were slow-bend type i-inch thick v 2-inches wide with an 8-inch span.

Average KQ obtained was 59.8 for L-T specimens and 55.3 for T-L specimens. These

values are considered indicative of the material toughness, hut do not meet the

rigorous size standard of ASTM E399-72 and, therefore, are not valid KI, values.

(f) "R" represents the algebraic ratio of minimum stress to maximum stress in one

cycle; that is, R = Stain/Smax. "Kt" represents the Neuber-Peterson theoretical

stress concentration factor.

(g) Room-tempi.ýrature three-point bend test. Alternate itmmersion in 3'... NaCl.

2
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MECHANICAL-PROPERTY DATA

* 2419 ALUMIINUMvIALLOY_

-T851 PLATEI0
Issued bV

Air Force Materials Laboratory
Air force Systems Command

Wright-Patterson Air Force Base, Ohio

Prepared by

BATTELLE
Columbus Laboratories

Columbus, Ohio 43201

F3361 5-73-C-5073
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241 co A miii mim Ai I ov.

-atrer i I Des cr ip t ion

Al I,,\ 2411) it. a rvcunl(l e dcvelopu crt of tile Alumiwimll tO(iiipanl\V of
Am.-ric a, It i:; essentiallyv a 221.9 al loy with morc clo';elv controlled co.posi-
L i o01. N•LChalC-11 propert ies are the samai as- 2219 with improved trac.tire I. Louglh-
nless. The' al oy is readily wcl.IJabhIe and is useful for app 1icat itns at a wide
t'di t01' tt, pleratri l lol .45'21 F to about 600 F.

Co.mo.sin ion limirtS Los r 4,19 -arc as shown.
~vtl

Chemical
(ompos I t i oilI Perctnt

,S.h'i 1 j t-. 15 riax.

rol 0. 1$ max
Copper S.8 to (,.,s
Manganese 0.20 to 0.40

Magil tie s umJ. 02 max.

Z i ric 0. 10 max.

'. i tani im 0.02 Lo 0. 10
'fllhers each 0. OS, to' al 10.15

A ' il ill i 84lance

The material used for this evaluationl was a 2-i ich-thick plate fromt
-l C o; It ( '1 Ultlbir 270-841

P-rw -ssin g alid Heat ITrcatlnen t

T11c ;l l30% was evaluated in the overagtd and stress-relieved -T85I
L.eluper.

r .
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2419-T851 Al!oy Data

Condition: -T851
Thickness: 2-inch plate

, Tempe11 ratutret F .. .,:

properties RT 250 350 500

: •' ~T entls ion , .

TUS (longitudinal), ks' 66.7 55.4 '45.5 22.2
rTUS (transvrise), ksi 6(.4 54.9 44.5 23.1

TYS (longitudinal), ksi 52.4 14o.8 11.4 20.
TYS (transverse), ksi 52.1 45.6 :19.7 21.7

e (iongitudinal), percent in 111. 11.0 15.0 14.5 18,0
e (transverse), percent in 2 in. 10.7 13.? 14.8 180

RA (longitudiinal). percent 23.6 37.9 48.4 53.2
RA (transverse), percetLit 18.1 33.9 46.2 51., 6J
E (longitudinal), 10: ksi 10.4 10.4 9.1 7.4
E (tarasverse), 10' ksi 10.8 9.5 9.5 9.1

Comnpression

CYS (longitudinal), ksi 53.3 47.8 42.2 25.5
CYS (transverse), ksi 51.7 46.9 41.7 25.5 9
Ec (longitudinal), id0 lsi 10.8 10.5 1.0.0 9. 3
Ec (traosverse), 16 k-si 10.7 10.4 9.8 9.o

Shear

SUIS (longitudinal), ksi 39.4 [' L 1'
SUS (transverse), ksi 39.5 !1 U t'

Imat

V-notch Charpy, ft-lb
(long ItudInal) 5.5 1 U L!
(transverse) 4.3 L' U j

Frrac ture Tuuhned.4 W

KIC (L-T), ksi'in. 35.3 1 U1 1
Kic (T-11), ka i/'n. 30.2 U U U

Axial Fati&ue (transversv)f)!

innotched, R 0.1
10:' cycles, ksi f'o 55 45 5

10 cycles, ksi 4? 42 39 '
10' yvcles, ksi 36 30 2"0 I-

Notched, Kt - 3.0, R 0.1
10" cvw.les, ksi )0 48 '
10 cvcler, ksf Ii 17 7 i7

10 cvc l s, ks1
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2419-T851 Alloy Data (Continued)

Temperature, F

Properties RT 250 350 500

Creep (transverse) i
0.2% plastic deformation, 100 hr, ksi NA 36 23 9.4
0.2% plastic deformation, 1000 hr, ksl 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 (traneverse

80% TYS, 1000 hr maximum No cracks

Coefficient of Thermal Expansion

12.4 x l0_ in./in./F (70 to 212 F)

S~~Density

0.102 ib/n..

(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.

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

(d) Average of 6 tests in each direction.

(e) Specimens were slow-bend type 1-inch thick by 2-inches wide with a span of 8
inches. K1 values are valid by existing ASTI criteria.

(f) "R" represents the albebraic ratio of minimum stress to maximum stress in one
cycle; that is, R Smin/Sma. 'Kt" represents the Neuber-Peterson theoreti-
cal stress concentration facLor.

(g) Room-temperature three-point bend test. Alternate immersion in 3V% Natl.

216
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MECHANICAL-PROPERTY DATA

Ti-6A1-2Zr-2Sn-2Mo-2Cr ALLOY

. .DUPLEX ANNEALED FORGED BILLET

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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, 7

Ti-6Al2Zr-2Sn-2Mo-2Cr Alloy

Material Description

This alpha-beta alloy, designed for deep hardenability, is a recent
development of R11 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 5.8
Sn 2.1
Zr 1.8
Mo 2.0
Cr 1.9

Si 0.21
Fe O.06
C 0.02
V 0.02
Ti Balance

Additional information on this alloy is available from work performed
by RM1 Company under Air Force Contract F33615-72-C-1152.

Processing and fleat Treating

The billet was heat-treated to the duplex-annealed condition by Iý1I
Company using the following procedure: 1745 F, I 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.
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T i-6A1-2Zr_2Sn-2Mo_2Ci- ALLOY DlATA

Condit ion- duplex annoa h!,!

'11ickness: 4 itich x 6 hi~d Co hi I bile-L

Tompe'-a~ture
Properties RT 11100 60080

TUS (longitudln:il , ksi 1 58. 4 1 .. 3 13A7. 3 139. 1ý
TV S (transverse), ksi 166.0 149.5 132.1 132.9-
TYS (longitudinal), ksi 143.9 111.0 102.5 102.0
TYS (transverse), ksi 150.4 11.'.4 100.6 98.S

o (iLoogitudinal't, percent iv' 2 in. 15.3 16.3 15.3
L, (ransverso), percent L-, in. 1 3 .7 i.4,0 ( 16.0 3

ItA ýlonnitudinal). porcont 36.0 47. 4 3b.0 47,2
RA (transverse), percent 36.7 48. 1 40. 48.8

t~r~1tud4nAl), 1d' ksi 15.6 14.7 45 1.
(transversc'', 10"ks 15.8 1. 4 13.1.

CYS (longitudinal), ksi 1.4 9.41 1.16.2 106. 1

CYS ( trasvoŽrs*), ksi t-)4.6 12 2. .2 IJ1.5 10.,. 1
i~(lonrgitudinal), 1~kiIJ I..; ¼ 3

K transv.Žrse), L(Tt ksj 16.1. .3 14. I9 '.4

SI'S (tr;insvo~r.; '). 1.31 Lj~ 11

mv aC.t (d
V-notcl' Ciul rpy, f t. 1lbs,.

'l''n-, itud inal1 14.9 u V L'
(tra o srsc 1.4.9 L I'

KNCI L.T, a±dge. ksi~in. 45.1 u U L'

"LTc) L-i, cunter, ksi~in. 01.8 u 11
KiC, STi-L, centor, l1sidin. 62.0 it U I!

Axial_!Latj.Igu (tases
Unnotchcc1 , 11=0.1i

10G` cycles, ksi 164 144 134 V
1d ' cyv1.'~s, ksi L30 112 106 U!
10 cycles, ksi 70 76 V6

No~tched, K%=3 .0, IO.l
1d! Cycles, iiii 110 100 92 V
10" cycles, ksi 50 4b '46 L'
1&f cycles, ksi 40 411 '40 1'

_____-- ~~~222- -- - - -. .
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Ti_6Al_2Zr_-2Su_2Mo-2_Cr A\LLOY D)AT.A

Properties IRT 400) 110 $

Croop Lransverse)
0.2" plastic doformation, 100 hr. , ksi NA 107 96 70
0.2,", plastic deformation, 1000 hr., ksl NA 102 70 44

stregss -I~ature (transverso)
RurLure, 100 hr., ksi NIA L13315 [1 2
RUPtUre, 1000 hr., ks! N 133 128.J11

iLress (orroaion (transverse?) W no cracks

Coufficielt of Thorm4IJl Xaflsiofl

5. 1 x 10' in. /inl., (b8 to 0 F

a)I Va iuo~s - ro iv-.,r~ag,- ' t r ip I Lc Lot,4 .' tdtc. Lic tte (It 6a Lo I Ic mid''r Lb._
suI-. i'd contractl unlo';s rri~orwisco indicntocd . Fatl i 'l, rrv'ep, anid sr'
r uptii'ro va Lu' ' a ri. 'ram c,.lrvc' gou!r at'. ýkr i t A O t ne r,. of It a 0 1~,'L

nunih.,r of ts~

' - ub io-,,heor r.i n-typo s oo- i'iro -i-- rnac n o~ -11-~ i 1'i~ itKn

1) \virc~ca of ~,t~t, iii odch di rt'CL1ti.11,

02 \iltio.s shown aro fr i val id toiqt.'; ot R'I I Compan1y 4attt'1 l. tests werr'
considered marginally valid and are not reporLed, o1011 though the~y

generally agr,Žed with the RI rosullL.s

(0f "1"' tI:Lrýý-.''tL O' algcbra iC r,4L L) 0I tninimlm ;Lro'ss Li' iflXW11m'im NLVSS9

in nn,2 yc],' . th-at. #I 'Vtf# reproserit, timNuur 0  'r f

ther' i ~a1stress c:incent r:, I: n factor.

;) oom-t,'mp ratr' t i - ..-i :,o Itn r.L'-d _Pii to rimit Ownr.,i on i-n I Na CI
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227

Downloaded from http://www.everyspec.com



"? I

Ti-6A1-2Cb-lTa-lMo Alloy

Material Description

6A1-2Cb-lTa-lMo titanium alloy is a modification by P.I Company of the
Ti-7A1-2Cb-ITa composition. The modification was developed specifically for salt-
water stress-corrosion resistance. The alloy is of medium strength and is forge-
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.

Ti-6AI-2Cb-lTa-lo is available as billet, bar, plate, sheet, and wire.
It is normally processed in the beta phase region.

The material evaluated was a lV--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 .77
Oxygen .080

Titanium Balance

Processing and Heat Treating

The material was evaluated in the as-received, beta processed and annealed
(1825 F, I hour, air cooled) condition.
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.,1

Ti-6A1-2Cb-lTa-,•, Alloy Data(a)

Condition: Annealed
Thickness: lVa-inch plate

Temperature, F
Properties RT 400 600 800

Tension

TUS (longitudinal), ksi 117.6 87.8 80.2 74.0
TUS (transverse), ksi 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 I
RA (transverse), percent 32.9 42.6 47.2 49.0
E (longitudinal), 10" ksi 17.0 16.0 14.0 12.8

E (transverse), 1'.. ksi 17.0 17.4 14.8 14.4

Compression

CYS (longitudinal), ksi 1.,3 74.2 60.8 55.2
CYS (transverse), ksi 111.9 77.4 63.2 58.3
Ec (longitudinal), 10" ksi 17.6 15.9 15.0 13.7
Ec (transverse), l0• ksi 17.5 15.6 14.9 13.9

Shear(b'

SUS (longitudinal), ksi 83.7 U(c) U
SUS (transverse), ksi 83.8 U U U

iipact(d)

V-notch Charpy, ft/lb
(longitudinal) 38.5 U U U
(transverse) 33.8 U U U

Fracture Toughness

K ksi in. (e) U U U

Axial Fatigue (transverse)

Unnotched, R - 0.1
10 cycles, ksi 115 90 80 U

1 0 b cycles, ksi 97 78 74 I
10' cycles, ksi 68 57 54
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•'-6LA-2•b-1TL-1,Lo A11oV Data (continaUd)

' " ( ~~Tempera hi'r.,1. i- •

Properties RT 400 600 800

o ,tched, K " 3.,0, K R 0.1
10, 0'ycles, k.;i 90 83 80 LI
14, cyclus, ksi 49 45 40 U
10 Cycles. ksi 28 26 25 U

Cr .'cp ( Lransvcrse;

0.24, plastic deformation, 100 hr, ksi NAO, 67 73 61
0.2% plastic dcformation, 1000 hr, ksi NA 6b 72 52

Stress Rupture (transverse)

Rupture, 100 hr, ks i NA 88 81 73
Rupture, 1000 hr, koi NA 87 80 72

StIL".'gs Coreo ion(g)

80'Z, TYS, 1000 hr maximuml No cracks

Coefficient of Thermal E.Npansion .. '

5.2 ,x 10" in./in./F(RT to 1200 F)

Uensitv

0.1b2 lb/in,"

(a) Values are average of triplicate te,iLs conducted at Battelle under the subject
contract uiiless otherwise indicated. Fatigue, creep, and stress-rupture
values are frome curves generated using the results of a greater number of
tes Us.

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

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

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

(e ) Specim4:ns were slow-bend type 1-inch thick x 2-inches wide with a span of 8
iache'. Tests did not meet the size standard of ASTIM E399-72. From this
specification, the specimen strength ratios (Rsb) were calculaLed. These
averaged 2.18 for L-T specimens and 1.82 for T-L specimens.

±) "10" rpresents the algebraic ratio of minimum stress to maximum stress in one

cycle, that is, R - Smin/Sma%* "K•" represents the Neubhr-PetCrs0nf theoreti-

cal Vrrvss concentration factor.

g n Ru,, Le(IxperaLure tIltve-puint. benld test. Alternteit ie' 1 '11iOlS-- it 3',; N1( 1.
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MECHANICAL-PROPERTY DATA
Ti-6A,-4V ALLOY

BETA-ANNEALED PLATE

Issued by

Air Force Materials LaboratoryI

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

Prepared by

BATTE LLE

Columbus Laboratories
Columbus, Ohio 43201

F33615-73-C-5073
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Ti-bAl-4V Alloy

Material Description

Ti-6A1-4V is one of the most used titanium alloy and thus need:s •o
descriptive words, It is used in great quantities and in various product forms
for aerospace and other applicartons. The 0.57-inch-thick plat-c used for thIs
evaluation was GFM from witerial produced for Boeing to their low oxygen specifica-
tion.

Processing and Heat TreatinL

The material was tested in the as-received, beta-annealed condition.

iI
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Ti-6AI-4V ALLOY DATA(a) 4
Condition: Beta annealed
Thickness: 0.57 plate i

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 in. 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), 103 ksi 16.9 1.6.5 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

Ec (longitudinal), 10" ksi 17.1 15.8 14.8 14.0
E€ (transverse), 10' ksi 17.5 15.4 15.1 14.0

Shear(b)
SUS (longitudinal), ksi 90.6 U(c) U U
SUS (transverse), ksi 89.9 U U U

(d)
* Impact

V-notch Charpy, ft.lbs.
(longitudinal) 23.6 U U U
(transverse) 23.2 U U U

Fracture Toughness (e)

Axial Fatigue (transverse)(f)
Unnotched, R = 0.1
l& cycles, ksi 126 102 92 U
I 0T cycles, ksi 112 85 78 U
10 cycles, ksi 92 77 70 U

Notched, Kt = 3.0, R 0.1
i0 cycles, ksi 110 92 80 U
lO0 cycles, ksi 53 44 43 U
107 cycles, ksi 35 35 35 V
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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 Corrosion (transverse)

80A TYS, 1000 hr., maximum no cracks

Coefficient of Thetmal Expansion
5.0 x 10' in./in./F (RT to 800 F)

Density
0.160 lb./in.:'

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

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

"(c) U, utnavaiilable; NA, not applicable.

(d) Average of 6 te.SLs in each direction.

(e) Specimens were compact tension type. Tests did meet the P !P0 require-
ment but not the size requirement of E399-72. Specimen strengtHl ratios
(R sc ) were calculated and a're 1.28 for L-T specinmons; 1.22 for I'-I.
specimens.

(f) "R" represents the algebraic ratio of minimum stress to maximum stress in
one cycle; that is, R = Smin/Smax. "Kt"' represents the Neuber-Ileterson
Theoretical stress concentration factor.

(g) Room-temperature three-point bend test. Alternate immersio'. in 3',' NaCI
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MECHANICAL-PROPERTY DATA
Ti-6A1-4V ALLOY.

ISOTHERMAL FORGING

Issued by

* .Air Force Materials Laboratory

F 
Air Force Systems Command

Wright-Patterson Air Force Base, Ohio

Prepared by

BATTELLE
Columbus Laboratories

Columbus, Ohio 43201

F336 15-73-C-5073
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ri-6AI-I+V Isothermal Forging

Matrial -Description

Application of the isothermal forging concept to titanium alloys 1haL
been investigated on a laboratory scale for many years. The material evaluated
on this program came from an Air Force sponsored program (F336l5-71-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

A which are "net", or which require no past-forging machining. The results of
-this program have beer, published in AE'L-TR-74-123 from which additional
information regarding rhis material may be obtained.

Processing and Heat Treating

The stabilizer rib from which the specimens were machined was of
varying taickness and complex shape. All specimens were sectioned from thu
forging in the transverse direction. Specimens were tested in the as-received
(annealed) condition.
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(1
"TI-6AI-4V Alloy Data(a)P .

Condition: Isothermally Forged
and Annealed

Thickness: Various

Temperature, F

Properties RT 400 600 800

Tension
TUS (transverse), ksi 143.9 110.5 99.8 87.4TYS (transverse), ksi 136.3 1.02.2 93.4 78.3

e (transverse), percent in 1 in. 17.0 17.5 18.5 21.9
RA (transverse), percent 45.7 47.7 54.1 62.3
E (transverse), 10P ksi 16.4 15.2 14.5 12.9

Compress ion

CYS (transverse), ksi 135.9 101.4 93.2 79.6
c (transverse), 10& ksi 16.5 1I.4 13.9 12.9

Shear
SUS (transverse), ksi 97.2. t U U

V-notch Charpy, ft.lbs. (d)
(transverse) 16.9 U U U

Fracture Touahness (e)
KIc, ksi /in. 5 9 . 0 (e) U U U

Axial Fatigue (transverse) (f
Unnotched, R - 0.1

103 cycles, ksi 135 110 95 U
1I0r cycles, ksi 128 105 89 U
""10 cycles, ksi 75 80 73 U

Notched
10 cycles, ksi 65 65 65 U
1OF cycles, ksi 46 50 43 U
107 cycles, ksi 31 28 35 U
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Ti.6A1-4V Alloy Data (Continued)

Temperature, F

Properties RT 400 600 800

Creep (Transverse)
0.7% plastic deformation, 100 hr, ksi NA 98 74 21
0.27. plastic deformation, 1000 hr, ksi NA 96 70 11

Stress Rupture (transverse)
Rupture,, 100 hr, ksi NA 112 102 101
Rupture, 1000 hr, ksi NA 1 1 101 57

* Stress Corrosion (transverse)(g)
807. TYS, 1000 hr, maximum

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

Density
0".16 lb./in.3

(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 uaing the results of a greater
number of tests.

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

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

(d) Average of 6 tests.

(e) Compact tension type specimen.

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

in one cycle; that is, R - Smn/Smax. "K " represents the Neuber-
Peterson theoretical stress concentration factor.

(g) Room-temperature three-point bend test. Alternate immersion in 3 1/2% NaCl.

244
244

Downloaded from http://www.everyspec.com



160

.~140

60

0 0 E 0

15 14

15 Oe

0 200 400 600 800
Temperature, FI

FICUREI~ E-FFIXUT OF TEMP'PN1I~rURIE ON THIE TENSILE
PROPERTIE~S OF ri-bAl.4V ISOTHEIRMAL
FORGINGS

1460 201006080

Te1eat0e Fc A160

PIO'*R iF 1 i -AIc ('CIy3II

(n 100-1245

Downloaded from http://www.everyspec.com



140 - - - - --

'K Freq.:20 Hz

C') RT

90

0ORT
80 A400F ---

70 0 600 F 600 FfJj

IO~ Lifetime, cycles

1zTrURE 3. AXIAL LOAD PATTRIN' ItWlAVTO1R 01' UNNOTCHED TI-6A1.4V

LSOTHEiRM&L FORGIINGS

70
Notc~hed

40-

E

3 0 RT -- 00--"

0 600 F

10 Qo 10,

Lifetime., cycles

FIGURE 4. AXIAL LOAD FATIGUE EBE1LVIOR OF NOTCHED)

(K~ 3.0) Ti-6A-4V ISOTIHERMAL FORCTNGS

246

Downloaded from http://www.everyspec.com



___________7_________________ W -, -*-wv'---

40'

100

S• 40 Rup~ure [o

100

T(nCUVS O Ti 6 014 FS1ER

1470

~~~~0 F 0 i rur
a. 9 wayno, I •

• .. 10 100 1000
S~Time, hours

FIGURE 5. STRESS RUPTURE AND PLASTIC DEFORMA-
TION CURVES FOR Ti-6Al-4V ISOTHER.MAL
FORGINGS

., 247

Downloaded from http://www.everyspec.com



MECHANICAL-PROPERTY DATA
Ti-6AI-4V ALLOY

ANNEALED CASTINGS
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Air Force Systems Command
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Prepared by
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Columbus, Ohiu 43201
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el.. Ti_6A1-4V Alloy Castings

Material Description

K 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 si~ze,

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 about 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 .028I' 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. The material was received in the annealed condition
and no further heat treating was doxie.
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Ti-6A1-4V Alloy Casting Data(a)

Condition: Annealed
Thickness: 0.5 to 1 inch

Temperature, F 4
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), percent in 1 in. 6.5 10.2 12.0 1.2.0
RA (longitudinal), percent 11.2 19.0 24.3 28.4
E (longitudinal), 101 ksi 17.2 16.8 15.2 15.1

Compression
CYS (longitudinal), ksi 137.5 92.9 74.6 67.5
Ec (longitudinal), 10a ksi 16.5 15.6 14.9 13.5

Shear (SUS (longitudinal), ksi 92.8(b U~ U U

V-notch Charpy, ft.lbs. M

(longitudinal) 16 . 2(d)

Fracture Toughness (c) U U U

Axial Fatigue (longitudinal)
Unnotched, R = 0.1
I0' cycles, ksi 130 130 84 U
101 cycles, ksi 70 63 60 U
i10 cycles, ksi 44 39 37 U

Notched, Kt = 3.0, R 0.1

l0r cycles, ksi 90 82 7b U
i01 cycles, ksi 58 49 44 U
10" cycles, ksi 41 29 27 U
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Ti-6AI-4V Alloy Casting Data (Continued) 4
Temperature, F

Properties RT 400 600 80

Creep (longitudinal)
0.2% plastic deformation, 100 hr, ksi NA 77 81 45
0.2% plastic deformation, 1000 hr, ksi NA 76 77 25

Stress Rupture (longitudinal)
Rupture, 100 hr, ksi NA 88 82 721.
Ruptore, 1000 hr, ksi NA 87 81 69

Stress Corrosion (loniitudinal)(
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 lb./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 generai:ed using the results of a greater
number of tests.

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

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

(d) Average of b tests.

(e) Material thickness was not sufticient for valid test results.

(f) "R" represents the algebraic ratio of minimum stress to muaximum stress
in one cycle; that is, R = Snin/Smax. "Kt" represents the Neuber-
Peterson theoretical stress concentration factor.

(g) Room-temperature three-point bend test. Alternate im-nersion i0 31j" NaCI.
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MECHANICAL-PROPERTY DATAI
INCOLOY 903 ALLOY

* HEAT TREATED SHEET

lssuied by

Air Force Materials Laboratory
Air Force Systems Command

Wright-Patterson Air Force Base, Ohio

i1'
* I.

Prepared by

BATTELLE
C-ilumbus Laboratories

Columbus, Ohio 43201

F33615-73-C-5073
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Incoloy 903 Alloy

Material Descriktion

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 strength. Be-
cause the alloy contains no chromium, oxidation resistance may become a

* consideration for some high temperature applications.

The material 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
Sulfur 0.004
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 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 Data(a) J

Condition: Heat Treated
Thickness: .0635 inch

'."•1 - _ " •. ''
Temperature, F

Properties Ri 800 1000 1200

Tension
TUS (longitudinal), ksi 191.9 170.7 166.6 130.6
TUS (transverse), kst 193.0 170.1 163.5 131.6
TYS (longitudinal), ksi 155.5 140,8 134.8 116.7
TYS (transverse), kst 165.0 142.6 135.6 120.4

e (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 (longitudinal), 101 ksL 24.7 21.6 22.6 21.4
E (transverse), 103 ksi 25.8 22.2 22.3 21.1

Com•r•e•. •ýn
SCYS (longitudinal), ksi 167.0 152.2 141.4 122.5

CYS (transverse), ksi 174.2 160.9 145.6 125.1
E (longitudinal), 10o ksi 25.2 22.8 23.0 21.4
Ec (transverse), lo1 ksi 24.3 23.7 23.2 22.2c

Sshea_(b)

SUS (longitudinal), ksi 123.9 U(c) U
SUS (transverse), ksi 127.8 U U U

Fracture Toughness (d)
Kc (T-L) kslfin. 244.5(d '

S~~Axial Fatigue (Transverse)(e

Unnotched, R = 0.1
103 cycles, ksi 154 140 131 11
10 cycles, ksi 125 112 98 "1
101 cycles, ksi 84 73 67 U

Notched, Kt ý 3.0, R 0.1
I03 cycles, ksi 120 100 100 U
I..0  cycles, ksi 73 64 64 U
10' cycles, ksi 46 44 4 U
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Incoloy 903 Alloy Data (Continued)

Temperature, F
RT 800 1000 1200

Creep (transverse)
0.2% plastic deformation, 100 hr, ksi (no creep) 15
0.27. plastic deformation, 1000 hr, ksi 14

Stress _Ruotiur-4 (trans ver.e)
Rupture, 100 hr, kaL NA 48 50 31
Rupture, 1000,hr, ksi NA 35 44 15

"Stresa Corrosion .an .e M

807. TYS, 1000 hr, 'ma1ximum no cracks

CoeffLcient of Thermal Expansion
5.6 x 10-6 in./in./F

0.294 lb./in.'

(a) Values are average of triplicate tests condactl-.l .-0 3t::elle under the
subject contract unless otherwise indLcqt,4d. Fatigue, creep, and stress-
rupture valies are from c ie-it, generated tisin3 the results of a greater
number of tests.

(b) 3heet-shear type specimen; average of 3 tests in each direction.

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

(d) Specimens were 18 x 36 with a center fl.aw. Value Is average of 4 tests.

(e) "R" represents the al-ebraic r•t, L o! -. t imum stress to maximum stress in
one cycle; that is, R = Smin/Smax "Kt-, represents the Neuber-Petersoi
t'te,)retical stress concentration factor.

(f) Room-teiperature three-point bend test. Alternate imnersLon in 3½% NaCI,
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M ECHAN ICAL- PROPERTY DATA
201.,0 ALUMINUM ALLOY

-T7 CASTING,

itsued by

Air Foc'ce klaterialt Laboratory
Air Force Systems Command

'WrighPatterson Air Force Base, Ohio I
Prepored by

BATTEL.LE
Columbus Laboratories
Columbus, Ohio 43201

F3361573-C 5073
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201-T7 Aluminum Castings

Material Description

* ~201 is a recently developed heat-treatable, high strength aluminumI
casting alloy which contains copper, silver, magnesium, and titanium. Premium
quality casttngs 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 in airframe construction.

Processing and Heat Treating

The alloy was tested in the as-received -T7 condition.
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201-T7 Alloy Data~')

Condition: -T7
Thickness: Various

Temperature, F

Properties RT 300 400 500

Tension
TUS (longitudinal), ksi 67.1 56.8 48.4 29.8
TYS (longitudinal), knl 60.0 49.4 46.2 28.3
e, (longitudinal) percent in 2 in. 4.7 7.2 9.5 14.5
E (longitudinal): l0• ksi 10.5 9.6 8.8 8.0

Compression
CYS (longitudinal), ksi 60.9 53.6 48.2 30.9
Ec (longitudinal), I0 ksi 11.1 9.9 9.7 9.0

ShearSU (longitudinal), ksi 39.3(b U c U U

V-notch Charpy, ft.lbs.

(longitudinal) 5.0d' U U U

Axial Fatigue (transverse)(e)

Unnotched, R - 0.1
103 cycles, ksi 62 62 62 U
l0ý cycles, ksi 37 36 35 U
107 cycles, ksi 31 27 25

Notched, Kt - 3.0, R = 0.1
103 cycles, ksi 54 54 50 U
0l 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)
0.27. plartic deformation, 100 hr, ksi U 43 34 8
0.2. plastic deformation, 1000 hr, kai U 41 19 4.5

Stress Rupture (transverse)
Rupture, 100 hr, kai U 47 39 13
Rupture, 1000 hr, kai U 47 32 3.5

Stress Corrosion (transverse)(£

-•8M TYS, 10 hr, maximum no cracks

(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.

(c) 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 Neuber-
Peterson theoretical stress concentration factor.

(f) Room-temperature three-point bend test. Alternate immersion in 3 1/2% NaCI.
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