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INTRODUCTION

The selection of structural materials to most etfectively satisfy new
environmental requirements and incrcased design load requirements for advenced
Air Force weapons systems is of vital fmportance. A major difficulty that design
engineers encounter, particularly for newly developed materials, materials pro-
cegssing, and product forms, io a lack of sufficient engineering deta informatior
to effectively evaluate the relative potential cf these developments for a par...-
ular application,

In recognition of thig need, the Alr Force has sponsored several programa
at Battelle's Columbus Latoratories to provide comparative engineering data for
newly developed materials, The materials included in these evaluation programs
were carefully selected t~ insure that they were either available or could become
quickly available on reguest and that they would represent potentially attraccive
alloy projections for weapcas system usage, The results of these programs have
been publighed in four technuical reports, AFML-TR-67-413, AFML-TR-68-211, 4fL-
TR-70-252, and AFML-TR-71-149,

This technical report is a result of the continuing effort to relicve the
atove situation and to ztimuiate interest in thc use of newly developed alloys, or
new processing techniqucs for older alloys, for advanced gtructures,

The materials evaluaced under thies program are as follows:

(1) 15-5 PH (H1025) stainless ateel forged ber

{2) HP 9Ni-4Co-0.20C steel forged bar

(3) FH 13-8 Mo (H1000) stainless steel forged bar

(4) 7049-T76¢ aluminum extrusion

{5) 6Al-25a-4Zr~-6Mo titanium sheet

(6) Inconel Alloy 702 sheet (Aged)

(7) 1Inconel Alloy 706 forged baxr (Creep-rupture heat treaiment).

The temper or heat-treat conditione selected for evaluation are describec
in each alloy section,

The program approach was, &8 on previous ccntracts, to search the published
literature and to contact metal producers and aerospace companies for any pertinent
data, 1If very little pertinent information was available, a complete material
evaluation was conducted, Upon completion of each material evaluation, a 'data
sheet" was issued to make the data immediately available to potentisl users rather
than defer publicaticn to the end of the contract term and the suwuary technical
report, These data sheets are roproduced in Appendix I1II.
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Detailed information concerning the properties of interest, test

techniques, and specimen types are contajned in Arpendicz:s I and IiI of this
report,
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MATERIALS INFCPMATION AND TEST RESULTS

15-5 PH Stainless Steel

Material Description

15-5 PH is a precipitatior.-hardening stainless steel that offers a
combination of high strength and hardness, excellent corrosion resistance, plus
good transverse toughneas and good forgeability. It is produced by congumable
vacuum arc remelting and is virtually ''ferrite free'.

Fabrication practices for 15-5 PH are generally the same as those
egtablished for 17-4 PH. Moat techniques are similar to those recommended for
the regular grades of stainless steel, Hardening heat treatments require
temperaturea of only 900 F to 1150 F, dependirg on the properties desired.
Because of the comparatively low hardening temperatures, scaling snd distortion
difficulties are essentially eliminated,

15«5 PH {8 availeble in the form cf cheet, strip, plate, bar, and wire,
Typical applications include forgings, pump ané valve parts for high pressure
systens, alrcraft components, and hollow bar parts for hydraulic actuators and
controls,

The chemical composition of the forgiag used for this evaluation is
as follows:

/

Chemical Composition Percent
Carbon .037
Merganese »31
Phosphorus .018
Sulfur .010
Silicon .30
Chromium 15.14
Nickel 4,58
Copper 3.32
Columbium .24
Tantalun .01
Iron Balance

The materisl tested was obtained from Armco Heat 4W0370 in the form of .
2-1/8 inch x 5=3/4 inch x 8 foot forged bar,

Processing and Heat Treating

The gpecimen layout for 15-5 PH is shown in Figure 1. Specimens were
machined in the ags-received Condition A followed by heat treatment for 4 hours at
1025 ¥ t3 Condition H1025.
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Test Results

Tension. Results of tests in both the longitudinal and transverse
directions at room temperaturc, 400 ¥, 700 F, and 909 F are given in Table I,
Typical tonsile stress-strain curves at temperature are shown in Filgures 2 and
3. Effect-of-temperature curves are shown in Figure 6,

Compression. Results af tests in the longitudinal and transverse
directions are given in Table II for room temperature, 400 F, 700 F, and 900 F,
Typical stressestrain and tangeni-modulius curves at temperature are shown in
Figures 4 and 5. Effect-of-temperature curves are showa in Figure 7,

Shear. Results of pin shear tests in the longitudinal and transverse
directious ar room temperature are given in Table III.

Impact. Results of room temperature Charpy tests in the longitudinal
and ctransverge direction are given in Table 1IV.

Fracture Toughness. 8Six slow-bend type tests were conducted at roomw
temperature, Regults are presented in Table V. Since the eize ratio, 2.5( /TYS)a.
was greater thau both the specimen thickness and width in all tests, the K. value
ie not a valid ch value by exisring ASTM criteria. Q

Fatigue. Axial-load tests were conducted at room temperature, 400 F,
and 700 F for both unnotched and notched transverge specimens, Test results are
glven in Tables VI ana VLI end presented as S-N curves in Figureg 8 and 9,

Crecep and Strcss Rupture. Tests were performed at 700 F, 900 F, ard
1100 F. Results are presented in taibuler form in Teble VIII and as log-stress
vergus log-time curves in Figure 10,

NNV o o b et vy i A e ege o e

Stress Corrosion. Specimens were tegted as described in the experimental
procedure section or this report. No failures or cracks occurred in the 1000-hour
tegt duration,

1 Thermal Expansion. The coefficfent of thermal expansion for this alloy
is 6.7 x 10 ¢ {n/in/F for 70 F to 900 F.

? Deasity. The density value is 0,283 1b/in2,

reron oty e b PP
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TABLE 1. TENSILE TEST RESULTS FOR
15-5 PH (HL025) FORGED BAR

0.2 Percent Elongation Reduction Tensile !
Specimen  WUltimate Tengile Offset Yield in 2 Inches, in Area, Modulus,
Number Strength, ksi Streng<h, ksi percent percent psi x 10°
Longitudipal at Room Temperature
, 1L-1 164.0 - 163.0 ' 15,0 62.4 30.5
- 1L.2 165.0 164.,0 15.5 63.6 30.8
1L-3 164.0 163.0 15,5 62,2 30.6
Trangverse at Room Temperature
1 1T.1 164.0 ] 162.0 12.5 50.0 28.7 ;
IT-2 165.0 162.0 13,0 52,7 28.6 |
Z iT-3 163,0 161.0 13.5 50.9 29,2
¥ Longitudinal at 400 F
1L-4 147.0 1410 12.5 50,0 27.3 1
£ 1L-5 147.0 140.0 12.5 49.8 27.8 1
: 1L-6 147.0 140.0 11.5 48.8 28.1 {
t |
4 Trangversge at 400 F ' !
1T-4 147.0 141,00 10,5 43.3 27.9 i
1 1T-5 146.0 139.0 10.5 42.0 27.2 ﬁ .
} 1T-6 147.0 141,0 11.5 43.7 29.5 ; )
i
] Longitudinal at 700 F ?
{ 1L-7 137.0 , 128.0 10.0 43.5 26.5 P
1L-8 136.0 127.0 10.0 46.4 27.0 }
) 1L-9 139.0 130.0 11.0 46,2 27.4 '
E Trangverse at 700 F |
1 177 136.0 126.0 9.0 38.8 2.0
' 1T-8 136.0 128.0 9.0 37.8 25,2
1T-9 136.0 127.0 9.5 39.2 26.2
* Longitudinal at 900 F
bk 1L-10 1200 TT112.0 15.0 60
1 1L-11 120.0 111.0 15.0 58
1L-12 115.0 110.0 14.0 58
} Transverse at 900 F

17-10 118.0 108.0 14,0 51.0 23,7

' 1T-11 118.0 110.0 13.5 50.2 23,0
Y 1T-12 120.0 112.0 13.0 53.2 22,9

. .
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TABLE 1I. COMPRESSION TEST RESULTS FOR
15-5 PH (H1025) FORGED BAR

0.2 Percent Compressive
Specimen Offset Yield Moduius,
Number Strength, ksi psi x 10°
Longitudinal at Roow Temperature
2L-1 168.0 .29.8
2L-2 165.0 31.0
2L.3 173.0 29.9
. Trangverse at Room Temperature
b 2T -1 165.0 29.8 i
g 2T.2 166.0 30.1
. 2T-3 165.0 30.9
% Longitudinal at 400 F
f L4 - 145.0 ) 29.1
: 2L-5 ' 145.0 28.3
. ZL-6 144.0 28.5
$ Trausverse at 400 F
] 214 145.0 28,2
i 27T-5 143.0 29.3
; 2T-6 144.0 29.2
i Longitudine! at 700 F
2L-7 . 133,0 27.9
2L-8 129.0 27.7
3 2L-9 128.0 27.4
)
Transverse at 700 ¥
) 217 - 130.0 27.8
3 21-8 130,90 , 28.6
¥ 2Tr-9 130.0 27.8
Longitudinal at 900 F
2L-10C 113.0 24.6
2L.11 111.0 : 24,4

2L-12 111.0 ‘ 24.2

Transverse at 900 F

2T-10 111.0 25.3

2T~11 : 111.0 23.9

2712 1110 24,2
7
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TABLE I1I. SHFAR TEST RESULTS FOR

15-5 PH (H1025) FORGED BAR

Specimen Ultimate Shear
Number Strength, ksi
Longitudinal
4L-1 ) 106.0
41L,-2 106.0
4L=3 105.0
LL-4 105.0

Transverse
4T-1 o 105.0
47-2 104.0
4T3 104.0
4T 4 106.0
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TABLE IV. TIMPACT TEST RESULTS FOR 15-5 PH
(H1025) FORGED BAR

Specimen ‘ ine gy,
Number £t/1ba
A Longitudinal
3
? 10L-1 81.0
¢ 10L-2 81.0
¥ 10L-3 80.0
i 10L-4 78.0
10L=5 82.5
Z 10L-6 81.5
f Transverse
¥ 10T-1 37.0°
) 10T-2 38.5
10T-3 38.5
10T -4 43.0
10T-5 44.0
10T-6 43.0
9




e e v = e

i e A ——————— g b e SRS - = ame mp

e n e - -

TABLE V., FRACTURE TOUGHNESS TEST RESULTS FOR 15-5 PH (H1025) FORGED BAR
(LONGITUDINAL)
Specimen W; a, T, P, lSpan, f(g) K (a)
Number inches inch inch pound inches W (0}
1L 1.501 8§73 .749 11,800 6 3.5 181.49
4L 1.500 886 749 1z,600 6 3.6 200.6
2L 1.500 .883 .748 12,050 6 3.6 190.6
6L 1.501 .891 . 749 12,450 6 3.7 200.2
3L 1.500 .852 .748 11,400 6 3.3 174.5
SL 1.500 .882 749 12,600 6 3.6 198.6

10

. are invalid as KIc vajues since a, T,




TABLE VI, AXTAL LOAL FATIGUE TEST RESULTS FOR
UNNOTCHED 15~-5 PR (H1028%) FORGED BAR

(TRANSVERSE )
— T -
Specimen Maximum Lifectime,
Number Stress, ksi cycles
Room Temperature
5.5 170 18,720
5-3 165 42,200
5.2 169 120,700
54 155 111,200
5-1 150 4,156,200
5.6 24 273,300
5.7 140 7,934,500
5.8 135 4,167,900
5-9 130 19,010,300 (2
00 ¥
5.20 160 14,900
5.19 150 31,600
5-18 . 140 47,000
5.23 136 49,800
5.22 130 113,500
5.24 120 944,900
5.25 120 10,208, 100¢2?
700 7
5-10 140 (b)
5-14 135 37,7€0
5-13 130 32,700
5-16 125 66,600
5-11 120 59,400
5.17 1.5 52,400y
-1° 110 16,123,000'%

{(a) Did not fail.

(b) Failed in first cycle,




TABLE VII. AXIAL LOAD FATIGUE TEST RESULTS FOR

NOTCHED (K =3,0) 15-5 PH {H1025) FORGED BAR

(TRANSVERaE)
Specimen Max imum Lifetime,
Kumber Stress, ksi cycles
Room 'iemEerature

5.3% ~ 130 9,260
5-32 120 14,650
5.33 110 16,010
5-34 90 45,120
5-35 80 80, 250
5-36 70 128,900
5-37 60 191,100
5-38 50 10,965,000

400 F
5-53 T 14,100
5-49 90 39,100
540G 80 55,200
5-41 70 100,000
5-52 65 147,260
5-42 60 7,121,200( \
5.53 50 16,121,300

700 T
5.59 100 11,000
5.-57 90 16,500
5-56 80 47,700
5..53 70 44,400
5-60 . 70 815,200
5.53 65 2,547,900
5-54 60 5,548,700
5«61 55 17,060,300

(4) Did not feil.
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15-5 PH (H1025) FORGED BAR (LONGITUDINAL)
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HP 9Ni-4Co~0.20C Alloy Steel

Material Description

HP 9Ni-4C0-0.20C steel was developed specifically to have high harden-
ability combined with good fracture toughness. It can be welded in the fully
heat-treated condition and achieve essentially 100 percent joint efficlency
without preheat or postheat treatment., The 0-20C grade is available as sheet,
strip, plate, bars, forginge, and tubing.

The material used for cthis program was consumable electrode vacuum
melted and from Republic Steel Heat 3821003, It was obtained as a 2-1/4 inch
x 6-inch x 84 inch forged bar and had the following composition:

Chemical
Commosition Percent
Carbon 0.19
Manganese 0.36 .
Phogphorus 0.008 e T T
Sulfur 0.007.——
Silicon 0.04
Nickel 9.30
Chromium 0.80
Molybdenum 1.04
Vanadium 0.08
Cobalt 4,70
Iron Balance

Processing and Heat Treating

The specimen layout for this alloy 1s shown in Figure 11. Specinens
were rough machined in the as-recoived annealed condicion, hest trearad as
follows:

(1) normalize at 1650 F, 1 hour, air-cool,
(2) austenitize at 1500 F, 1 hour, oll guench,

(3) single temper at 1025 F, 6 hours, air cool and
then finish machined,

Test Results

Tension. Resulcs of tension tegts ir the longitudinal and transverse
directions at-room temperature, 500 F, 700 F, ard 900 F are given in Table IX.
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Stress-strain curves at temperature are presented in Figures 12 and 13, Effect-
of-temperature curves are shown in Figure 16,

Compression. Results of compression tests in the longitudinal and
transverse directlons at room temperature, 500 F, 700 F, and 900 F are given in

Table X. Compressive stress-strain and tangent modulus curves at temperature

arc presented in Figures 14 and 15, Effoct-cf-temperature curvec are shown in
Figure 17,

Shear. Tegt results for pin shear tests in both the longitudinal and
trangverse directions at room temperature are given in Table XI,

Impact, Charpy test results at room temperature for longitudinal and
transverse specimens are gliven in Table XII. :

Fracture Toughness. Results of six slow-bend type tests are given in
Table XIII. The size ratio, 2,5 (K./TYS)?, was greater thsn both the specimen
thickness and crack length in all tdsts, therefore the KQ value in the table is
not a valid Kic value by exigting ASTM criteria.

Fatigue. Axlal-load fatigue tests were conducted at room temperature,
500 F, and 700 F for transverse specimens, both unnotched sud notched. Resultsg
aire given in tabular form in Tables XIV and XV. 8-N curves are presented in
Figures 18 and 19.

Creep and Stress Rupture., 7Teats were performed at 500 F, 700 F, aud
900 F for transverse specimens. Tabular test results are given in Table XVI.
Log-stress versus log-tlme curves are presented in Figure 20.

Stress Corrosion. Specimens were tested as described in the experi-
mental procedure section of this report. No fallures or cracks occurred in the
1000 hour test durationm.

Thermal Expansion, The cocfficient of thermal expansion for this
steel is 6.4 x 107° in/in/P for 80 F to 900 F.

Density. The density of this alloy is 0,284 1b/1n®,

23
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TABLE IX, TENSILE TEST RESULTS FOR HP 9Ni-4Co-0.20C FORGED BAR "
i
=== - 3
Ultimate 0,2 Percent i
Tensile Offset Yield Elongation Reduction Tensile
Srecimen Strength, Strength, in 2 inches, in Area, Modulus, J
Mo, ksi ksi percent percent 10% psi b
Longitudinal at Room Temperature
11.-1 168.0 I81.0 17.5 67.1 28.0
11.-2 196.0 181.0 17.5 68,2 26,6
1L.-3 197.0 180.0 17.5 68.4 26.4
Transverse at Room Temperature
1T-1 197.0 180.0 14.5 55.0 27.9
1Te2 197.0 180.0 14.5 56.3 27.7
1T-3 197.0 180.0 15.0 57.1 26.4 1 1
Longitudinal at 500 F
1L-4 178.0 165.0 16.0 66.7 25,4
1L-5 182.0 165.0 16.0 65.4 26.0 Y
1L-6 179,0 165.0 15.5 64.4 26.7
Transverse at 500 F
1T- 179.0 166.0 14.0 56,0 25.7
17-5 179.0 - 166,0 14.0 55.1 25,8
-6 173.0 166.0 14,0 55.8 26.2
Longitudinal at 700 F i
1L-7 172.0 155.0 16.9 64.4 24.0 {
11.-8 170.0 155.0 16,5 69.4 24,3 i
1L-9 169.0 156.0 16.0 66.4 24,6
Transverse at 700 F
11-7 169.0 151.0 14.5 58.4 24,9 1
1T-8 169.0 154.,0 14.5 57.4 24.8 ;
1T-9 1¢8.0 153.0 14.5 57.7 244 J
A
24
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TaBLE IX, (Concluded)
Ultimate 0.2 Percent
Tensile Offset Yield Elongation Fzdu2tion Tensile
Specimen  Strength, Strength, in 2 iaches, in Arca, Modulus,
No, ksi ksi percent percent 10% psi
Longitudinal at 900 F
1L-10 148,0 130.0 18.0 69.6 22.2
1L-11 148.0 130.0 18.0 69.9 22.2
1L..12 147.0 125.0 ' 18.0 39.9 21,7
_Trangverse at ?QO ¥
1T-10 147.0 128,0 16.0 61.2 25.3
1T~-11 77,0 128.0 16,0 55.5 23.4%
- 1T-12 147.0 131.9 16.0 60,6 22,7
= = — S e




TABLE X. COMPRESSION TEST RESULTS FOR
HP 9Ni-4C0-0,23C FORGED EAR

0.2 Percent

a Offset Yield Compresasion
i Specimen Streagth, Moduvlus,
¢ No. kai 108 psi
é — —
g; Longitudinal at Room Temperature
Vg . o
7 2L-1 196.0 27.6
. . 2L-2 198.0 27.7
2L-3 196.0 28,0
Transverse at Room Temperature
27-1 194.0 27.1
27-2 195.0 28,6
2Te3 155.0 25.2
Lorgitudinal at 500 F
2Ly 169.0 25,7
2La5 173.0 26,5
21.-6 173.0 26.9
Transverse at 500 F
274 171.0 27.0
215 171.,0 25,9
2T -6 172.0 25,7
nggépudinal at 700 F
2L-7 162.0 24,8
2L -8 158.0 25.5
2L-% 157.0 25,0
Transverse at 700 F
2T -7 159.0 25.1
T8 156.0 24.9
2T-~9 159.0 25.9
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TABLE X , .(Concluded)

0.2 Percent

Offset Yield Compressinn
Spacimen Strength, Modulus,

No. ksi 108 pst

Longitudinalrati900 F

21,-10 137.0 23.3
2L~11 155.0 24.8
2L-12 134.0 25,0

Tranavgrse at 900 F

aT.l 136.0 23.2
2T~-11 135.0 24,5
2T=12 136.0 4.4
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TABLE XI, GSHEAR TEST RESULTS FOR HP 9N1-4Co-0.20C
FORGED BAK

Specimen Ultimate Shear
No. Strength, ksi

Longitufiipsl

4Ll 123.0

41,2 124.0

4L-3 124.0
Tranavgrse

4T-1 120,0

LT=2 124.0

4T3 123,0
EEEN _ _
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il TABLE XII. TIMPACT TEST RESULTS FOR
} H HP 9N{i-4Co0-0,20 C FORGED BAR
| I
B
Specimen Energy,
b Number ft/1bs
!
f Longitudinal
f i0L-1 73.0
h 10L-2 37.0
10L,.3 62.0
10L-4 63.0
5' 10L-5 77.0
Transverae
r 10T-1 50.0
10T.2 54.0
10T-3 52.0
10T -4 56.0
k 10T-5 54.0
3
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TABLE XIIL. FRACTURE TOUGHNESS TEST RESULTS
FOR HP 9Ni-4Co-0,20C FORGED BAR

Specimen Vw, a, T, ViP, Span, £ a (a)
Number inches inches inches 1bs inches @ Ka
Ixangverse
3T 1,254 648 .631 6,650 5 2.8 107.3
2T 1.255 €40 ,632 7,450 5 2,7 - 115.3
1T 1.255 .692 .631 8,200 5 3.1 146.3
longitudinal
2L 1.594 .861 . 755 12,650 6 3.4 186.1
L 1.502 .870 755 12,800 6 3.5 193.4
1, 1.504 .735 .757 9,450 6 2.5 104,3

(a) Cand:date fracture touzhreca values, K,. ere invalid as K
ey

4

<2.5 \,1:83.) .

3Q

Q ic

values since a, T,
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TABLE XIV. AXIAL LOAD FATIGUE TEST RESULTS

FOR UNNOTCHED HP 9Ni-4Co-0.20C
FORGED BAR (TRANSVERSE)

Specimen Maximum - Lifetime,

Number Stress, ksi cycles
Room Temperature
5.1 120 26,900
5-2 110 23,900
5-3 100 34,000
54 90 58,200
5.5 80 69,900
5-6 70 _ 124,100
5-7 60 5,024,900
5.8 50 11,920,400(2)
500 F
5.17 158 , 12,000
5-19 135 23,600
5.18 130 21,100
5-20 125 17,400
5.16 120 1¢,115,000¢a)
5-14 100 . 109,000
5.15 100 12,916.,000(2)
700 F

5.26 180 30,000
5-25 : 160 746,400
5-26 150 360, 900,
5-22 140 25,6000
5-23 140 2,052,400
5.21 130 , 2,702,000
5.27 120 ' 50,800
5.28 120 10,277,000 (8)

(a) Did not fail,

(b) Failed at thermocouple.

11




-~

| AT YN SR RI L

Ciae e

P

fey et LT L Y

e PR A T

 n i cirr e A ——me am =

TABLE Xv,

AXTAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K,=3.0) HP 9Ni-4Co0-0,20C

FORGED BAR (TRANSVERSE)

Specimen Maximum Lifetime,
Number Stress, ksi Cycles
Room Temperature i
5-31 90 11,900
5-37 85 17,900
5.32 80 21,400
5.35 75 13,300
5-33 70 21,600
5-36 65 . 50,900
5.34 60 12,381,800(2)
500 F
5.41 90 7,800
5.42 85 11,600
5-43 80 27,300
544 75 13,200
545 76 25, 200
546 65 34,400
5.47 650 31,300
5-48 50 99,000
5259 40 60,600
5-60 40 109,900
5-61 30 10,850, 900(2)
700 F
5-51 30 10,900
5.52 80 14,400
5.53 75 32,400
5.54 70 1,699,300
5.55 65 28,100
556 65 85,200
5.57 60 51,900 .
5-58 50 12,986,000 (2
(2a) Did not fail,
32
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’ FIGURE 12, TYPICAL TENSILE STRESS-STRAIN CURVES FOR
. HP 9W1-4Co-0.20C FORGED EAR (LONSITUDINAL)
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FIGURE 13, TYPICAL TENSILE STRESS-STRAIN CURVES FOR
HP 9Ki-4Co-0.20C FORGED BAR (TRANSVERSE)
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FIGIRE 15, TYPICAL COMPRESSIVE STRESS-STRAIN AND TANGENT -MODULUS
CURVES FOR HP 9N1-4Co-0.20C FORGED BAR (TRANSVERSE)
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PH 13-8 Mo Stainless Steel

Material Description

This alloy is a martensitic precipitation hardemable stainless sgteel
developed by the Armco Steel Corporation. It can be heat treated to high
strength levels and exhibits good ductility in the transverse dir:ction, This
transverse direction toughness is obtained by compesition balance designed to
prevent formation of deltas ferrite in the structure, low carbon content to mini-
mize grain boundary carbide precipitation, and double vacuum melting to reduce
alloy segregation, The r1lloy reportedly has excellent registance to stress
corrosion cracking fn synthetic seawater and excellent resistance to corrosion
in a 5 percent salt spray environment.

The material uged in this evaluation was obtained as a 4-lach x 5-inch
x 5 foot forged bar from Armco Heat 1W0241, The composition was as follows:

Chenical
Comkosition Percent
Carbon 0.035
Manganese 0.01
Phosphorus 0.002
Sulfur 0.003
Silicon 0,02
Chromium 12.62
Nickel 8.24
Molybdenum 2.16
Aluminum 1.02
Iron Balance

Proccssing and Heat Treating

The specimen layout for PH 13.8 Mo 1is shown in Figure 21. Specimens
were machined in the as-received condition A and then heat treated at 1000 F for

.4 hours to Condition E 1000,

Test_ﬁgsul;s

Tenaion. Results ¢ tests in the longitudinal and transverse directions
at room temperature, 500 F, 700 F, and 900 F are given in Table XVII. Tensile atresa.
strain curves at tempearaturse arz showu in Figures 22 and 23, Effect-of-temperature
curves arz preseanted in Figure 26.

Compression, Test results are given in Table XVIII for longitudinel and
transverse specimen; at rovm temperature, 500 .°, 700 F, and 900 F. Compressive
stress~-strain and tangent modulus curves at temperature are presented in Figures
24 and 25, Effect-of-temperature curves are shown in Figure 27.
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Shear, Results of pin shear tests at room temperature for longitudinal
and trgnsverse gpecimens are shown in Table XIX.

Impact, Charpy test results are shown in Table XX,

Fracture'Tou;hneea. R:sults of glow-bend type tegts are shown In
Table XXI. The size ratio, 2.5 (K?/TYS)Q, was greater than both the speciren
thickness and crack length in all fests, therefore, the value shown in the
table 1s not & valid K; . value by existing ASTM criteria.

Fatigue., Axial load fatigue testa were conducted at room temperature,
400 F, and 700 F for transverse specimens, boti unnotched ancé notched, Test
results are given in Tables XXII and XXIII, $S-N curves are shown in Figures
28 and 29,

Creep and Stress Rupture, Tests were preformed at 500 F, 700 F, and
900 ¥ for transverse specimens. Tabular teat results are given in Table XXIV.
Log-stress versus log-time curves are premented im Figure 30.

Stress Corrosion. 8pecimens were tested as described inm the experi-
mental procedure section of this report., No fallures or cracks oscurred iu the
1000 hour tegt duration,

Thermal Expansion. The coefficfient of thermal expansion for this alloy
is 6.6 x 10°° in/in/F for 80 F to 900 P, .

Density. The density of this material is 0,279 1b/in®,
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TABLE XVII, TENSILE TEST RESULTS FOR PH 13-8 Mo
"(H1000) FORGED BAR

Ultimate 0.2 percent Elongation Reduction  Tensile
Spacimen Teneile Offset Yield in 2 inches, in Area, Modulus,

Number  Strength, ksi  Strength, ksi percent percent 10® psi

Longitudinal at Room Temperature

iL-1 194.0 190.0 11.0 49.5 277
1L.2 193.0 187.0 14%.5 58.5 . 27.6
1L-3 191.0 185.0 12,5 47.5 . 27.9

long Transverse at Room Temperature

1T-1 192.0 187.0 . 13,0 51.0 27.3

1T-2 188.0 179.0 14.5 55.5 28.3

1T-3 191.0 184.0 14.0 6.0 28,4
Longitudinal at 500 F

1L-4 170,0 165.0 12.5% $8.0 272.4 1

iL.5 169.0 : 164.9 13.0 53.0 27.3

1L.6 168.0 165.0 12,0 53.0 26.5
long Trausverse at 300 F ‘

1T-4 168,0 C162.0 11,0 49.5 25,2

11-5 166.,0 163.0 12,5 56.0 25.5

17-6 171.0 166.0 11,0 50.0 25.2

Longitudinal at 700 F

1L-7 158.0 148.0 14,0 38.5

2.7
1L-8 154.0 153.0 11,0 45.0 2.9
1L-9 157.0 153.0 13.0 35.0 25.8

. 1ane Transvarse at 7{0) F

““““ -

117 - 159.0 148.0 12.0 51.0 - 26.2
1T1-8 156.0 150.0 12,5 50.0 .U
17-9 157.0 131.0 13.0 56.0 %4

Longitudinal at 900 F

1L-10 129,0 119.0 21.0 7.5 221

.11 - 129.0 119.0 21.3 £€9.0 20.7
11..12 127.0 . 115.0 21,0 7.0 22.8

Long Transverse at 900 F

17-10 125.0 116.0 22,5 72.0 20.4
19-11 128.0 120.0 22,0 71.0 22.3
17-12 126.0 118.0 20,0 68.5 21.%
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TABLE XVIIX,

COMPRESSION TEST RESULTS

FOR PH 13-8 Mo (H1000)

FORGED BAR

L o s

0.2 Percent

Nffset Yield Compression
Specimen Strength, Modulus,
No. ksi 10% psi

Longitudinal at Room Température

2L-1
2L-2
2L-3

183.0
193.0
187.0

30.8
30.6
28.7

Long Transverse at Room Temperature

2T-1
2T-2
2T.3

L4
2L-5
21.-6

2T-4
2T-5
2T-6

2L.7
2L-8
2L-9

2T-7
2T.-8
2T7-9

199.0
198.0
202.0

Longitudinal atVSOO F

160.0
155.0
160.0

Long Transverse at 500 F

170.0
170.0

1£n N
AUT7 v

Longitudinal at 700 F

148.0
157.0
147.0

Long Transverse at 700 F

160.0
159.0
157.0
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TABLE XVIII, (Concluded)

0.2 Percent

Offset Yield Compression
Specimen Strength, Modulus,
No. ksi 10° psi

Longitudiqal at 900 F

2L.-10 120.0 22,6
2L-11 115.0 23.2
2L-12 120.0 - 23.7

Long Transverse at 900 F

2T.10 122.0 23.1

2711 119.0 23,0

2T.12 123.0 23,0
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TABLE XIX. SHEAR TEST RESULTS FOR PH 13-8 Mo
~(H1000) FORGED BAR

Specimen Ultimate Shear
Number Strength, ksi
Tannd cirddnal
HULIQLL\.\-VI e BN A,

4L-1 122.0
4L+2 122.0
4L-3 120.0

long Transverse
4T-1 123.0
4T-2 123,90
4T-3

123.0
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TABLE XX, 1IMPACT TEST RESULTS FOR
PH 13-8 Mo (H1000)
TORGED BAR
Specimen 7Enargy,
Number ft/lbs
Longitudinsl
10L-~1 36.0
10L-2 35.5
10L-3 3.5
1CL-4 3.5
10L-5 31.0
10L-6 33.5
Long Trangverge
10T-1 28.0
10T.2 28.0
1013 26,0
10T-4 28.0
10T~5q 29.0
10T-6 27.C




TABLE XX1. FRACTURE TOUGHNESS TEST RESULTS FOR PH 13-8 Mo
(HL000) FORGED BAR (LONGITUDINAL)

Specimen W, a, T, P, Span, f(E-) X (a)
Number inches i ches inches 1bs inches W Q
5L 1.500 .879 L742 10,750 6 3.5 169.0
41, 1.501 ,880 .741 10,500 6 3.6 166.0
; 3L 1.499 .868 741 10,300 6 3.5 158.9
2L 1.500 .871 .741 9,800 6 3.5 151.9
1L 1.499 .870 .761 10,500 6 3.5 162.8
(a) Candidate fracture toughness values, Kq, are invalid as K]’.c valuag efnce a, T,

«2.5 ’-”-;33!)”‘




TABLE XXII, AXIAL LOAD FATIGUE TEST RESULTS FOR
UNNOTCHED PH 13-8 Mo (H1000)
FORGED BAR (LONGITUDINAL)

Specimen Maximum Lifetime,
Number _ Stress, kei cycles

- — s ——

Room Temperature

5-1 215.0 . 14,490
5-2 . 210.0 26,120
5.3 205.0 35,190
5-4 200,0 61,570
5.5 195,0 65,470
5-6 190.0 247,050
5.7 180.0 333,330
5.8 175.0 4,404,800
5.9 170.0 785,900
5-16 176.0 730,500
5.11 160.0 458,000 s
5.12 150.0 10,010,000
400 F
5-15 12000 100
5-14 '190,0 17,400
5-12 180.0 151,000
5-11 170.0 ‘ 42,900
5-16 170.0 . 1,015,600 o
5-18 165.0 , 10,329,900,%)
5.17 © 160,0 10,407,300'%/
700 F

5.22 170.0 (h)

5-26 165.0 200
5.2 160.0 33,960
5-20 155.0 28,900
5-29 150.0 945,500 5
5-23 150.0 10,090, 700

(a) Did noc fail.
(b) Failed on lcading.
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TABLE XXTIII. AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (Kt = 3.0) PH 13-8 Mo (H1000)

FORGED BAR (LONGITUDINAL)

Specimen Maximum Lifetime, -
Number Stress, ksi cycles
. Room Temperature
5-1 180.0 1,410
5.2 160.0 1,900
5-3 140.0 3,800
5-5 120.0 7,910
5-6 100,90 32,830
5-7 80.0 72,800
5-8 60.0 . 210,000( )
5-9 50,0 17,555,600"2
400 F
5-11 180,0 1,100
5-12 170.0 1,700
5~13 166.0 1,800
5-14 140.0 1,350
5-15 120.0 1,500
5-16 100.,0 8,100
5-17 90,0 26,400
5-18 80.0 60’500(a)
5-20 70.0 14,754,700( )
5-19 60.0 10,192,200%2
700 F
5-21 100.0 3,900
5-23 90.0 18,300
5-26 85.0 16,900
S22z 80,0 599,800
5=27 75.0 1,344,700
5-24 70.0 5’358’700(a)
5-25 60.0 14,928,700
(a) Did not fail,
51
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TYPICAL TENSILE STRESS-STRAIN CURVES FOR
PH 13.8 Mo (H1000) FORGED BAR
(LONGITUDINAL)
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FIGURZ 23. TYPICAL TENSILE STRESS-STRAIN CURVES FOR
PH 13~8 Mo (H1000) FORGED BAR
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FIGURE 24. TYFICAL COMPRESSIVE STRESS-STRAIN AN{; TANGENT-MODULUS
CURVES FOR PH 13.-8 Mo (H1000) FORGCED BAR
(LONGITUDINAL)
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FIGURE 26. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
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7049-1T76 Aluminum Extrys}ons

Material Description

Alloy 7049 was developed by Kaiser Aluminum and Chemicul Corporation
to have 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
plates and extrusions.

The material evaluated was a 4-inch x 4-inch extrusion supplicd by
Kalser with the follcwing composition:

Chemical

Composition Percent
Zinc 7.6
Magnesium 2.5
Copper 1.5
Chromium 0.15
Silicon 0.25 max
Iron 0.35 max
Titanium 0.10 max
Manganese 0.20 max
Aluminum Balance

Processing and Heat Treating

The gpecimen layout for 7049 is shown in Figure 31, Specimens were
tested in the as-received -T76 temper,

Test Results

Tengion, Test results for longitudinal and trangverse specimens at room
temperature, 250 F, 350 F, and 500 F are given in Table XXV, Room temperature
short transverse tensile test results are also given in Table XXV, Stress-
straln curves at temperature are presented in Figures 32 and 33. Effect-of-
temperature curvegs are shown in Figure 36,

Compregsion, Test regsuits for longitudinal and cransverse specimens
at room temperature, 250 F, 350 F, and 500 F are given in Table XXVI. Compressive
sLress-gtraln and tangent modulus curves at temperature are presented in Figures
34 and 35. TFffect-of-temperature curves are presented in Figure 37,

Shear. Pin shear test results for longitudinal and transverse specil-
mens at roua temperature are shown in Table XXVII.
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Impact. Charpy test results for lengitudinal and transverse speci-
meng at room temperaturce are shown in Table XXVIE,

Fracture Toughriess. Slow-bend type tests curve performed for six
longitudinal specimens. Results are showm in Table XXIX, Since the size
ratio, 2.5 (K,/TYS)®, was greater than both the apecimen thickness and crack
length in all tests, the KQ values are mot valid KIc values by existing ASTM
criteria,

Fatigue, Axial-load fatigue tests were conducted on transverse speci-
mens at room temperature, 250 F, and 350 F, Tabular test results are presented
in Tables XXX and XXXI. S.N curvee are shown in Figures 38 and 39.

Creep and Stress-Rupture, Results for transverse tests at 250 F,
350 F, and 500 F are shown in 1able XXXII., Log-strees versus log-time curves
are presented in Figure 40,

Stress Corrosion. Tests were conducted as described in the experi.
mental procedures section of this report. No failures or cracks occurred in
the 1000 hour test duyration,

-~y L = PSS
inernyas LApaiy Lo,

C ic
is 12.9 x 107° in/in/F for 80 ¥ to 212 F.

Density. The demsity for this material is 0.099 1b/in®,
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TABLE XXV, TENSILE TEST RESULTS FOR
7049-T76 EXTRUS IONS

Ultimate 0.2 Percent
Tensile Offset Yield . Elongation
Specimen Strength, Strength, in 1 Inch,

Number ksi ksi percent

Reduction

Longitudinal at Room Temperature

11.-1 81.1 72.2 13.0
1L-2 82.1 74 .6 13.0
1L-3 86.9 81.0 12.0
Transverse at Room Temperature
1T-1 76.2 67.2 11.5
11-2 76,2 67.7 11.0
1T-3 76.2 67.4 11.0
Short Transverse at Room Temperature
1sT-1 76.2 68.0 12.0
15T-2 76.4 67.8 12.0
1ST-3 76,2 67.4 11.0
Epggitudina14§§42§0 F
1L-4 64,1 62.6 22.0
1L-5 64.4 63.3 22,0
1L-6 €4.6 63.8 22.5
Transverse at 250 F
17<4 58.4 56.0 15.5 9.3
1T-5 58.4 56,4 18.0 9.4
1T-6 56.9 56,8 17.0 9.3
Longitudinal at 350 F
1L-7 48.1 47.9 24,0 §.3
15.-8 48.9 48,7 26,0 8.3
1L~9 48.2 47.8 29.0 8.0
Transverse at 350 F
1T-7 44.8 43.5 18.5 8.4
1T-8 43,9 42.8 22.0 3.3
1T-9 46,1 45,0 18.0 8,6
Longitudinal at 500 F
1L-10 17.0 16.8 40,0 3.0
1L-11 17.6 17.5 35.0 §.0
1L-12 18.8 18.6 39.0 6.9
Trangverse st 500 F
117-10 16.5 16,2 37.0 7.2
1T-11 16.6 16.2 29.0 7.4
1T-12 16.2 15.9 31.0 7.4
63
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s . TABLE XXVI, COMPRESSTION TEST RESULTS FOR ‘
' 7049-T76 EXTRUS LONS B

}
0.2 Percent Compression §
5 Specimen Offset Yield Modulus, :
,5? Number Strength, ksi 10° psi
; Longitudinal at Room Temperature 1
¢ 2L-1 75.3 10.6
3 2L-2 81.4 11.0
X 2.-3 79.6 11,1
é Transverse at Room Temp2rature
Iy 2T-1 75.0 10.8
i 2T7-2 73.0 9.9
2T-3 76.2 16.9
Longitudinal at 250 F
2L-4 66.4 9.5 1
2L.-% 71.2 10.0 1
2L-6 71.7 10.1
Transverse at 250 F i
214 64.0 10.4 .
2T-5 62.6 9.9 , 1
2T -6 63.2 10.2 ; ]
3
Longitudinal az 350 F |
h 2L-7 53.8 8.7
f 2L-8 53.8 2.1
2L-9 50.4 9.1 :
Trangverse at 350 F 3 1
i }
5 2T-7 48.8 8.9 {
] 2T7-8 48.7 9.2 !
2T-9 49.0 9.1 1
Longitudinal at 500 F 1
; 2L-10 18.6 6.6 i
} 2L-11 19.4 6.3 .
2L-12 19.0 6.5 J
Transverse at 500 F
2110 17.6 8.0
2r-11 17.8 7.4
2T-12 17.7 7.7 {
i
'
! 64

ot e e VA ettt de cvepptitrmprte e R e e e oy apee eom e = g e U oapm
IEPETPIREA I e TN T / - y — -y




TABLE XXVII,

SHEAR TEST RESULTS FOR
7049-~-176 EXTRUSIONS

Specimen

Number

P T v w1 e ke U L A .

4L-1
4L.2
4L-3
4L-b

PO~
= =] =3 eq
1
-’L\LJNF‘

~praesar

Ultimate Shear
Strength, ksi

Longitudinal

Transverse
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TABLE XXVIIT, IMPACT TEST RESULTS FOR 7049-T76
EXTRUSIONS AT ROOM TEMPERATURKE

; Specimen Energy,
; Number ft/lbs
i Longitudinal
' 10L-1 6.5
. 10L-2 5.0
: 10L..3 6.5
; 10L-4 5.0 |
: 10L-3 7.0 )
10L-% 4.5 o
Transverse ‘
10T-1 1.5
101-2 2.0
101-3 1.5
10T-4 2.0
10T-5 1.0
10T-6 1.5
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TALLE XXIX, FRACTURL TOUGHNESS TEST RESULTS FOR 7049-T76 EXTRUSIONS (LONGITUDLiAL)

Snecimen W, a, T, P, Span, -8, - (&)

Number inches inches inches ibs inches e “Q
6L 1.500 .830 .750 3,440 6 3.1 47.17
5L 1.500 .848 70 3,870 6 3.2 55.3
113 1.50° RE 751 3.720 6 3.4 56.0
3L 1.501 850 .750 3,850 6 3.3 55.9
2L 1.502 859 .750 3,650 6 3.4 34.0
4L 1.500 .854 L1501 3,800 6 3.3 55.8

(a) Candi??tukgracturc toughneas values, KQ, are invalid as Ko values since &, T,

<12.5 \ng .

£.1
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TABLE XXX. AXIAL-LOAD FATIGUE TEST PRESULTS FOR UNNOTCHED

7049-T76 EXTRUSIONS (TRANSVERSE)

Specimen Max imum Lifetime,

Number Stress, ksi cycles
Room Temper iture
5.4 65.0 9,300
5.3 60.0 68,340
5-2 55,0 86,030
5-1 50.0 177,22G
5.5 43.0 7,075,410
5-6 40.0 9,717,860
25C F
5-17 65.0 11,950
5-19 ) 62.5 26,240
5-15 60,0 29,530
5-20 ' 57.5 81,050
5-16 55.0 289,210
5-21 52.5 549,560 )
5.18 50,0 10,159, 430(%
as0F

5-7 60.0 19,790
5«10 _ 55.0 54,760
5-8 55.0 217,850
5-12 52.5 45,11C
5«11 50.0 1,457,644
5-13 47.5 400,420
59 45.0 6,006,900( 3
5.22 40,9 11,429,780%

{a) Did not fail,




TABLE XXXI, AXIAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (Kt = 3.0) 7049.176

b : EXTRUSIONS (TRANSVPRSE)
} Specimen Max iwum Lifetine,
: Number Stress, ksi cycles

Room Temperaturc

5-19 40.0 6,840

; 5-1 35.0 15,410

; 5-2 30.0 19,030

{ 5-3 25.0 31,270

! 54 20,0 144,750

i 5.5 17.5 334,050

; 5.6 15.0 558,590

f 5.7 13.5 331,080

! 5-8 10.0 15,146,300%

i 250 ¥

! 5-16 35.0 7,640
5.2]. 32.5 9,690
5-17 30,0 20,040
5.22 27,5 23,810
5.23 25.0 19,860
5-18 25.0 934,090
5-24 36.0 841,400
5.25 10.0 843,100
5-26 5.0 10,016,000¢8

350 F

549 35,9 9,350
5-10 30.0 20,760
5.11 25.0 15,620
5.12 20.0 84,670

l 513 15.0 159,410

; 5-14 10,0 652,300
5.15 5.0 10,062,800 8

xd 24 Nr—_Jj
! (a) Did not fail,
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FIGURE 32, TYPICAL TENSTLE STRESS-STRAIN CURVFS FOR
7049-T76 EXTRUSTONS (LONGITUDIMAL)
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FIGURE 33, TYPICAL TENSILE STRESS-STRAIN CURVES FUR
7049-T74 EXTRUSIONS (TRANSVERSE)
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FIGURE 34, TYIICAL COMFRESSIVE STRESS-STRALN AND TARGENT-MGDULUS
CURVES FOR 7049-T76 EXTRUSION (LONCITUDINAY,))
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FIGURE 35, TYPICAL COUPRESSIVE STREGS-STRALN AND TANGENT -MODULUS
CURVES FOR 7049-176 EXTRUSION (TRANSVERSEE)
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PROPERTIES OF 7049-T76 EXTRUSION

75




R

R LB Lt &)

-

Maximum Siress, ksi

Maximum Stress, ksi

80—
Unnotched
70 Transverse
g-‘r\ﬁﬁ R=0l
) A 250 F S50 F
K AL
hs :
40p—© RT 1
& 250 F
10 0 350 F
"03 |04 eos |O‘ g . |07
Lifetime, cycles
FIGURE 28, AXIAL LOAD FATIGUE RESULTS FGR UNNOTCHED 70’ 9-T76 EXTRUSIONS
50
\ ‘ ‘ Notched
\b Transverse
40 ’
T ~ob R=0l
K;=30
S AR A
250F & 350F )
20 -
o
IO [ °o RT - \W v
& 250F
g 30F J
o | 1 l . 7 |
0 0" 103 - "
Lifetime, cycles A-133%

FIGURE 39. AXIAL LOADL FATIGUE RESULTS FOR NOTCHED (Kt = 3,0) 7049.T76 EXTRUSTONS

[PPSR Uy




(ASEZASRYHL) SNOITABLYT $.L1-670. W04 STAUND RCIIVKADIAA JTISVId ANV THALINY-SSI¥IS °O% JWndld

SB-v Gy ‘W)
oode! 000! 00! o ! o
T I~ L] ! |
IRl : -
P _ T~ “
] + lleﬂ -
i I ; O ..T!Ac.., - i
—t—% + Py : T -
e } I e
1 | S 1 { A o
: v ; o 9 w
m at W
w P —— [ N -
# oo e
, 02

| ﬂ | __
| | {
w_ e . i
w ] _ 4 Q62 08
%90 %20 O
w ddn %G00
% geaLd 0\00_ C
3 gy X
k'

Fu v e e en | BNARL e o Sk e e it < s o 03 M e - -




Ti-6Al-25n-4Zr-6Mo Alloy ' T

I
Material Description g
: I

initially, this alloy was developed by vhe Titanium Metals Corporation H
as an off-shoot of the Ti-6Al-25n-4Z2r-2Moc high temperature alloy, Studies had -
shown that increasing the molybdenum content beyond the 2 percent ievel resulted :
in an alloy having improved room and elevated temperature strength with good
crecp resistance, During early development, investigationg were limited to the
cvalitation of the alloy as a heavy section forging alloy. Promising high tempera-
‘are properties achieved in heat.-treated sections up to 3 inches suggested the
alloy might also be useful as a sheet alloy since it should be air hardenable at
sheet gages.

s e e

The material used in this evaluation was 0.075 inch sheet obtained
from TMCA., It had the following composition:

- ———

(1) 1600 F, 15 minutes, air cooled,

Chemijcal j
ComEosition Percent
3 Aluminum 5.9¢
. Tin 1.99 \
[ Zirconium 3.94 }
{ Molybdenum 5.86
g. Iron 0.057
f Oxygen 0,10
Nitrogen 0.0604 ! :
1, Titanium Balance ; i
¥
! .
i Processing and Heat Treaving '
| i
g The specimen layout for ihis alloy is sbuwn in Figure 41, Spzcimens : F
2 were machined in the as.recelved condition and heat-treated as follows:
]
i

(2) 1325 F, 15 minutesg, air cooled, i
| (3) 1100 ¥, 2 hours, air cooled,
i This was suggested by TMCA and is called the "strengthened and heat-tveated”

condition,

i Test Results

Tension, Results of tests in the longitudinal and transverge directions
at r-om temperature, 400 T, 700 F, and 1000 ¥ are given in Table RXXIIL. Stress- R
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strain curves at temperatura are presented in Figures 42 and 43, Effect-of-
temperature curves are shown in Figure 46.

Compression, Test results for longitudinal and transverse specimens
at room temperature, 400 F, 700 F, and. 1000 F are shown in Table XXXIV, Stress-
strain and tangent modulus curves at temperature are presented in Figures 44
and 45, Effect-of-temperature curves are presented in Figure 47.

Stear. Test results for single-shear sheet-tvpe specimens tested in

both the longitudinal and transyerse directions at room temperature are given
in Table XXXV.

Fracture Toughnesg. Test specimens were the full sheet thickness (0.075%-
inch) x 18 inch x 36 Inch with an EDM flaw in the center. The 36 inch specimen
dimension was parallel to longitudinal grain direction of sheets. The average K
value obtained was 132 ksi /IA. The net section yleld stress at fracture was
less than the tensile yield strxength of the material, Therefore, the K. value is
considered valid. ’

Fatigue. Results of axlal-locad fatigue tests for transverse apecimens,
both unnotched and notched, at room temperature, 490 F, and 700 F are given in
Tables XXXVI and XXXVII. S-N curves are presented in Figures 48 and 49,

Creep and Stress-Rup‘ure. Tests were conducted at 700 F, 900 F, and
1100 F, Tabular results are given in Table XXXVIII. Log-stress versugs log-
timc curves are presented in Figure 50,

Stress Corrosicn, Testing was conducted ag described in the experi-
mental procedure 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 5.5 x 10°° {n/in/F for 80 F to 1000 F,

Density. The density of this alloy is 0.165 1b/in®.
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TABLE XEXI11. TEWNS{LE TES1 RESULTS FOR 14-6A1-28n-4Zr-o)3 SHEET

b= &= === - o) L -~ = s
Ultimsate 0,% Percent

Trasile Qifsct Yield Elongat‘on Terwile

Specimen  Strength, Strength, in 2 inches, Modulusg,

o, ksi hrd pevcent 107 pai

Lonpitucinal at Room emperature
17 .1 168.0 160.¢C 16,0 17.5
11.-2 168,0 160,0 10.0 17.7
1L-3 168.0 160.0 11,0 17.5
Transverse at Room Temperature
1T-1 169.0 163.0 10,0 17,2
1T-2 170.0 163,90 11.0 17.2
1T-3 169.0 163.0 14.0 17.2
Longicudinal ecr 400 F
1L-4 149.0 129.0 14.5 16.4
1L-5 148.0 127.0 15.0 16.2
11.-6 148.0 127.0 15,0 15.4
Transverse a‘ 490 F

1T-4 150.0 130.0 14.C 15.4
1T-5 150.0 131.0 14.5 15.7
1T-6 150.0 131.0 14,0 15.9

Longitudinal at 700 F

1L-7 141.0 114.0 14,0 14 9

1L-8 141.0 115.90 14.0 15.4

1L.-9 140.0 114.0 15.5 15,0
Trarsverse at 700 F

1r-7 141.0 117.0 15.0 14.7

1T-8 142.0 117,0 14,0 14.5

1T-9 143.0 117.0 14.0 14.7

-

N
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g TABLE XXXIII. (Concluded)

'E

% Ultimate 0.2 Percent

é Tercil:z ffeer Yield t.longation Tensile H

i S»ecimen  Strength, Strength, in 2 inches, Modulus,

g No. ksi ksi percent 10% psi

Lnngigud§n31 at 1000 F

1L-10 107.0 98,2 29.0 13.1
1L-11 104.0 96.0 41,0 12,6
1L-12 105.0 97.8 ig.0 12,6

Transverse at 1000 ¥

1T-10 1.6.0 98,5 3s.c 12,6

1T-11 108.0 99.5 3.0 12.8

1T-12 106.0 98.8 36.0 13.0
XLy

A P T R I A R T LY, g 3
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TABLE XXXIV, COMPRESSION TEST RESULLS FOR
Ti«6Ale28n-4Zr -6Mo SIEET
0.2 Parcent
Offact Yield Compresasion
Specimen Strength, Modulus,
No. ksi 10° pai

Longitudinal at Room Temperature

2L=1 167.0
2L-2 167.0
2L-3 168.0

19.1
19.6
19.4

Trensverse at Room Temparature

2T-1 162,0 18.8

ar-2 1710 g a

27T-3 172.0 i8.9
Longitudinai at 400 F

2L-4 133.0 17.9

2L=5 133.0 17.9

2L=6 134.0 18.0

Trancverse at 400 F

Tabt 136.0 17.5

2r-5 138.0 i7.8

2T-6 138.0 7.6
Longitudinel at 70915

2L-7 123.0 16,2

2L-8 124,0 16.%

2L-9 123.0 +6,3
Transverse at 700 F

Zin? 127.0 16,1

2T«8 127.0 16.1

219 126.0 16.1

83
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TABLY, XXXIV, (Concluded)

G.?2 Percent

Uffsecr Yield Compression
Specimen Strength, Moduvlus,

No. ksi 10 pei

Long}gudinal at IDCO.E

zL-10 110.0 13.8
2r.11 113,90 14,1
2I,-12 105, 0 13.7

Trarsverse at 1200 F

2T-10 112,0 13.4

2T-11 113.0 13.7

2T-12 113.4¢ 13.7
IS ] ]

84
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% , % TABRLE XXXV 3HEAR TEST RESULTS FOR Ti-fAl-25n<4Zr-b6Mo .

g SHEET AT ROOM TEMPERATURE ;

] ; '
1

Specimen Ultimate Shear
Strength, ksi

T RS |
-4
o]

‘ Longitudinal 3

{ 4L1 97.3

: 412 96.4 i
4L3 (a) :
414 96.8

. S i o e
- s
-y

f Transverse i

4T1 (a)
4T2 98.2
4T2 98,1 :
4T4 98,0

(a) Did not fail in shear.
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TABLE “XXvi. AXIAL LOAD FATICUY TEST RESULTS FOR
UNNOTCHED Ti~6A1-23n-4Zc-€Mo SHEET

(TRAISVERSL)

Spe~imen HMaximum Lifetime,

Number Stress, kel cycles
Room Temperatu:e
5.7 120.0 102,620
5-1 115.0 43,920
525 112.5 1,864,250
5-2 116.90 59,270
5.4 107.5 6,079,870
5.6 105.0 495,200 s
5-8 90.0 12,067,080"
400 F
5-19 125.0 28,6C4
5-20 122.5 17,1568
5.18 120.0 1,666,400
5-22 117.5 68,700
5-21 115.0 5,420,200
5-23 110.0 64,300
5-24 100.0 573,600
5-25 90.0 12,837,250
700 F

5~9 120.0 9,30C
5-10 115.0 14 ,80C
5-11 110.0 14,70C
5.12 105.0 17,000
5-13 100.0 192.20C( )
5.17 100,0 10,79c,oon(a)
5-18 90.0 11,032,000 '?

(a) Did not fail,
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TABLE XXXVII, AXIAL-LOAD FATIGUE TEST RESULIS FOR WOTCHED E
(Kg = 3.0) Ti-6ALl-2Sn-4Zr=-6Mo ;
SHEEY (TRANSVERSE) :
Specimen Maximum Lifetime, %
Number Stress, kai cycles 1
I ROOM_TEMPERATURE
{ 3
i 5-1 100.0 1,130 '
‘ 5.2 90.0 2,510
; 5-3 70.0 1,510
i 54 50.0 6,310
: 5.5 40,0 17,500
v 5.7 35.0 212,760 s
! 5-6 30.0 10,157,600
i
S 400 F
! 5.7 60.0 15,800
S 5-8 55.0 19,000
\ 5-9 50,0 19,840 \
: 5-10 45,0 27,750
5-11 40.0 43,590,y |
5-12 35.0 10,119,850%° ‘
700 ¥ %
r : :
: : 5-13 60,9 7,400
X 5-14 55.0 12,800 J ‘
; 5-15 50.0 18,100 !
! 5-16 45.0 215,600 !
{ 5-17 40.0 188,600
t 518 40.0 152,800
: 5-19 35.0 84,300
5-20 30.0 4,457,600 s
5-21 25,0 10,074,800

(a) Did not fail.
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b LlGURE 42, TYPICAL TENSILE STRESS-STRAIN CURVES FOR
Ti-6Al-28n-4Zr-6Mo SHEET (LONGITUDINAL)
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Inconel 702 Alloy

Material Nescription

Incouel alloy 702 contains high aluminum content for excellent
resistance to oxidation at temperatures up to 2400 F, At elevated tempera-
tures, the surface of a nickel-rich, nickel-chromiua 2lioy becomes covered with
a compact layer of uniformly thick oxide; the slumlnum content of alloy 702
improves the protective action of the oxide. Alloy 702 aes good mechanicsl strength
at high temperatures; age hardening improves the strength of the alloy up to
aboutr 1500 F. :

The material used in this evaluation wes 0.050 inch sheet from Huatington
Alloy Products Divisicn, Heat HT38C3DS, The comporition vas as follows:

Chemical
ggggosition Percent
Carbon ¢.01
Manganese 0.0z
Iron 0.32
Sul.fur 0.007
Silicon 0.11
Copper 0,01
Chrouiam 16.34
Alumivimsy 3.12
Titan.um 0.54
Nickel 79.50

Processing and Heat Treating

The specimen layout for Yncorel 702 sheet is shown in Figure 51,

Zpecimens were macihinad in thé és-iici:ived anneaied comditionm and then aged at
1™ 7 for 5 hours,

Tes; Regulta

Tension, Results of tests .n longitudinal and transverse spacimens
at room temperature, 600 F, 1000 ¥, and 1400 F are given in Table XXXIX, Tensile
atress -strain curves st tempersiure are shown in Figures 52 and 53. Effect-of-
temperature curves are pregented in Flgure 56.

Compressfon. Compression test resultr at room temperature, 600 F,
1000 F, and 1255 F for longitudinal and transverse specimens are given in Table
XL, Stress-strain and tangent modulus curves at temperature ave presented in
Figurcs 54 and 55, Effect-cf{-temperature curves are prescnted in Figure 57,
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L L T

Shear, Teat resulta for longitudinal and tranasverse specimens at room
temperature are gilven in Table XLT.

Fracture Toughness. Teets were conducted on specimens of full sheet
thickness (0.05C-inch) by 18 inches by 36 inches with ED flaw in center. The
net section yleld stress at fracture was greater thar the tensile yileld strength
of the materials; therefore, the K values are considered not valid,

Fatigue, Axlal-lcad fatigue test results for unnotched and notched
transverse specluwens at room temperature, 600 F, and 1000 F are given in Tableg
XLIL and XLIII. S-N curves are presented in Figures 58 and 59,

Creep and Stress-Rupture., Tests were conducted at 800 F, 1100 F, and
1400 F for transverse specimens, Tabular results are given in Table XLIV, Log-
streas versus log-time curves are presented in Figure 60,

Stresa Corroslon. Tests were conducted as degceribed in tlhie experimental
procedure sectior of this roport, 1lNo failures or cracks occurred in the 1000
hour teat duration.

n - Rermonndan O~
iCTUMs  avaip ko ATy W

wenl
alloy is .7 x 10 ° in/in/F fo

Dergity. The density of this waterial is 0,305 1b/1n®,
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. TABLE XXXIX, TENSILE TEST RESULT3 FOR INCONEL 702 SHEET (AGED) i
: I
z‘. -
: i Ultimate 0,2 Percert
i Tensile Offset Yield Flongation Tensgile
k Specimen  Strength, Strength, in 2 inches, Modulus,
% No. ksi kai percent 10° psi
| - — | ’*
Longitudinal at Room Temperature
| , = ek
1L-1 152.0 4.6 34.5 34.8
1L-2 153.0 94.8 35.0 35.2
' 1L-3 153.0 94.8 35.0 33.5 1
l
E
Transverce at Room Temperature 1
1T-1 151.0 94,5 3.0 34.4
1T-2 151.0 94.5 34 .5 33.8
1T-3 151.0 95.3 34,0 32.9
Longitudinal at 600 F
1IL-4 139.0 85.0 35.0 30.1
1L-5 139,0 86,0 38.5 28.5
w 1L.6 139.0 86.0 34,0 29.2
Transverse at 600 F
1T-4 137.0 £6.3 36.0 31.6
1T-5 1328.0 86,13 37.0 30.0
11-6 138.0 86.4 37.5 31.1
: Longitudinal at 1000 F
| 1L-7 131.0 85.5 36.0 28.3
& f 1L-8 131.0 84,1 36.0 30.6
“ 1L-9 130.0 84,0 37.0 23.8
N Transverse at 1000 F
5 . ) i
T-7 129.0 85,7 34.5 28.3
N ' 11-8 128.0 84.9 6.0 26.9
o 1T-9 126.0 85,2 36.0 7.8

‘ ‘L’;‘ .‘v' 9 9
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TABLE XXXIX, (Concluded)

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Tengile
Specimen Strength, Strength, in 2 luihes, Modulus,
No. kst ksi PerCent 10° psi
Lopgitudinal at 1400 F
1L-10 66.3 €3.8 8.5 19.7
1L-11 66.8 64.5 9.5 20,0
1L-12 65.4 62.4 10.0 21.0
Transverse at 1400 F
17.10 67.1 64.6 %.0 19.9
1T-11 67.5 64.9 8,5 19.6
1T-12 68.0 65.8 7.0 22,9
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TARLE XL, COMPRESSION TEST RESULTS FOR
INCONEL 702 SHEET (AGED)
0.2 Percent Compressive
Specimen Offget Yield Modulus,
Number Strengch, ksi psl x 10°
Longitudinal at Room Temperature
2L-1 89,0 - 34.2
2L-7 99.4 34.2
. 2L.% 69.8 34.8
!
i Trang.erse at Room Temrsrature
3 27 .1 j 1010 - 34.5
i T2 101.0 34.5 |
| 21-3 101.0 35.0
' Longitudinal at 600 F
; IL-4 91,0 34,5 :
1 2L-5 91.3 34.4 1
A Z2L-6 90.8 36,1 4 1
]
Transverse at 600 F
2T -4 94 .4 33.0
2T -5 93.6 ' 34.8
! 2T -6 92.8 22.2 3
q i
I Longitudinal at 1000 F
2L-7 i 90.7 31.3
2L -8 90.3 29.2
'f 2L-9 89.6 30.0 i
Tranuverse at 1000 F '
277 - 90.9 31.3
21-8 90.3 30.4 ‘ l
E 21-9 91.9 30.1 i
Long.tudinal at 1400 F 1
1 2L.-10 67.5 20.7 |
f 2L-11 68.1 22.0
2L-12 68.3 20,2 1
y
] Transverge at 1400 F |
{ 21-10 0.4 20,2 |
2T-11 70.6 21.0 4
2T-12 70.5 20.9 '
y
f
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: TABLE XLI. SHEAR TEST RESULTS FOR INCONEL
. 702 SHEET (AGED)
-
E;, Specimen Ultimate Shear
I3 Number Strength, kai j!
z Longitudinal i 1
[ !
411 117.0
[ E 412 115.0 <
. E l
g 4L3 117.0
P 414 116.0
[
t % Trangverse
b 411 117.0 g
412 116.0 X
4T3 113.0
4T4 117.0
y
ti'
¥
102
4" K
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TABLE XLII., AXIAL LOAD FATIGUE TEST RESULTS
FOR UNNOTCHED INCONEL 702 SHEERT
(AGED) (TRANSVERSE)

3 " - -
: Specimen Max imun Lifetime,
: Number Stress, ksi cycles
: Room Temperature
54 75.0 98,300
5.3 65.0 208,900
5-2 55.0 591,700
5-1 45.0 1,594,800
5-8 40.0 7,086,400
) ‘ 5.5 35.0 3,403,100 s
i i 5-7 30.0 10,138,000 1y
X g 5-6 25,0 10,130,000
Bk 600 F
(‘:, ’;
" 5-11 75.0 117,500
i 5-12 65.0 184,400
. k 5-13 55.0 584,200
: 5-14 45,0 4,809,000,
: , 5-16 40,0 10,226,700(2)
- 5.15 35.0 12,376,900
g 1000 ¥
- 5-21 75.0 12,400
g 5-22 65.0 245,300
g 5-23 65.0 536,200
3 5-26 60.0 5,428,800
; 524 55.0 4,337,200 .
i f 5.25 50.0 10,097,700 3
! 5.27 45.0 10,331,300
,‘7." 3 —
'] - (a) Did not fail,
by v ‘Fl
: 1
X é
& | 103
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?
‘ TABLE XLIIT, AXIAL LOAD FATIGUE TEST RESULTS FOK ~
1 NOTCHED (K,_ = 3.0) INCONEL 702 SHEET
L g: (AGED) (TRXNSVERSE)
) # -
? Specimen Maximum Lifetime,
A b Number Stress, ksi cycles
£ ———
; 1
) ¥ Room Temperature i
1
5.4 65.0 31,900 1
5.3 55.0 111,100 !
5.2 45,0 336,200
1 5.7 40.0 782,400 !
5-8 40.0 1,651,000 i
5-1 35.0 1,511,600 !
5.6 30.0 636,000, - ‘
5uy 25,0 10,537,500'2
600 ¥
5-13 65,0 15,700
5-11 55.0 75,300
5215 50.0 821,200 ‘
5-12 45,0 250,400
5-24 42.5 6,248,000
5.25 40,0 3,672,800
5-16 37.5 24,268,000(3) |
5-14 35.0 10,069,500 %
s ; 1000 F
n 3 5.21 65.0 12,900
¥ b 5.22 55.0 51,500
‘ 3 5.27 50.0 719,200 j
B % 5423 45.0 1,274,800
A § 535 40.0 7,917,100
B 7 5-34 35.0 10,549,500'®
A g (a) Did not fail, ¢
it
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FIGURE 52, TYPICAL TENSILE STRESS-STRAIN CURVES FOR

INCONEL 702 SHEET (AGEL) (LONG{TUDINAL)
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FIGURE 53, TCYPICAL TENJILE STRI 38-8TRAIN CURVES FOK
INCONEL 702 SHEET (AGED) (TRANSVERSE)
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FIGURE 55, TYPICAL COMITcoSIVE STRESS~STRAIN AND TANGENT-MOINIMNS
CURVES FOR INCOWEL 702 SHEET {(AGED) (TBANSVERSE)
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Inconel 706 Alloy

v Mucerial Duescription

Inconel alioy 706 is a precipitation-hardenable, nickel-iron-
chromium &llov with characterietics gimilar to those of Inconmel 718, except
that 706 has improved machinability. It has high strength at temperatures
ranging from cryogenic to 1300 F. It also hag good resistance to oxidation
and corro:. lon over a broad range of temperatures and environments,

s Fabrication of the alloy is enhanced by its good formabilicy and

weldability. 2lloy 70€ haus excellent resistance te postweld strain-age
cracking, .

Th2 material uvsed in this evaluation was obtained as & 6-fnch-

f square forging from INCO,Heat HIS50C3BK. The compostition was as followa:

: Chentcal

1 Composition Percent
Carbon 0,03
Manganess 0,12
Iron 36.37
Sulfur 0,007
Silicon 0.13
Copper 0.02
Chromium 16,32
Aluminum 0,28
Titanfum 1.62
Columbium plus

Tantalum 2,96

Nickel 42,12

Procegsing and Host Treating

The: 6=~iuch~square material) was praess forged to a 2 inch x 6 inch
bar to maka specimen blanks eauier to obtain. The spacimen layout 1a shown

ip Figure 61, After machining, epecimans were heat treated as follows for
oplimum creez=rupture strangth:

{1) 1870 ¥, 2 houre, alr cocl,

(2y 1350 F, 3 houxrs, air cocl,

(3) 1325 ¥, 8 hours, furnace cool to 1150 ¥, hold fo:
9 Lours, alr cool.

B

Teat Results

Tension. Resuvlts of longitudinal snd trancverse tests at roow tempera-
ture, 800 F, 1000 ¥, and 1200 F are given in Table XLV. Stress~-straiu curves &t
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temperature are shown in Figures 62 and €3, Effect-of-temperature curves are
shown in Figure 66,

Compression. Results of longitudinal and transverge tests at room
temperature, 565 F, 1000 F, and 1200 F are given in Table XLVI. Straess-strain
and tangent-modulus curves e. temperature are shown in Figures 64 and 65,
Effect-of ~temperature curves are pregented in Figure 67.

Shear, Pin shear test results for longitudinal and transverse

specimens a: room temperature are given in Table XLVIL,

Impact. Charpy test results for room temperature longitudinal
and traisverae speciw ng are glven in Table XLVIIIL,

Fracture Toughnerns. Results of slow bend teats at room temperature
are given in Table XLIX. Thy size ratio, 2.5 (K,/TY3), was greater than both
the specimen thickness and crack length in all tests, therefore the Kg value 1in
the table is not a valid Kyo value by existing ASTM criteria,

Faticua, Axial-1oad fatigue tegts were performed on transverse specie
mens, both notched and unnotched, at %oom temperature, 600 ¥, and 10G0 F. Tesi
resnlts ave given in Tables L and LI, 8-N curves are presentad in Figures 68 and
69.

Creep and Stresa-Rupture., Tests wore conducted at 809 ¥, 1000 ¥, and
1200 F. Results arc given in Table LII. Log~strass versus log-time curves er«
presented in Figure 70,

Strcas Corrosion, No fellures or cracks occurred in the 1000 hour
teat, duration as adescribed in the sxperimental procedura section of this report,

Therwel Expaneion, The coefficient of thermal axpansicn for Inconel
700 18 9.8 x 1( in/InJF for 70 ¥ to 1500 F.

Density. The density of this materisl is 0.291 1b/in®.
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TABLE XLV, TENSILE TEST RESULTS FOR
INCONEL 705 FORGED LAK
(STRISS-RUFTURE, HEAT TREATMENT)

Uitinate 0.2 percent Elongstion Reduction Tersile
Specimen Tensila Offpet Yield in 2 inches, in Aree, Modulus,
Nuzber Strength, ksl  Strength, Lsi . percent percent 108 psi

1L-1 177.90 138.9 22.0 32,5 30.9
iL-2 178.0 139.0 22.5 33.5 . 28,9
iL-3 178.0 139,90 22.9 32.5 . 27.9 i
Jrsnaverse at Room Temperature J
ir-1 176.9 1406.0 21.5 30.0 29,7
172 176.0 1460.0 ) 22,0 31.3 28.6 |
it-3 176.¢ 140.0 22.5 31.% 31.6 !
Longitudiuel at 800 ¥
1L~ 157.0 120.0 22.0 37.0 24,3
1.~ 155.0 120.0 21.0 39.0 23.%
ii-d 157.0 122.9 23.2 LI 2h.4 i
Trsusverse at BCK) 4
1T-4 158.0 121.0 21.0 3.5 24.8
175 157.¢ 122.6 729.5 33.4 25.9
14-6 1, .0 123.0 19.0 .3 23.3
Loogitudinel at 1000 F
1L-7 152.0 " "119.0 20.0 8.0 22,1
1L-8 152.0 120.0 20.5 40.0 20.4
-9 151.0 11%.0 22,3 40.5 21.2
Trensverso at 1000 ¥
11-7 152.0 120.0 19.0 3.3 22.0
“17-8 1%3.0 121.0 19.3 35.35 2).2
179 1%4.,0 122.0 18.0 35.0 1.3
Lungitudinal at 1200 ¥
1L-10 12.0 117.0 25.0 3.5 21.4
1L-11 128.0 . 116.0 25%.% 40,5 21.4
1L-12 138.0 115.0 . . 26,0 41,5 20.3
17-10 13%.0 11¢.0 23.0 40.0 20.1
1T-11 139.¢ .o11r.0 24.0 3.0 20.7
1T-12 139.0 118.0 21.3% 37.3% _ 20.9
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TABLE XLVI, COMPRESSION TEST RESULTS FOR
INCONEL 706 FORGED BAR
¢ {STRESS-RUPTURE HEAT TREATMENT)
i 0.2 Percent
: Offset Yield Compression
i Specimen Strength, Modulus,
¢ No. kai 108 pai
Longitudinal at Room Temperatnre
2L.~1 149.0 1.8
2L.2 150.0 30.9
2L-3 150.0 30.6
Transverse at Room Temperature
2T-1 149.0 30.8
2T-2 149.0 31.1
ZL-3 149.0Q ' 32.4
Longitudinal at 800 F
2L-4 127.0 23,9
2L.5 124.,0 25,2
2L-6 129.0 23.7
Transverse at 800 F
| : —
21 -4 129.0 24,6
275 131.0 2.0
2T-6 128,0 23,9
Lo.ritudinal at 1000 F
’ 2L-7 123,0 22,2
b 4 2L,-8 123.0 23.0
2L.9 124.0 22,8
‘ [ Transverse at 1000 F
s 2T -7 125.0 24,5
/ 2T-8 125.0 23.4
2T-9 124.0 24.0
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TABLE XLVL (Conciuded)

Specimen
No.

0.2 Percent

Offeget Yield Conpreasion
Strength, liodulus,

ksi 10¢ pst.

2L.-10
2L-11
2L-12

2T-10
2T-11

A 1A
Ll=ic

!

Longitudinal at 12094{

118.0 23.3
120.0 22.0
122.0 22.1

Transve:se at 1?@9 F

120.0 28,2
120.0 2.2
194 0 22.2

X Y

IERER, BT LA KR
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CTABLE XLVIY. SMEAR TIET RESULIE FOR IRCONEL 706 FORGED BAR

(OTRESS~RUPTURL HEAY ’TREATMENT )

T B X L8 URdas Tl 538

L SpAcimen ‘ Ultsmate Shear
-~ Humber Crrengih, kei

J— : — o+

Longityiinel

411 ‘ 117.0
&L 2 . w1170
4..-3 - 117.0
ARA , 118,90
jl;_:.ygverne
4T-1 - YR
Cela2 ' 117.9
4T3 117.0

LTh 117.5

LIRS g 0K T VRS 0, ¢ AT T TR K, SR ks I
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TADLE Xwvlil,

TUPACT TESY RESULTS FOR INCONKL 706 FORGED BAR

(STRESS-RUPTURE HEAT TREATMEINL)

o 2 ¥ e rwm——— o
poprrdl Bl =t = (r-=—-=N =

Specimen
Numbay

Energy,
fr/1bs

10L~1
0L
- 101.-3
10L.4
10L.5
10L.G

Longitudinal

29.5
32.0
33.9
3.3
33.9
32.0

,l

S A i L L e

A SR

4

PERVERTEN
§ 1

126G

ey caedn e e e e g e et e sheas -

' =+ .
MRS | "JH‘#’ IR M NIV RS N LN N1

IR

gsgggyﬁrse
.10Tu1 26.0
10T-2 26.0
107.3 /8.0
10T 4 20.5
101.5 25.¢
1Mo 27.%
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( : TABLE YL1X. FRACTURE TOUCHNESS TEST RESULTS
i' ‘ FOR INCONEL 706 FORGED BAR
) v (STRESS -RUPTURE HEAT TKEATMENT)

o p————

st i U _ Y RN T N 3 i n e .
Fpeeiman W, a, 1. ¥, Spar, a K (a)
; Bumber iuches inchae inchas 1bs inches £ Q
! et e , -~ —
longirudinal
% 1L 1.498 .7137 .750 9,800 4.5 2.6 $31.3
% 2L 1.49Y . 754 751 9,900 4.5 2.5 86.9
3L 1,500 . 760 .750 10,250 4.5 2.7 9%.1
Iransverse
! 1T 1.497 147 . 750 10,150 4,5 2.6 88.3
2T 1,490 7490 747 9,85C 4.5 2,4 84.3
¥ 1,497 .735 . 749 10,730 4.5 2,6 - 913
kA 1) e v ool ol L v nmmmlnnmwmm
(n) Condidate freciuire toughness valuecs, Kq, are invalid s2 ¥, values since a,
' 9y o0 (V‘-( ? : ) Ie ’
4 k, <43 Ql‘«}g) '
3

121




' TABLE L. AXIAL LOAD FATIGUE TEST RESULTS FOR
3 .. UNNOTCHED INCONEL 706 FORGED BAR
\ (STRESS-RUETUKE HEAT TREATMENT)

; (TRANSVERSE
i Specimen T Maximum 1 fetime,

Number Stress, ksl cycles

Room Temperature

TN AR R ¢ L St

5.3 125.0 _ 88,100
5.4 115.0 150,300
i 5.2 105.0 227,500
i 5-1 95.0 364,400
g 5.5 55,0 679,000
: 5.6 75.0 2,199,400
5.7 65.0 8,446,000
5-8 60.0 10,025, 200(8)
| 600 F
: 5.17 125.0 25,220
5.18 115.0 L2 700 1
i 5.19 105.0 82,100 1
5.20 95.0 139,900 ‘
] 5.2 85.0 164,300
5.22 75.0 422,300
5.23 65.0 6,226,100
% - 5.2 55," 10,792,700(a) \
1000 F
5-9 125,0 14,000 |
; 5.10 115.0 42,700 ~
s . 5.11 105.0 31,300
5.12 95.0 163,600
5-13 85.0 165,300
5,14 75.0 722,30 ]
_ 5-1% 65.9 2,232,100
- 5.16 ' 55.0 5,557,700 ‘
1 5-25 45.0 12,239,200(V)
b
K; p o & ‘
: (2) Did wot fall. J 4
4
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TABLE LI. AXJAL LOAD FATIGUE TEST RESULTS FOR
NOTCHED (K¢ = 3.0) INCONEL 706 FORGED BAR

(STRESS-RUFTURE HEAT TREATMENT)

(TRANSVERSE)

- - L e e e

Specimen Maximum ‘Lifetime,
Numberx Stress, ksi cycles

Room Temperature
5.1 105,0 9,900
5-2 95,0 14,100
£.3 85.0 32,000
5-4 75.0 29,000
5.5 65.0 47,200
546 55.0 88,300
5.7 45.0 150,000
5.8 35.0 445,900
5-23 30,0 475,000
529 25.C 4,770,490 ..+
5-10 20.0 11,953,000
600 F
5.11 75.0 25,300
5-12 65.0 &4 ,900
5.13 55.0 74,000
so14 :5,0 204,700
5-25 40,0 255,100
5-15 35.0 529,500
5-26 30.0 10,012,000(8)
5.16 25.0 13,091,900(2)
1000 F

5.17 75.0 12,200
5.18 65.0 25,700
5.19 55.0 46,900
5.20 45 .0 116,300
5.2 40.0 17,555,700¢%)
5.21 35.0 7,421,600
5.22 30.0 11,685,000(a)

(¢) Did not fail.
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120} 1200 F
100}
80—
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40—
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Straln, in./!n. A-1880

FIGURE 62, TYPICAL THNSILE STRESS-8TRAIN CURVES FOR
. INCONEL 706 FORGED BAR (LONGITUDINAL)
(BTRESS-RUFVTURE HuAL TREATMENT)
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INCONEL 706 FORGED uall (TRANSVERSK)
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FIGURE 64, TYPICAL COMPRESBIVE BTRESS-STRAIN AND TANGENT -MODULUS
CURVES POR INCONEL 706 FORGED BAR (LONGITUDINAL)
(STRESS-RUPTURE HEAT TREATMENT)
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FIGURE 65. TYPLICAL COMPREBSIVE BTRESS-S8TRAIN AND TANGKERT-MODULUS
CURVES FOR INCONEL 706 FORGED BAR (TRAMBVERSE)

(STREIS-RUPTURE HMEAT TREAYMENT )
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FIGURE 66. REFFECT OF TEMPERATURE ON THE TENSILE )
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(STRESS-RUPTUKE HEAT TREATMENT)

o c‘(s'(Lg
6 CYS ¢
0 Modulu:iL} -
o Modulus (T

SR 1. T4 Yoty — - 32

% §: Modulus

) r.{

o - {
£ o i |
n (
§ 120

1
80 , .
0 200 400 600 800 1000 1200

Temperature, F

EFFECT OF TEMPERATURK ON THE COWMPRESBIVE
PROPZRTIES OF INCONEL 706 YORGED BAR
(8TRESS~RUPTURE HEAT TREATMENT)
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DISCUSSION OF PROGRAM RESULTS

The tendency in an evaluation program of this type is to compare the
m terials property information obtained with similar data on materials already
in use. Whether such a comparison should be the deciding factor for interest
in a newer alloy ie open to question. HMany criteria, such as forming character-
istics, weldatility, oxidation resistance, etc,, can be of particular importance
go that strength properties may become secondary. However, since first compari-
gons are almost always made on the basis of mechanical strength (tensile ultimate
and tensile yield) the data generated on this program are compared to information
for similar alloys in Figures 71 and 72.

CONCLUSIONS

Tre objective of this program was the generation of useful engineering

data for newly developed materials. Duriang the contract term the following alloys
were evaluated:

(1) 15.5 PH (H1025) stainless steel forged bar
(2) HP 9N1-4C0-0.20C steel forged bar

(3) PH 13-8 Mo (B1000) stainless steel forged bar
(4) 7049-T76 aluminum extrusion

(5) 6Al-25n~4Zr-6Mo titanium sheet

{6) Inconel Alloy 702 sheet (Aged)

Inconel Alloy 706 forged bnr'(Creep-rupture heet treatment).

A 1d

77
A\ Y

A data gheet was issued for each material, As a sumuary, each cf the
data sheets is reproduced in Appendix IIX.
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E)r(il’ERIMEN'J.'AL PROCF;DURE
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APPENDIX 1

EXPERIMENTAT, PROCEDURE

Mechanicel Properties

The various mechanical properties of interest for each of the mate-

rials are as follows:

(1) Tension
(a) Tensile ultimate strength, TUS
(h) Tensile yield strength, TYS

(¢} Elongation, e

a3

- f
dal B

. PR
it ayivivi RA

{d) R arca, RA
(e) ¥odulus of elasticity, Et'

(2) Compression
(a) Comupressive yield ctrength, CYS
(b) Modulue of elasticity, Ec.

(3) Creep and stregg-rupture

(a) Stress for 0.2 or 0,5 percent deformacion in 100
houvs and 1030 hours

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

(a)' Shear ultimate strength, SUS
(5) Axial fatigue*

(a) Unnotched, K = 0,1, lifetime: 10° through 10’
cycles

YR represents the algebralc ratio of the minimum stress to the maximum stress

in one cycle; that is, R = S o/ Smax- "Rt" represents the Neuver-Petirson
theoretical stress concintration factor.
136
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(b) Notched (K, = 3.0), R = 0.1, lifetime: 10° thro:gh
107 cycles.

{6) TFracture tcughnegs, K

Ie or hc

(7) Stress corrosion

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

e SR 2t R T

(8) Thermal expansion.
(3) Bend
(a) Minimum radius.

(10) Impact

: (a) Charpy V-notch.

(11} Density.

Specimen Identification

P e i s

A gimple system of numbers and lettevs wes used for specimen identifi-
cation. Coding conaisted of a number indicating the type of teat and also indi-
cating a comparable arez on the sheet, plate, or forging. For certain test
types, the number was followed by e letter signifying epecimen orientation (L
for longitudiual, T for transverse, ST for short transverse). The test types
where the letter did not appear were creep, fatigue, and bend since, in tchese
cages, only one specimen orientation was used, The next number fn the coding
specifiiss the location from which the specimon blank was taken from the original
material configuration. Coding was ag follows:

Aegsigned
Numbez Test Type
1 Tension
2 Compregsion
4
3 Creep and stress-rupture
4 Shear
] Fatigue
6 Fracture toughners
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Assigned
Number Test Type
7 Stress corrosion
‘f 8 Thermal expansion
9 Bend
10 Impact
11 Denaity

As an example, a specimen numbered 2-T5 iez a compression apecimen, transverse
crientation, cut from Location 3. Also, a specimen numbered 5-12 is a fatigue
specimen cut from Location 12.

?91: Dezcription

Tension

Procedures used for tension tegting are those recommended in ASTH
methods E8-68 and E21-66T as well as in Federal Test Mcthod atandard No. 15la
(method 211.1). 8ir specimens (three longitudinal snd three trangveree) were
tested st each temperature to determine vlitimate tensile stremgth, 0.2 percent
offset yield ntrength, elongatior.,, and reduction in area, The modulus of
elasticity wes obtained from lord-strain curves plotted by an autographic
recorder during esach testi.

All tensile tests were carried out in Baldwin Universal testing
machines, These machines are calibrated at frequent intervals in accordance
with ASTH mathod E4.64 to assure loading &ccuracy within 0.2 percent. The
machines are equipped with integral autometic strain pacers and autogrephic
strain recorders,

Specimens tested at eleveted temperatures were heated in standard
wire.wound resistance-type furnsces. Each furnace was equipped with a Foxboro

contrcller capable of maintaining the test temparvature to within 5 F of the con-

trol empersture over a 2-inch gage length, Chromel-Alumel thermocouples
attached to the specimen gage vection were used to monitor temperatures., Dach
specimen was soaked at temperature at least 20 minutes before heing tented,

An averaging-type linsar differential transformer extenscmeteéer was
used to meusure strain, For clevated temperature testing, the extensometer
wee equipped with extensions to bring the transformer unit out of the furnace.

The extensometer conformed to Af (M E3-64T Classification Bl having & senaitivicy

of 0,0001 fnch/inch, The strain rate in the e¢lastic region was maintsinced at
0,005 inch/inch/minute, Afrer yielding occurved, the head speed was increased
to 9.1 inch/inch/minute until fracture.
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QOmEtes;ion

Procedures for conducting compression tests are outlined in ASTM
Method E9-67 along with temperature control provisions of E21.66T, All gleet
and thin plate tests were carried out in Baldwin Univergal testing machines
using a North American type compression fixture as shown in Reference 2,
Specimen heating was accomplished by & forced-air furnace for temperatures up
to 1000 F, Specimen temperature was maintained by means of a Wheelco pyrometer,
Three Chromel.Alumel thermocouples sttached to the fixture were used to monitor
temperatures to within 3 F of the test temperature, For highe : temperatures,
wire-wound furnaczs were used with controls as described in the tensile tast
section.

The extensometer used for the compression tests was quite similar to
that used in the tensile testing. The oxtenaion arms were fastened to the speci-
men at small notches gpanning a 2-inch gege length. The ocutput from the micro-
former was fed into a load-strain racorder to provide autographic load-strain
curves., During testing the strain rate was adjusted to 0,005 inch/inch/minute,

For bar and forging meterizl, cylindrical specimens similar to those
described in ASTM E9-67 were used with appropriate tempersture control amd strain
measurement &s described above,

Six specimens (three lougitviinal and three transverse) were tested at
each temperature.

fhaar

g p—

S8ingle.shear sheet-type specimens were used for gzheet aud thiu-plate
material; for ber and forgings, a double.shear pin.type wae used, Shear testing
vas performed at room temperature only. A manimum of six specimens (three lovgl.-
tudinal and three transverse) were used to determine ultimate shear strungth.

Bend

The procedures for conducting bend tesis are described in Report MAB-
192-M, The specimens were placed in a rigid three.point loading fizture and
bending tups of various sizes were used to determine the minimum bend reiius
at ruom temperature,

Creep and Stress Rupture

Standard dead-weight type creep tasting framea were used for the creep
and streas-rupture teste, These machinea ave calibrated to operate wcl) within
the accuracy requirements of ASTM method E139-66T.
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Specimens similar to thoac used for tension tests were used for the
creep and streas-rupture gtudiesg, A platinum strip "slide rule" extensometer
1s attached for measuring creep strain and ¢hr2e Chrowel-Alumel thermsccuples
are attached ro the gage azection for temperature necasurcments, Extensometer
meagulements w:ie mede visually through windows in the furnace by meaens of a
iilar micyometer microscope in which the smallest division equals 0,00005
inch,

The furnace was of conventional Chromel A wire~wound design with taps
along the sids to allow for correcting small tewmperature differences, Furnace
temperature was malntained to within + 2 P by Foxboro controllers in reaponse to
signals frou the centrally located thermocouple, The temperature of a specimen
under test was stabilized for at least 1/2 hour prior to loading.

For sach temperaturs condition creep and stress-rupture data were obe
tained to 100 and 1000 hours using as meny specimens as necessary to obtain
precise infomation. The percent creep deformstion obtalned was dependent on
the material under test. In most ingtances stress-time curves were defined for
0.2 and 0.5 percent elongation.

strean Coyronton

Jevén l'lpr.ﬁ.uucnn of cach t‘l‘l‘l Y ti btlity to atreas=-

were tesve 34
corrosion cracking by alternate 1mmergion in 3-1/2 percent sodium chloride solu-
tire &t 1:on temperature,

4 for susce

Specimens were prepared for testing by degreasing with Aceténe. Where
u gurface £ilm remained from heat treating, it wes abraded off one side and the
adjacent long edge of five of the specimens, and left intact on the other two.

Eech specimen was placed in a four-point loading fixture and deflected
to a stress corresponding to 80 pescent of the tensile yleld strength of thr
particvlar watvricl. The specimen was electricelly insulated from the fixture
by weans of glass ot sspphilre rods, Def’action for & given maximum fiber otress
was ¢3)culated by tlw following expression:

o342 La?
[

1

wher?

daflection

<
[ ]

maximum fiber strees

Q
]

4 = distance between outer load points

distance batween outer and inner load points

d = specnnanvthlcknaun

=
L}

modulus of specimen material.
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Each stressed specimen was suspended on an alternate immersion unit,
This unit alternately imncrsed specimens in the 3,5 peccent sodium chloride
soiution for teén minutes and held them above the solution to dry for 50 minutes.
Tests were continued to the first aign of cracking or for 1000 hours, whichever
occurred firat,

" Specimens were given frequent lcw-power microscopic examinations to
detect cracks, At the first eign of cracking the sgpecimen was removed, At the
conclusion of the test, selected samples were gectioned and examined metal-
lographically for any indication of cracking. Representative samples in which
cracks were found were also given a metallographic examination to establigh the
type and extent of the cracks. '

Thermal Expansion

Linear-~thermal -expansion measurements were performed 1n a recording
dilatometer with specimens protected by a vacuum of about 2 x 10°° mn of mercury.
In this apparatus a sheet-type specimen is supported between two graphite atruc-
tures ineside 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 & linear-variable differential transformer. The output of
the transformer 1s recorded continuously as a function of specimen temperature.

The citite anu-r.uuu.; 45 encloged in o vacuum chambar,

The furnace is controlled to heat at the desired rate, usually 5 F per
minute. Errors associlated with measurements in this apparatus are estimated not
to exceed + 2 percent., This iz based on calibration with materials of knowm
thermal-expansion cheracteristics.

Fatiaug

Fatigue tests were conducted using MT8 alactrohydrauviic-servocontrolled
testing machines. The frequency of cycling of these mavhines is vériable to
beyond 2,000 cpm depending on specimen rigidity. These machines operate with
closed-loop deflection, strain or load control, Under loasd control used in
this program, cyclic loads were automatically maintaineC (regardless of the
required amount of ram travel) by means of load-cell feedback signals, The
calibration and aligmment of each machine are checked pericdical.y., 1In each
cape, the dynamic load-control accuracy 1s better than + 3 percent of the test
load.

For elecvated temperature studies, £n induction heating coil controlled
by a Lepel Induction Heater was used., A thermocouple placed on the center of
the spccimen 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' standard
practice prior to testing., The wnaotched specinens were held againet a rotating
drum covered with emery papar and polished using a kerosene lubricant, Succes-
sively finer grits of emery paper were used, as required, to produce a surface
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of about 10 RMS. Unncotched round specimens were polished in the Battelle-Columbus
polishlng apparatue, This machine utilizes a rotating belt sander driven
rectilinearly along the specimen test section while the specimen is being rotated,
The belt speed and apecimen speed are adjusted go that polishing marks on the
specinen are in the longitudinal direction. The surface £iniah 1is about the same
as that on the flat gpecimens, The notched flar specimensg werc held in a £ixture
and polished with a slurry of oil and alundum grit appiied 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 mezsuring the teat aections
of all polished specimens and for Llnspection of the root radius in the case of
the notched specimens,.

The stress ratio for all specimens was R = 0,1. Stresses for notched
(K, = 3.0) and unnotched specimens were gelected 8o that §-N curves were defined
between 10° and 107 cycles using approximately 10 specimens for each set of fatigue
conditions,

Two types of fracture toughness teats were used. For heavy section
materialg, the chevron-notched, slow bend test specimen of ASTM Method E~399472
was pelectad, T.. th'ui-y section aheelr materiale, center through-cracked ten-
sion panals were used as test gpecimens, All specimens were precracked in fa-
tigue and subsequently fractured in a servocontrolled electrohydraulic 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 detcr-
nined from the load-compliance curve, When pop-in was not detectable, thé cuives
were analyzed using the 5 percent secant offset method 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 maln-
tain a flat fatigue crack and not plastically strain the uncracked section, the
maximum ctresges were adjusted to keep the applied strega-intensity factor less
than one-third or onc-quarter of that anticipated at fracture, Thia usually in-
volved stepping down the stresses as the cracking proceeded., The crack was
extended to approximately one~quarter of the panel width. Buckling guldes were
attached and a clip-type compliance gage was mounted in the central notch. The
pauels were fractured in a rising load test at a stregs rate in the range

.02 E < 8 < .005 E kei/min ,

which corresponds nominally to the gross strain rate of standard tensile testing.
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FIGURE 87, STRESS-CORROSION SPECIMEN

FIGURE 89, SHEET BEND SPECIMEN
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