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SUMMARY

In order to evaluate the effect of newly established manufacturing tech-

niques and processes on the MIL-HDBK-5 design allowable properties of aero-

space materials, various mechanical properties, including fatigue, were deter-

mined at room temperature for multiple lots of four products supplied by the

Air Force. The data which were obtained are suitable for the determination of

statistically based design values or can be used to supplement existing data so

that design values can be determined. (Statistical analysis of the data to

determine design allowables was not performed in this test program.)

Specifically, the following tests were conducted in Phase I:

7149-T73 Hand Forgings. Tensile, compression, shear, and bearing tests

in various grain directions were conducted on six lots of 7149-T73 hand forg-

ings which varied in thickness from 2-1/2 through 4-3/4 inches in thickness.

Unnotched and notched, Kt a 3, axial-stress fatigue tests were performed at

three stress ratios, R -0.5, R - 0.1, and R - 0.5, using long transverse

specimens from 4-, 4-1/2-, and 4-3/4-inch-thick forgings. S/N curves were

constructed.

Ti-l5V-3Cu-3Sn-3A1 Solution Treated Sheet. Tensile, compression, shear,

and bearing tests in both grain directions were conducted on ten lots of

solution treated Ti-I5V-3Cr-3Sn-3A1 sheet which varied in thickness from 0.021

through 0.116 inch. Unnotched and notched, Kt a 3. axial-stress fatigue tests

were performed at three stress ratios, R - -0.5, R a 0.1, and R * 0.5, using
long transverse specimens from 0.113-inch-thick sheet. S/N curves were con-

structed.

15-5PH (H935) Castings. Tensile, compression, shear, and bearing tests

were conducted on nine different 15-SPH (H935) corrosion resistant steel cast-

ings which varied in thickness from 5/8 through 1-7/8 inches.

Inconel 718 (STA) Sheet. Tensile, compression, shear, and bearing tests

in both grain directions were conducted on- eight heats of solution heat treated

and aged (creep-rupture heat treatment) Inconel 718 sheet which varied in
thickness from 0.016 through 0.250 inch. Unnotched and notched, Kt - 3, axial-

stress fatigue were performed at three stress ratios, R = -0.5, R - 0.1, and
R a 0.5, using long transverse specimens from 0.109-inch-thick sheet. S/N4

curves were constructed.



INTRODUCTION

One of the major problems in the utilization of new manufacturing tech-

niques for metallic materials used in advanced aircraft is the lack of suffi-

cient comparative mechanical property data to determine the effect of a new

manufacturing technique or process on the design properties of the basic mate-
rial. According to DoD and FAA regulations, a material cannot be used in a

* *. structural aircraft design unless the design allowable properties are availa-

ble in MIL-HDBK-5 or a statistically significant quantity of data are available

to provide acceptable documentation to support the values used in the design.

Consequently, it is desirable to conduct test programs to evaluate the

effects of new manufacturing techniques or processes on the basic mechanical

*" properties, such as tension, compression, shear, and bearing properties, as

well as fatigue characteristics. These data, when suitably obtained, can be

used by the MIL-HDBK-5 Program to determine statistically based design values

for incorporation into MIL-HOBK-5. The availability of these data will reduce

the time lag between the establishment of a new manufacturing process (or

*alloy) and its use in aerospace vehicles and components.

OBJECTIVE
iNi

The objective of this program was to evaluate the effect of newly estab-

* lished manufacturing technique, and processes on the NIL-HOBK-5 design allowa-

ble properties of structural materials used in aerospace applications.

TECHNICAL APPROACH

The technical approach was to fabricate (including heat treatment when

required) test specimens from government-furnished materials, to perform the

mechanical property tests which are required for the development of design

allowable properties, and to present the mechanical property data in a format

suitable for use by the engtieering community. The government-furnished mate-

rials which were tested were:

2



7149-T73 Hand Forgings

Ti-15V-3Cr-3Sn-3A! Sheet (Solution Treated)

Inconel 718 Sheet (Solution Treated and Aged)

15-5PH (H935) Castings.

TEST PROCEDURE

In general, triplicate specimens, except for fatigue, were conducted for

each mechanical property and grain direction. However, due to the size,

configuration, and quantity of material provided, some compromises were neces-

sary. The test specimen location and configurations are described under the

individual alloy in the Test Program section. All test specimens were fabri-

cated by Metcut Research Associates, Inc., Cincinnati, Ohio. In general, all

mechanical oroperty tests were conducted in accordance with ASTM standards. A

detailed description of testing procedures is provided in Appendix A. All

tests were conducted at room temperature.

TEST PROGRAM

A description of tr,e test program and the data obtained for each material

are presented in this section.

3



7149-T73 Hand Forgings

Background

Alloy 7149 is a high strength, heat treatable aluminum alloy having good

stress-corrosion resistance in the T73 temper. Alloy 7149 is similar o 7049

except for lower iron and silicon contents. Design values for 7049-T73 hand

forgings are published in MIL-HDBK-5 Table 3.7.1.0(c). However, the design

allowables were based upon only four lots of material. The current MIL-HDBK-5

guidelines require at least ten lots for the determination of design values.

Mechanical property data for 7149-T73 hand forgings were needed for comparison

with 7049-T73 data. If there are no significant differences in the tensile,

compression, shear, and bearing properties for the two alloys, the 7049-T73 and

7149-T73 data can be combined so as to constitute sufficient lots of material

for the determination of design values applicable to both 7049-T73 and 7149-T73

hand forgings. (After completion of this test program, comparison revealed no

significant difference in the tensile, compression, shear, and bearing proper-

ties of the two alloys.)

Material

The Air Force supplied six lots of 7149-T73 hand forgings which had been

produced by Kaiser Aluminum. The size of the hand forgings are shown below:
.4

Nominal
Thickness, Width, Length,

inches inches inches

2-1/2 13-1/4 19

2-3/4 13-1/2 19

3-3/4 11-1/2 19

4 11-1/2 19

4-1/2 13-1/4 19

4-3/4 13 19

The chemical Lomposition as determined by the AFWAL Materials Laboratory was as

follows:

4



Element Percent

Zinc 7.6

Magnesium 2.1

Copper 1.4

Chromium 0.14

Iron 0.108

Manganese 0.0047

Silicon 0.088

Titanium 0.016

The chemical composition and teisile properties conformed to AMS 4320.

Location of Test Specimens

In order for mechanical property data to be usable for the determination

of MIL-HDBK-5 design values, the tensile, compression, shear, and bearing

specimens must be located within the cross section in accordance with ASTM B557

or AMS 2355 for aluminum alloy products. All specimens, except fatigue, were

taken from the middle one-third of the width with the axis of the specimen at

the T/2 location but at a distance from the end of the hand forgini of at least

one-half the thickness of the hand forging. All tensile, compres ion, shear,

and bearing specimens for each grain direction were located clost together.

Due to the limited size of the hand forgings, it was necessary to machine

twenty fatigue specimens each from three hand forgings, 4, 4-1/2, and 4-3/4

inches thick. The location of the test specimens is shown in Figures 1 through

5. The following code system was used to identify test specimens:

a5 I



Plan View(Typical)
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a,.. Figure 1. Specimen location for 7149-T73 hand forgings.
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Fatigue XFT 9 Fatigue XFT 12
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Figure 2. Specimen location for 7149-T73 hand forgings--Section A-A
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Figure 3, Specimen location for 7149-T73 hand forgings--short transverse grain direction.
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x x x x

0 >.) s... .
VI S I

4 - =

C 0
0 - U

0 >1 S.. IM

1, 2, 3, 4, etc.

Longitudinal = L
Long Transverse = T
Short Transverse = S

Tension = T Bearing = B
Compression = C Fatigue = F

IShear a S

2-1/2 INCH THICK - 1
2-3/4 Ill3-3/4 a 3
4 " 4

4-1/2 " " -5
4-3/4 " 6

Specimen Configuration

The configurations of test specimens are shown in Appendix B. Subsize

tensile specimens were employed for the short transverse grain direction.

Test Results

Tensile. The results of tensile tests are shown in Tatt" 1 and I(S).

In addition to tensile yield and ultimate strengths, elongati i nd modulus of

elasticity values are indicated. Typical tensile stress-strain curves for

each grain direction are presented in Figure 6. The shape parameter was

determined in accordance with Section 9.3.2 of MIL-HDBK-50. The average ten-

sile yield strengths and the average tensile moduli of elasticity determined in
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Figure 6. Typical tensile stress-strain curves for 7149-T73 hand forgings.
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this test program were used with the shape parameter to construct typical

stress-strain curves.

Compression. The results of compression tests are shown in Tables 1 and

1(Sl). Compressive modulus of elasticity values are listed in addition to the

compressive yield strengths. Typical compressive stress-strain curves are

presented in Figure 7 for each grain direction. The shape parameter was

determined in accordance with Section 9.3.2 of MIL-HDBK-5D. The average com-

pressive yield strengths and average compressive moduli of elasticity deter-

mined in this test program were used with the shape parameter to construct

typical stress-strain curves.

Shear. The results of shear tests are shown in Tables 1 and l(SI). An

"Amsler" shear specimen and "Amsler" shear tool were used for testing so that

the resulting shear data would be compatible with existing shear data for 7049-

T73 hand forgings as well as other aluminum alloy products. The shear strength

of aluminum alloys may vary with grain direction. Therefore, the identity of

the grain orientation of the shear specimens was maintained with a scribe mark

on the end of the specime. and the shear specimens were positioned in the

"Amsler" shear fixture so that the loading direction was in accordance with

MIL-HDBK-5 Section 3.1.2.1.1.

Bearing. The results of bearing tests are shown in Table 1. Bearing

specimens were located in an edgewise orientation. Bearing tests were not

conducted in the short transverse direction.

Fatigue. The results of axial-stress fatigue tests are shown in Tables 2

and 3. Fatigue tests were conducted only in the long transverse grain direc-

tion utilizing unnotched and notched, Kt a 3, specimens. The thicknesses of

the hand forgings tested were 4, 4-1/2, and 4-3/4 inches. Tests were conducted

at three stress ratios, R a -0.5, R - 0.1, and R 2 0.5. The fatigue data were

analyzed in accordance with Section 9.3.4 of MIL-HDBK-5 and S/N curves in

Figures 8 and 9 constructed accordingly.

17
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TABLE 2. UNNOTCHED FATIGUE DATA FOR 7149-T73 HAND FORGINGS--LONG TRANSVERSE DIRECTION

SPecimen Maximum R-ratio CJcLes to

ID Stress Fai lure
ksi (MPa)

6F F5 62.0 (427.5) -0.5 8,080

SF- 13 60.0 (413.7) -005 12r290
6FI'l1 60.0 (413.7) -0.5 21 t690
5F'(9 50.0 (344.8) -0.5 41P600
4FT9 50.0 (344.8) -0.b 49,600
6F'( 13 45.0 (310.3) -0.5 46,P 8O
4F I'1 40.0 (2/5.8) -0.5 - (I)
6FT9 40.0 (275.8) -0.5 513P530

* 5FF7 3,5.0 (21.3) -0.5 UNF (2)
4F1 13 30.0 (206.9) -0.5 1NF

4H1 5 60.0 ( 4 .3) +0,1 23 :Z20
5FT15 60.0 (413./) +0.1 32360
6Fr7 55.0 (3/9.2) +0.1 54,070
5F119 55.0 (379.2) +1. i37r730
6F )15 50.() (34 4.8) +0.1 81.300
4F'117 bO*O (344.8) +0.1 96720
6FV11 1,0 (,A10.) +0. UNF
F6F119 45.0 (CM, 3) +0.N

5F117 40.0 (2/5.8) +011 2.000,000
4FT19 40.0 (2758.) +01 L'NF

- 5FI11 3:,) (2.411. 3) +0.1 SNF

-4F 62.0 (427.5) +0, 34r3'
4 1T1 60,0 (413.1) +0.5 H8,410

S6F1 3 60.0 (413,'?) +0. 7f5(,103000
5Fr1 600 (413*/) +0,5 Y)26--jP650
5FT3 55.0 (3?9.2) +0.5 33,280
6FIl "i j. 0) (3 /9 *2 ) +0.5 9Y6 390

15 4F 50.0 (344.8) +0. - (,)
S4Fr, "i;. 0O (344.8) +0.5

5 5F(,lz bO.0 (344t8) +O.5

(1) Counter did not stop; unknown cycles to failure.

(2) DNF--did not fail; test ran to 10,000,000 cycles and stopped.

(3) Unknown load for 10,000+ cycles.
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TABLE 3. NOTCHED K -3, FATIGUE DATA FOR 7149-T73
HAND FORGIhGS--LONG TRANSVERSE DIRECTION

Specimen Mlaximum R-ratio L;c ler to

Lu Stress Fai lure
ksi (Mtla)

Frio 30,.0 (206.9) -0.5 7,050
41110 30.0 (206.9) -0.5 7,0YO
6Fr10 20.0 (137.9) -0.5 52Y20
4FfI2 20.0 (137.9) -0.5 u1r2yo
6FT14 17.5 (120./) -0.5 77,840
6F 112 11.5 (120,7) -0.5 t$,P6/0

F15.0 (t03.4) -0.5 2,37Y6V
6FT14 15.0 (103.4) -0.5 IS41t750
4FT14 1.5.0 (103.4) -0.5 ['F*
5T12 10.0 ( 68.9) -0.5

tFr2 40.0 (2?5,8.' +075 5U1.O

6FI8 40.0 (275.8) +Q.1 6P400
6Fr16 30.0 (206.Y) +0.1 200tu
4FI16 30.0 (206.9) +0,1 ,480
bF )'18 2.5.0 (0:214) +Q.1 S, 37
WF18 '5.0 (17*.4) +011 4700
4F 11? 20,0 (l374,Y) +0.1 63A,160

41- 0 150 (103.4) +01 LNF
6F120 15.0 (103,4) +o.I 140

Al-I6 i. ) (37.2) +0.57740

5 12 5.0 (344".) +0. S 1P,440
41f6 5060 (344.9) +0. W),'OO

41-1 45.0 ( 2.4) +0.5 116,t$.
4~16 AQ3.0 (2066y) O. ",'wo..

4 25.0 (172.4) +v.1

6" t. 1O, (1t7,9) + , 2,3, #15U

4-4 2t.0 4137.9) +0.5 PNF

(1) ONF--did not fail; test ran to 10,000,000 cycles and stopped.
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Figure 8. Unnotched axial-stress S/N curves for 7149-T73 hand forgings--
long transverse grain direction, 4, 4-1/2, and 4-3/4 inches thick.
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Figure 9. Notched axial-stress S/N curves for 7149-T73 hand forgings--long
transverse grain direction, 4-, N , and 4-3/4 inches thick.
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Ti-15V-3Cr-3Sn-3Al Sheet (Solution Heat Treated)

Background

Alloy Ti-15V-3Cr-3Sn-3A1 is a near-beta titanium sheet alloy which can be

economically cold formed. The alloy is normally used in the solution treated

and aged condition. Several aerospace companies are using this product as a

A. replacement for aluminum sheet-metal structures because of economic considera-

tions. For the replacement of aluminum structure, the high strength properties

of solution treated and aged material are not required. Therefore, the Ti-15V-

3Cr-3Sn-3Al sheet is used in the as-supplied, solution heat treated condition

to avoid the cost of heat treatment. Consequently, it was desirable to deter-

mine the mechanical properties of Ti-15V-3Cr-3Sn-3A sheet in the solution

treated condition so that design values can be subsequently determined. (TIMET

has provided mechanical property d4ta for the determination of minimum design

values for the solution treated and aged condition.)

Material

The Air Force supplied ten lots of Ti-15V-3Cr-3A1-3Sn sheet which had been

produced by TIMET. The ten lots represented five heats for which the chemical

composition, as determined by TIMET, is shown below:

Percent

Element P6560 P6562 .6928 . 8373 $9343

Vanadium 15.1 15.0 15.3 15.3 15.0

Aluminum 2.95 2.97 3.00 3.00 3.05

Chromium 3.05 3.00 2.97 2.97 3.14
Tin 2.90 3.00 2.98 2.98 2.58

Carbon 0.020 0.018 0.017 0.021 0.013

Iron 0.145 0.016 0.016 0.016 0.140

Nitrogen 0.013 0.010 0.021 0.021 0.013

Hydrogen .... 0.012 0.006 0.007

Oxygen 0.130 0.113 .....

21
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The chemical compositions and tensile properties conformed to AMS 4!14.
The size of the sheet received for testing and the heat number are shown

below:

* Nominal
Thickness, Width, (Long. Grain Dir.) Heat

inches inches Length, inches Number

0.021 34 21 P6562

0.023 24 15 S8373

0.040 12 24 S6928

0.051 19 22 P6560

0.052 17 20 P6562

0.056 15 24 S8373

0.063 13 24 S9343

0.072 19 31 S8373

0.113 24 24 P6562

0.116 17 20 P6562

Location of Test Specimens

The location of test specimens is shown in Figures 10 through 12. The

following code system was used to identify test specimens:
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X X X X

S0

S- .C) 4)

U 0
.0 >1

CD L
-J - (C-' ()

1, 2, 3, 4, etc.

Longitudinal = L
Long Transverse T

f Tension = T Bearing = B
Compression = C Fatigue - F
Shear = S

0.021" P6562 a1
0.023" S8373 - 2
0.040" S6928 a 3
0.051" P6560 a 4
0.052" P6562 5 5
0.056" S8373 a 6
0.063" S9343 a 7
0.072" S8373 a 8
0.113" P6562 a 9
%0.116* P6562 a 10

Specimen Configuration

The configurations of the test specimens are shown in Appendix B. Due to

the limited quantity of material, it was necessary to reduce the width of the

bearing specimen from 2 to 1-1/2 inches. Also, it was necessary to restrict

the width of fatigue specimens to 3/4 inch. This design resulted in grip

failures in the unnotched specimens. The 3/8-inch-wide reduced section was

machined to 1/4-inch width for the remaining specimens.
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Test Results

Tensile. The results of the tensile tests are shown in Tables 4 and

4(SI). In addition to tensile yield and ultimate strengths, elongation and

modulus of elasticity values are indicated. Typical tensile stress-strain

curves for each grain direction are presented in Figure 13. The tensile

stress-strain curves were constructed in the same manner as those for 7149-T73

hand forgings.

Compression. The results of compression tests are shown in Tables 4 and

4(S). Compressive modulus of elasticity values are listed in addition to

compression yield strengths. Typical compressive stress-strain curves are

presented in Figure 14 for each grain direction. The compressive stress-

strain curves were constructed in the same manner as those for 7149-T73 hand

forgings.

Shear. The results of tension-shear tests are shown in Tables 4 and

4(SI). The 0.021- and 0.023-inch-thick sheets were not tested to determine

shear strength due to the anticipated instability of thin tension-shear speci-

mens during testing. Tension-shear specimens from thp 0.113-inch-thick sheet

were tested by AFWAL Materials Laboratory.

Bearing. The results of the bearing tests are shown in Tables 4 and

4(SI). The 0.021- and 0.023-inch sheets were not tested to determine bearing

strengths due to the anticipated instability of thin bearing specimens during

testing. The bearing specimens from sheets equal to or less than 0.063-inch

thick exhibited instability during testing. Excessive bending of the bearing

specimen invalidated some of the test results. The ultimate loads for e/D ,

2.0 were most frequently affected for the thinnest gages. Bearing specimens

from the 0.113-inch-thick sheet were tested by AFWAL Materials Laboratory.
Fatigue. The results of axial-stress fatigue tests are presented in

Tables 5 and 6. All fatigue test specimens were taken from the 0.113-inch-

thick sheet. Fatigue tests were conducted only in the long transverse grain

direction utilizing unnotched and notched, Kt Z 3, specimens. Tests were

conducted at three stress ratios, R - -0.1, R = 0.1, and R e 0.5. The fatigue

specimens for the R 0.5 stress ratio were tested by AFWAL Materials Labora-

tory. Due to a limited quantity of material, the width of fatigue specimens

27
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Figure 13. Typical tensile stress-strain curves for Ti-15V-3Cr-3Sn-3Al

solution treated sheet.

15.-00

100.Z

r,~500

L'gttonsv to.... -- - Os

0 S0.000 -

x Q
-x

-, 34

€0.

o rsoo} 0-

• STRAIN

*4 .

. Figure 14. Trypica! cmw, essive stress-strain curves for Ti-15V-3Cr-3Sn-3Al
, , . . solu tion tb~ated shaet., .

1.34
//......



TABLE 5. UNNOTCHED FATIGUE DATA FOR Ti-15V-3Cr-3Sn-3A1
SOLUTION TREATED SHEET--LUNG IRANSVERSE DIRECTION

b P,-? vi. a en M ax ", J.t in Lkw m~t t i

Y l-2y 80.0 (551.6) -0,1 19,15o

9F T 23 70.0 4482.7) -0 A 4b,650
'1' 2/ 70,0 (482.7. -0.1 361t109 T37 6b.O (448 o ) -0.1 56,140

VF I S1 65,0 (448,2) -01.1 t88 1,2 U0

9FT33 62.t5 (430.Y) 0,1 LIN (1)
yt; I W 6215 (4.O.Y) -0. 1NF
9H 135 60.0 (413.7) -0. 112,860

- r 2t, 60,(0 (i..i,7;' -0A., UNF

9FH13 lOb.0 (714.0) +0.1

VF T i "01,0 (724.0 ) +0.1 14Y780
9F1I I. Yb.0 (655.0) +0a r260

Hh v, H,0 'i-1l') +0.1 46,Y
09.11 80.0 (,1.6) +0.i 1 000

YFI 7o.0 (482-.7) +0.1 6Ht.30
9F r19 60.0 (413.7) +.)1 111f010

FI]/60,0 (41.4/) +0.I -
9FIIV ba.0 !,/lh..U +0.1 -

Si-111 45,Q ( 0. 3) +0.1 -NI-

I vt 1i 12 .0 (4i +.b (L4)o

YF If+ y I , 0 7Y Yh¢ +,Q "I 4,U/2#4,..t
Y I tby I 1 41 , li 47?!, ,7 +() 1.1N

YVF 14/ .1 iH, 4 ,5) +O,j t uIN
S'I 141 Y)o t.S.',5) +0.b UNI
hF ;.13 Y0.0 (62.6) +0., - 1',

* ,'F f45 Y.'., 0 , ( 0,.j 6.N-

(1) ONF--did not fail; test ran to 10,000,000 cycles and stopped.

(2) Failed in grips.

.4 (3) Cycle count outside of 103-107. Not plotted.

(4) Stress ratio, R + 0.5, tested by AFWAL Materials Laboratory.
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TABLE 6. NOTCHED, K a 3, FATIGUE DATA FOR Ti-15V-3Cr-3Sn-3AlSOLUTION TEATED SHEET--LONG TRANSVERSE DIRECTION

Specimen Maximum Li cies to
l S tris $-aL. J~lStre

ksi (M'a)

YF124 50,0 (344,8) -0.1 84b0
9Fr22 40.0 (2/5,*8) -0.1 17,110
Y* 126 3010 (206.9) -0.1 26Y440
9F128 30.0 (206.9) -0.1 3,3350
9F 1"32 20,0 (13/.9) -0.1 86,440
9F130 20.0 (13/.9) -0.1 Y4,Q0
9F134 15.0 (103.4) -0.1 248,80
9F138 1b,0 (103.4) -0.1 JNF (1)

9YV136 10 ) ( 6960) -0.1 INF
9F'(40 10.0 ( 69.0) -0,1 UNF

YF14 60,0 (413./) +0.1 6,090

9FI2 60.0 (413./) +0.1 7,110
Yt;'1' 40,0 (2/1i.8) +0.1 20u/40
9Ff* 40.0 (2/5.8) +0.1 24,400

YFI910 25.0 (1/2.4) +0.1 78,A20
9FT12 25.0 (1/2.4) +0.1 7V,490
IF! 16 20.0 (131t.) +0.1 2Z)00;0

v114 15.0 (103.4) +0.1 NF
YF 1 20 1b*0 (104o4) +0,1 1UN

9P'58 9004) (620.6) +0, (2) 7t800?F'1 lz9I.6 80o 0 (5)6) +0.b 101100

;l* 154 70,0 (482./) +0.5 141?00
9F152 65.0 (448.2) +0.5 Y600
Y4; 60,0 (413./) +0.5 18,000
9Ft44 50.0 (344.8) +0.5 3HY700
Y F146 40,0 +o10.5 64PJ
0 1FIV 3560 C ;,4 1,) +Q~b 114,6QV

:- '9 1'60 32 .5 ( 22.I +01. t lYioo

4 . 9F148 30.0 (206.9) +0.S PNF

(1) ONF--dtd not fail; test ran to 10,000,000 cycles and stopped.

(2) Stress ratio, R , + O.S, tested by AFAL Materials Laboratory.
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was restricted to 3/4 inch. This design resulted in a tendency for grip

failures for the unnotched specimens. The 3/8-inch wide reduced section was

machined to 1/4-inch width for the remaining specimens. The fatigue data were

analyzed in accordance with Section 9.3.4 of MIL-HDBK-5 and S/N curves in

Figures 15 and 16 constructed accordingly. For the unnotched, R = +0.5 condi-

tion, only four test failures were obtained; consequently, those data were

excluded from the analysis and an S/N curve for R = +0.5 was not presented.

.5 5

6.

/3
'S

1.
* *



15-5PH (H935) Corrosion Resistant Steel Castings

Background

Alloy 15-5PH precipitation hardening corrosion resistant steel castings

are similar to 17-4PH castings. However, 15-5PH castings are reported to

exhibit a more uniform microstructure containing less delta-ferrite. The

improved microstructure, compared to 17-4PH, allegedly results in more consis-

tent mechanical properties. Also, 15-5PH is reported to be more resistant to

stress-corrosion cracking. Due to the increasing use of 15-SPH castings, it

was desirable to determine the mechanical properties for this product so that

design values can be subsequently determined.

Material

This alloy can be heat treated to various strength ranges by varying the

aging temperature. The H935 condition which provides a tensile strength of

170-200 ksi was selected for evaluation. The Air Force supplied nine different

casting configurations, Figures 17 through 25, which were suitable for the

removal of various types of test specimens. The castings were produced by

Arwood Corporation, Bescast, Inc., and Hemet Steel Casting Company. The Arwood

and Bescast castings had received the following heat treatment by the supplier:

homogenize at 2100 F for 1-1/2 hours, gas quench, solution treat at 1900 F for

1-1/2 hours, oil quench, and age at 935 F. The Hemet castings were reheat

treated by the AFWAL Materials Laboratory using the same heat treat procedure

except for air cooling following exposure to the homogenization temperature.

(After cnpletion of this test program, comparison revealed no significant

differences in the mechanical properties of castings heat treated by the

suppliers and those heat treated by the AFWAL Materials Laboratory.) The above

heat treatment conforms to the procedure specified in AMS 5400. The composi-

tion limits for 15-5PH castings as specified in AMS 5400 is as follows:
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Percent
Element Min. Max.

Carbon -- 0.05

Manganese -- 0.60

Silicon 0.50 1.00

Phosphorus -- 0.025

Sulfur -- 0.025

Chromium 14.00 15.50

Nickel 4.20 5.00

Columbium + Tantalum 0.15 0.30

Copper 2.50 3.20

Nitrogen -- 0.05

The tensile properties of the castings conformed to AMS 5400.

Location of Test Specimens

I, The location of the various test specimens was dictated by the size and

configuration of the casting. Duplicate rather than triplicate specimens were

tested due to the size and configuration of the castings. Bearing specimens

could not be obtained from three castings, shaft, valve body, and cylinder, due

to the configuration of the castings. Only two bearing specimens could be

excised from the A-bracket. Sketches of the castings showing the location of

test specimens for each casting are contained in Figures 17 through 25. The

following code system was used to identify test specimens:
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Sll x xx

W U
C Z

CY4

4J) W U

IV >1 06

1, 2, 39 4, etc.

Tension = T
Compression = C
Shear = S
Bearing = B

Shaft = 1
Valve Body = 2

i Cylinder = 3
Impeller #1 = 4
Impeller #2 = 5
A-Bracket a 6
Horseshoe Bracket a 7

* Triangle Bracket a 8
iBellcrank a9

Specimen Configuration

The configurations of the test specimens are shown in Appendix B. Subsize

tensile, compression from valve body only, and bearing specimens were utilized
due to the size and configurations of the castings.

*Inspection

In order to determine internal quality, the test specimens were radio-

i graphed after machining. The specimens exhibited very good quality. The

acceptable defects in the test specimens did not exceed the requirement for

Grade B of MIL-A-21180.
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Test Results

Tensile. The results of tensile tests are shown in Tables 7 and 7(SI).

In addition to tensile yield and ultimate strengths, elongation and modulus of

elasticity values are indicated. A typical tensile stress-strain curve is

presented in Figure 26. The tensile stress-strain curve was constructed in the

same manner as those for 7149-T73 hand forgings.

Compression. The results of compression tests are shown in Tables 7 and
7(SI). Compressive modulus of elasticity values are listed in addition to the

compressive yield strengths. The avorge compressive modulus of elasticity was

28,500,000 psi, compared to an average tensile modulus of elasticity of

30,400,000 psi. The compressive modulus for steels is normally higher than the

tensile modulus. The modulus values were calculated from information taken

from the load-deformation curves. It was necessary to use a different type

extensometer for the compression tests than for the tensile *tests. It is

believed that this reversed relationship in modulus values is due to this

testing variable rather than a characteristic of the material. A typical com-

pressive stress-strain curve is shown in Figure 27.

Shear. The results of shear tests are shown in Tables 7 and 7(SI). The

comonly used double-shear, "rivet-tool" shear test was used so that the
resulting shear data would be comparable to existing shear data for other

precipitation hardening, corrosion resistant steel castings.

Bearing. The results of bearing tests are presented in Tables 7 and

7(sI).

FatiLue. Fatigue tests were not conducted due to the limited size and
configuration of the castings.
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Figure 26. Typical tensile stress-strain curve for 15-5PH (H935)
corrosion resistant steel castings.
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(H935) corrosion resistant steel castings.



Inconel 718 Sheet (Solution Treated and Aged)

Background

Because of its many attractive characteristics, Inconel 718 is being used

for applications other than for parts exposed to high temperatures. Therefore,

data for mechanical properties other than those critical for high temperature

performance are needed. Inconel 718 is currently contained in MIL-HDBK-5, but

design values for properties other than tensile yield and ultimate strengths

are missing. Consequently, it was desirable to determine the mechanical prop-

erties of Inconel 718 sheet in the solution treated and aged condition so that

design values can be subsequently determined.

Material

The Air Force supplied eight heats of Inconel 718 sheet in the solution

treated condition. The material had been produced to AMS 5596 by Inco Alloys

International (formerly Huntington Alloys). The chemical composition, as

determined by Inco Alloys, is shown below:

Perceot
Element 65S2EK 77V7EK 17KOEK 12KIEK 687EK 67J6EK 70JEEK 7TJ9K

Carbon 0.04 0.03 0.04 0.04 0.04 0.04 0.06 0.04

Manganese 0.14 0.13 0.12 0.13 0.14 0.13 0.13 0.12

Iron 18.01 17.24 18.05 17.03 17.84 18.10 18.92 17.77

Sulfur 0.001 0.001 0.002 0.001 0.001 0.002 0.002 0.001

Silicon 0.28 0.25 0.13 0.15 0.24 0.21 0.25 0.25

Copper 0.25 0.10 0.20 0.23 0.16 0.15 0.17 0.20

Nickel 53.16 54.04 54.28 54.50 53.36 53.20 52.42 53.62

Chromium 18.28 18.14 17.63 17.39 18.29 18.18 18.28 18.30

Aluminum 0.48 0.54 0.51 0.58 0.51 0.56 0.55 0.42

Titanium 0.83 0.92 0.93 0.93 0.97 0.95 0.91 0.89

Cobalt 0.18 0.13 0.12 0.10 0.21 0.11 0.14 0.12

Molybdenum 3.05 3.27 3.03 3.05 3.04 3.12 2.95 3.09

Columbium + 5.30 5.13 4.96 5.07 5.20 5.25 5.22 5.18
Tantal um
Phosphorus 0.013 0.011 0.013 0.013 0.013 0.014 0.012 0.011

Boron 0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.002
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The chemical composition and tensile properties conformed to AMS 5596.
The size of the sheet received for testing and the heat number are shown

below:

Nominal
Thickness, Width, (Long. Grain Dir.) Heat

1 inches inches Length, inches Number

0.016 36 24 65J2EK
0.045 36 23 777EK

0.050 36 24 17KOEK
0.080 36 24 12KIEK

0.109 36 24 68J7EK
* 0.125 36 23 67J6EK

0.187 36 24 70J3EK
0.250 11 11 (3 pcs) 77J9EK

.,The material was supplied in the 1750 F (1725-1825 F) solution treated

condition. After machining the test specimens were precipitation heat treated

in a vacuum furnace according to AMS 5596 as follows: Heat to 1325 + 15 F and
hold for 8 + 0.5 hours, cool at 100 + 15 degrees per hour to 1150 + 15 F for
8 + 0.5 hours, and cool in air to room temperature. This heat treat is used

primarily for parts requiring maximum resistance to creep and stress rupture.

Location of Test Specin.ens

4 The location of test specimens is shown in Figures 28 through 31. The

following code system was used to identify test specimens:
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X X X X

E 0

4)L )
V) S_

4- 0 (~0
0 Cl

1, 2, 3, 4, etc.

Longitudinal = L
Long Transverse = T

Tension - T Bearing = B
Compression = C Fatigue - F
Shear = S

0.016" 65J2EK = A
0.045" 77J7EK a B
0.050" 17KOEK - C0.080" 12KIEK = D

0.109" 68J7EK = E
0.125" 67J6EK - F
0.187" 70J3EK = G
0.250" 77J9EK - H

Specimen Configuration

The configurations of the test specimens are shown in Appendix B. Bearing

specimens from the 0.125-, 0.187-, and 0.250-inch sheet were machined to 0.100-
inch thickness by removing an equal amount of material from each surface.

Test Results

Tensile. The results of the tensile tests are shown in Tables 8 and
8(SI). In addition to tensile yield and ultimate strengths, elongation and

modulus of elasticity values are indicated. Typical tensile stress-strain
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curves for each grain direction are presented in Figure 32. The tensile

stress-strain curves were constructed in the same manner as those for 7149-T73

hand forgings.

Compression. The results of compression tests are shown in Tables 8 and

8(SI). The compression specimens from the 0.016-inch sheet buckled before the

yield strength was achieved. Thin compression specimens with high yield

strengths are prone to buckling during testing. Compressive modulus of elas-

ticity values are listed in Tables 8 and 8(SI) in addition to compressive yield

strengths. Typical compressive stress-strain curves are presented in

Figure 33 for each grain direction. The compressive stress-strain curves were

constructed in the same manner as those for 7149-T73 hand forgings.

Shear. The results of tension-shear tests are shown in Tables 8 and

8(Sl). The 0.016-inch-thick sheets were not tested to determine shear strength

due to the anticipated instability of thin tension-shear specimens during

testing.

Bearing. The results of the bearing tests are shown in Tables 8 and

8(SI). The 0.016-inch-thick sheet was not tested to determine bearing

strengths due to the anticipated instability of thin bearing specimens during

testing. The bearing specimens from the 0.045- and 0.050-inch-thick sheets

exhibited bending and instability during testing thereby invalidating the test

results.

Fatigue. The results of the axial-stress fatigue tests are presented in

Tables 9 and 10. All fatigue test specimens were taken from the 0.109-inch-

thick sheet. Fatigue tests were conducted only in the long transverse grain

direction utilizing unnotched and notched, Kt - 3, specimens. Tests were

conducted at three stress ratios, R - -0.5, R = 0.1, and R - 0.5. The fatigue

data were analyzed in accordance with Section 9.3.4 of MIL-HDBK-5 and S/N

curves in Figures 34 and 35 constructed accordingly.
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.'Figure 32. Typical tensile stress-strain curves for Inconel 718
solution treated and aged sheet.

S 20.000

-16.00

0

5to

12.000

1.. 0

06

w
4. ON30

0.000 .0
0.000 -002 .004 .004 .008 .010 .012

STRAIN

-Figure 33. Typical compressive stress-strain curves for Inconel 718
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TABLE 9. UNNOTCHED FATIGUE DATA FOR INCONEL 718 SOLUTION TREATED
AND AGED SHEET--LONG TRANSVERSE DIRECTION.

tir-ec timer, Mit..rnum R- va iL o L'jcies tol it St res-s i- I. ure

k. i (Mp'a)

EF1'33 170. (1tZ".2) -0.5 9,240

EF 1, 170.0 (1172.2) -O.b 10t099E ' 1 31 160.0 (1103.2) -0.5 15 388

EF1 '?9 120.0 (82).4) -0.1 b3,11
EFY37 120.0 ($ K2/.4) -0.5 :)y Y5 1
EF123 80.0 (551.6) -0.5 322t072
EF21 80.0 (,*-il 6) -0.5 3A4,199
EF139 70.0 (482.Y) -0.5 569,/99
EF127 Z0,0 (4H2./) -0.5 616,000
EF42t 50.0 (644.8) -O.t DNF (1)

EP f5 1/0.0 (11t2,2) +0,1 -3,t225

EF13 130.0 (896.4) +0.1 '1,p48
hFl111 130,0 8SY6.4) +0.1 93,617
EH19 100.0 (689.5) +0.1 269i042

.FH1 100.0 (69.4) +0.1 284314
EF'13 80.0 (+09.) +01 1,04/r,064

8LF17 80.0 ('551,6) +0.1 t,.368,427
EFI]5 70.0 (482.7) +0.1 - (2)
LF17 6h.0 (448,2) +0.1 DNF
EFI'I9 65.0 (448. 2) +0,1 DN

EH51175,0 (1206.6) +0.5 86o9
EF143 170.0 (11'/2.2) +0., 146#036
&"141 160.0 (1104$2) +0.5 168986
EF14b 140.0 (9,65,S) 45263#6
Et153 140.0 (965.3) +0.5 2?0,866
EFI41 120.0 (827.4) +04S 546 P Ks2

120.0 (827,4) +0.5 610.487
EH157 110.0 (759.5) +0.5 V44#31b
EFY59 10010 (689.5) +0.5 976#490
EF149 100.0 (689.5) +0.5 DMI4,..

(1) DNF--did not fail; test ran to 10,000,000 cycles and stopped.

(2) Failed in grips.
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TABLE 10. NOTCHED, K = 3 FATIGUE DATA FOR INCONEL 718 SOLUTION TREATED
AND AGED SAEET--LONG TRANSVERSE DIRECTION.

SF#caimern maxirnum R-pv tIo Ct:les to
In Stress F zi Jure

kii (iPa)

EF146 100,0 (689.5) -0.5 4YY50
EFI54 100.0 (689t) -0t, 4,V90
EF144 s0,0 (551.6) -0.5 10,310
EFTb6 60.0 (413.7) -0.b 34t610
E 122 60.0 (413.7) -0,5 3,400
EF148 bO.O (344.8) -0.0 76P820
EF1,O 40.0 (275.8) -0.5 244t310
EF152 30.0 (206.9) -0.5 /6P680
EFHb8 30,0 (206.9) -0.5 5,1201720
EFI160 25.0 (172.4) -0.5 DNF (1)

EHI20 120.0 (82/.4) +0.1 /1630

EFI6A 100.0 (689.b) +0.1 12t920 (2)
n4 9tbo (620.6) +0.1 21P660

EF12 80.0 (551,6) +0.3 24P920
Et-i8 65.0 (448.2) +0.1 53.100
EF14 50.0 (344.) +0.1 58.130
EFY16 50.0 (.344.8) +0.1 309t560
EFIR 45.0 (3)0.3) +0,1 253 290
EFI12 45.0 (310.3) +0.1 2;?P210
EFI10 40.0 (275.8) +0.1 DNF
L 16 30.0 (206.9) +0.1 ONF

EFLIA 160.0 (1103.2) +0. 12w820
E !, I' 6 150.0 (1034.3) +0.5 15Y520
EF134 140.0 (965.3) +0.5 199900
ElT32 120.0 (827.A) +0.5 34230
EFI30 100.0 (689.5) +0.5 60P610
EFI28 80.0 (551.6) +0.5 85,210
EF142 80.0 (551.6) +0.b 135P3w
EF126 70.0 (482.7) +0.5 318y.80
EFT?4 60.0 (413.7) +O.b DNF
EFT40 60.0 (413*7) +0.5 UNF

(1) ONF--did not fail; test ran to 10,000,000 cycles and stopped.

(2) EFT6 and EFT6A are the se specimen. After testing at 30 ksi, EFT6 was
then retested at 100 ksi.
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Figure 34. Unthdaxial-stress SNcurves for 0.109 inch
thick Inconel 718 solution treated and aged sheet--
long transverse direction.
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Figure 35. Notched axial-stress S/1 curves for 0.109 inch thick
Inconel 718 jolution treated and aged sheet-- aonq
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APPENDIX A

TESTING PROCEDURES

Tension Tests. Tension tests were performed at room temperature in

accordance with ASTM E8. Flat specimens were utilized for sheet while round

specimens were employed for castings and hand forgings. Subsize round speci-

mens were used as necessary when the size of the product would not accommodate

full-size specimens. The strain rate was 0.005 inch-per-inch-per-minute, as

indicated by a strain pacer, until yield strength is exceeded, after which the

rate was increased to 0.1 inch-per-inch-per-minute until failure. The tensile

yield strength at 0.2 percent offset, tensile ultimate strength, elongation,

and the tensile modulus of elasticity were obtained from this test.

Compression Tests. Compression tests were performed at room temperature

in accordance with ASTM E9. Cylindrical specimens were used for castings and

hand forgings. ':e ends of the cylindrical specimens were parallel to 0.0002

inch and fixturing was used to maintain alignment during testing. For sheet,

flat specimens were utilized and tested in a North American-type compression

fixture. This fixture will accommodate sheet specimens 1 by 3 inches and up to

*. about 1/4-inch-thick. The ends of the specimens were parallel to within 0.0002

inch. An extensometer, similar to the extension type, was fastened to the

specimen at very small notches spanning a 2-inch gage length. The strain

signal was generated by a linear differential transformer which was part of the

extensometer with readout on an autographic recorder. For all tests the strain

rate was 0.005 inch-per-inch-per-minute until yield strength was exceeded.

The compressive yield strength at 0.2 percent offset and the compressive mod-

ulus of elasticity were obtained from this test.

Shear Tests. Shear tests were conducted at room temperature. For sheet

material, the tensile shear specimen, as specified in Standard Test Procedure

ARTC-13-S-I, was used. For 15-5PH (H935) castings, a 0.250-inch-diameter,

doltble-shear specimen was used. For 7149-T73 hand forgings, shear-pin-type

specimens were t. sted in an "Amsler" shear tool which minimizes bending of the

shear specimen. The shear strength of aluminum alloys may vary with grain
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direction. Consequently, the identity of the grain orientation of shear speci-

mens was maintained and the shear specimens were positioned in the shear

fixture so that the loading direction was according to MIL-HDBK-5 Section

3.1.2.1.1. A rivet-shear type fixture was used to test shear specimens from

15-5PH (H935) castings. The ultimate shear strength at room temperature was

measured.

Bearing Tests. Bearing tests were conducted at room temperature in

accordance with ASTM E238. Bearing specimens were full thickness except for

products over 0.100-inch thickness, for which the bearing specimens were

machined to 0.100-inch thickness. All tests were "clean pin" tests as defined

in the above specification. The ultimate bearing strength and bearing yield

strength at e/D ratios of 1.5 and 2.0 were measured. (The ratio of the

distance between the centerline of the test hole in the bearing specimen and

the edge of the specimen (e) to the diameter of the bearing hole (D) defines

e/D.)

Fatigue Tests. Fatigue tests were conducted at room temperature in

accordance with ASTM E466. Axial-stress tests were performed on unnotched and

notched specimens to define an S/N curve between 103 and 107 cycles. Tests

were conducted in the long transverse direction for sheet and hand forgings.

Tests were conducted on smooth, Kt = 1, and notched, Kt 3, specimens at three

stress ratios.
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I- 5.00"

.50

2.50

% ~for 7149-1773 hand forging.

Wt: Ends of sweinen WOI We pW*n and PerpniAaior
to the OKx of speOWe witin 0.25 degee Ends
stIa be parafte within Q0002".

Figure B-3. Compression specimen for 7149-T73
hand forging..
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Scribe one end with a mark which is parallel
to thickness dimrension of the peoduct for
longitudinal and lang transverse specimnens
and po-allel to length dimnension at the product
for short transversle speimlen

Machinng centers are
rriiidin ands

Figure B-4. "Amsle r" shear specimen for
7149-T73 h'and forging.

4."

e /

15 .3-5"

Figure B-5. Bearing specimen for 7149-T73
hand forging.
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Figure B-6. Unnotched fatigue specimen for
7149-T73 hand forging.

4is..... 2" _.

60 Vnw Q013 root rodks
* NoNt: Kt3,$o

Figure B-7. Notched, K 3, fatigue specimen
for 7149-T73 hand forging.
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J503" *.002 0.503" *002

0.500"0.

5.5

Taper .003" to center
-0 - .5 -0 1.87 * OL1

S60"*0.1

Notes: I. GO length must not be undercut at ends.
2. TaThickness of sheet.

Figure B-8. Tensile specimen for Ti-15V-3Cr-
3Sn-3A1 sheet.

210-06

". N0tO: I. Ends tmut2be fit and parallel to

-pOv 2. SurfOce must be free fom nicks-T 4orachstol4,

3. TaThickneu of sheet

All flaot sicn f=c toveds sos nd

Figure B-9. Compression specimen for Ti-15V-3Cr-
3Sn-3Al sheet.
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*1 ~0.0625" D rea~m 07~u dia (2 hls

1, ,44K-

T =Thckness of sheet

Figure B-1O. Tension-shear specimen for Ti-15V-
3Cr-3Sn-3Al sheet.

*/A4

ST 2, T ,Ts of 15 t

2,0 0350

Figure B-10. Bearing specimen for T i-15V-3Cr-
, 3Sn-3A sheet.
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4, 
T sThickness of sh et

Figure B-12. Moiidunthdfatigue seie
for Ti-15V-.3Cr-3Sn-3Al sheet.

r, .47 11 O

TilThkn of vwut

5:Figure B-13. Unnotched fatigue specimen for
* Ti-15V-3Cr-3Sn-3Al sheet.

64'. - 0'300

1.050 T ~

Non I Kil 3
2 T a Tckwn of saet

Figure B-14. Notched, Kt =3 fatigue specimen for
Ti-ISV-3Cr-3Sn-5Al sheet.



2.50

15-5PH (H1935) casting.

NoW: Ends of specirwe shall be piao and perpondicuor
to the axis of SvOcmw within 0.25 deWee Ends
Shalli be pwaoiW within 0.0002'.

05w.OOlIa

Figure R-16. Compression specimen For
15-5PH (H1935) casting.

NOWe Ends of SW~c'e "Ia be ft* aW wootwic"i
to the aa od swittion wftm~ 0.25 degee EM.t
Voal be waohl wi""u 0.OO2t.

VJ

Figure -SI 4V

FiueB-17. Subsize compression specimen for
V. 15-5P1 (H1935) casting.
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0250

Figure B-18. Shear specimen for 15-5PH
(H935) casting.

,. L2.0 0 L)W"

Figure B-19. Subsize bearing specimen for
15-SPH (H935) casting.
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4j

f9,326 ram,

Figure B-20. Tensile specimen for
Inconel 718 sheet.1. .503S __L

~NOM~: L Ends mwst be 110 and owitwim to

2. Su mst r ree O.5

7 OW Wmkr +

ADfcisasb m ,m "

Figure B-21. Compression specimen for
Inconel 718 sheet. it
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T06Th"0rem of vW

,- Figure B-22. Tension-shear specimen forInconel 718 sheet.
*41

I/* - r'

,thkw ofW

.4_

Figure B-23. T oearing specimen for

I Inconel 718 sheet.
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~2.5

T z Thickrns ef sheet

Figure B-24. Unnotched fatigue specimen for Inconel 718 sheet.

4. -,

*.O

Nalft K'*3
*~~ T TN~% orf shwt

t ~AFigure B-25. Notched, K. 3, fatigue specimen
for Inconet 718 sheet.
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