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F33615-69-C-1115, This contract was performed under Project No, 7381, "Materials
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ministered under the direction of the Air Force Materials Laboratory, Air Force
Systems Command, Wright-Patterson Air Force Base, Ohio, by Mr. Marvin Knight,
project engineer.
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September, 1970. This report was released by the authors on 25 September

1970 for publication.
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ABSTRACT

The major objectives of this research program were to evaluate newly
developed structural materials of potential Air Force weapons system interest
and then to provide ''data sheet! type presentations of engineering data., The
effort covered in this report has concentrated on Beta III titanium sheet, AF2-TDA
heat-resistant alloy bar, 3A1-8V-6Cr-4Mo-4Zr (Beta C) titanium alloy forging, 300M
high-strength steel forging, 7178-T76 aluminum alloy sheet, 7049-T73 aluminum al loy
hand forging, 6Al-4V titanium alloy extrusions, 5621-S titanium alloy forging, 6Al-4V
titanium alloy sheet, 7175-T736 aluminum alley die forging, and MP35N high-strength
bar.

The mechanical properties investigated include tension, compression, shear,

bend, impact, fracture toughness, fatigue, creep and stress-rupture, and stress
corrosion at appropriate temperatures,
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INTRODUCT ION

The selection of structural materials to most effectively satisfy new
environmental requirements and increased design load requirements for advanced
Air Force weapons systems is of vital importance. A major difficulty that design
engincers frequently encounter, especially for recently developed materials,
naterials processing, and product forms, is the lack of sufficient engineering
data information to evaluate the relative potential of these ievelopments for a
particular application.

The Air Force, in recognition of this need, initiated a program at
Battelle's Columbus Laboratories early in 1965. This program (Contract AF33(€15)-
2494) vas to provide comparative engineering data for newly developed structurasi
materials. Materials includedin this program were carefully selected to insure
that they were either available or could become quickly availabie upon request
and that they would represent potentially attractive alloy projections for weapons-
system usage, The results v; ;his program were publis . in Technical Report
APML-TR-67-418, April, 1968(1)” This concept was continued under Contract
F33615-67-P-;£92 and resulted in the publication of Technical Report AFML-TR-68-211,
July, 1968(2).

This technical report is 2 result of the continuing effort to relieve
the above situation snd stimulate interest in the use of newly develcped alloys,
or new processing techniques for older alloys, for advanced structures.

The primary objective of this program was to obtain comparative
engineering data for newly developed structural materials.

The materials evaluated under this contract are as follows:
(1) Be . III titanium sheet
(2) AF2-IDA Bar
(3) 38-6-44 titanium furging
(4) 300M forging
(3 7178 aiuminum sheet
(6) 17049 aluminum forging
(7) 6A1-4V titanfum extrusions
(8} 6Al-4V titaniuva sheet

(9) 5621-5 titanium forging

*Numbers in parentheses refer to references at the end of the text.
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(10Y 7175 aluminum forging
(11Y MP35N bar

The heat-treat or temper conditions selected for evaluation are
described in each material section.

The pvogram approach was, as on previous contracts, to search the
published literature and to contact the metal producers and aerospace companies
for any pertinent data. Tests were then scheduled to fill in the gaps in the
existing information. Upon completion of each material evaluation, a "data sheet"
was issued to make the data immediately available to potential users rather than
defer publication to the end of the contract term and the summary report. These
"data sheets" are reproduced in the conclusions section of this report.

Detailed information concerning the properties of interest and test
techniques are described in subsequent sections of this report.

EXPERIMENTAL PROCEDURE

Mechanical Properties

The various mechanical properties of interest for each of the
materials are as follows:

(1) Tension

(a) Ultimate tensile scrength, Ftu

(b) Tensile yield strength, Fty

(¢) Elongation, e,
(d) Reduction in area, RA
(e) Modulus of elasticity, Et

(2) Compression
(a) Compressive yleld strength, FC

Y
(b) Modulus of elasticity, Ec

(3) cCreep and stress rupture

(a) Str. s for 0.2 or 0.5 percent deformation in 100 hours and in
1000 hours

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




(4) Shear — Ultimate shear strength, Fsu
(5) Axial fatigue*

(a) Unnotched, R = 0.1, lifetime: 103 through 107 cycles

(b) Notched (Kt = 3,0), R=0.1, lifetime: 103 through 107 cycles
(6) Fracture toughness, K

Ic

(7) Stress corrosion — 80 percent Ft , 1000 hours maximum, 3-1/2 percent
NaCl solution y

(8) Thermal expansion
(9) Bend — Minimum radius
(10) Impact — Charpy V-notch, ft-1b

(11) Density.

Specimer: Identification

A simple system of numbers and letters was used for specimen identi-
fication, Coding ‘:onsisted of a number indicating the type of test and also
indicating a comparable area on the sheet, plate, or forging. For certain
test types, the number was followed by a letter signifying specimen orienta-
tion (L for longitudinal, T for transverse). The test types where the letter
did not appear were bend, fatigue, creep, and fracture toughness since, in
these cases, only one specimen orientation was used. The next number in the
coding specifies the location from which the specimen blank was taken from the
original material configuration., Coding was as follows:

Assigned
Number Test Type
1 Tension
2 Compression
3 Creep and stress~rupture
4 Shear

* "R" represents the algebraic ratio of the minimum stress to the maximum
etress in one cycle; that is, R = Smi /s ax” "K" represents the Neuber-
Peterson theoretical stress coucentFatioff ¥actor,




Assigned

Number Test Type
5 Fatigue
6 Fracture toughness
7 Stress corrosicn
8 Thermal expansion
9 Bend
10 Impact

As an example, a specimen numbered 2T-5 is a compression specimen, transverse
orientation, cut from Location 5. Also, a specimen numbered 5-12 is a fatigue
specimen from Location 12,

Specimen designs used in this program are shown in Figures 1 through 21,
These specimens conform to dimension:’ and tolerance specifications outlined in
relevant ASTM Sggndards, in Pederal Test method standard No, 15la, in AIA Publi-
cation ARTC-13( , or in MAB Publication MAB 192-M(4),

Test Description

Tension

Procedures used for tension testing are those recommended in ASTM methods
E8-63 and E21-66T as well as in Federal Test Method standard No. 151a (method 211.1),
Six specimens (three longitudinal and three transverse) were tested &t each tempera-
ture to determine ultimate tensile strength, 0,2 percent offset yield strength,
elongation, and reduction in area, The modulus of elasticity was obtained from
load-gtrain curves plotted by an autographic recorder during each test.

All tensile tests were carried out in Baldwin Universal testing machines.
These machines are calibrated at frequent intervals in accordance with ASTM method
E4-64 to assure loading accuracy within 0.2 percent, The machines are equipped
with integral automatic strain pacers and autographic strain recorders.

Specimens tested at elevated temperatures were heated in standard wire-
wound resistance-type furnaces, Each furnace was equipped with a Foxboro controller
capable of maintaining the test temperature to within 5 F of the control temperature
over a 2-inch gage length, Chromel-Alumel thermocouples attached to the specimen
gage section were used to monitor temperatures, Each specimen was soaked at tempera~
ture at least 20 minutes before being tested,

An averaging-type linear differential transformer extensometer was used
to measure strain, For elevated temperature testing, the extensometer was equipped
with extensions to bring the transformer unit out of the furmace. The extensometer
conformed to ASTM E3-64T Classification Bl having a sensitivity of 0.0001 inch/inch.




" ‘QOOI
gg drill, ream 0.500-0.000

ao ool"

r 500 I }

mlﬂ_
P

e
I N Y %“if
o

7%

FIGURE |. SHEET AND THIN-PLATE TENSILE SPECIMEN

ptt————— 3 000

‘-—-2000*°———~{°°2 — 0500100

£0. 005"

A

l'oj)oio.oon ¢

1

ZFouur 90-degree V notches, 0.0I0 inch deep

FIGURE 2. SHEET COMPRESSION SPECIMEN

Note : {I) Ends must be flat and
Paraliel to within 0.0002 inch
(2) Surtace must be free
trom nicks ond scrotches

b



1 3 +0.00!
/ €% drill and ream 0.375-0.000
’ l
[«f\ ) - & '_é "
Y
1 \ | 16 l
-] o TR
6 o | 3
~ % T @ ’
65 -
For A=0.375*%%", 8= i3 R
A=0.250*°%", B=IZR .
FIGURE 3. SHEET CREEP AND STRESS RUPTURE SPECIMEN
pust—— 4-éL" —
" £0.010"
-,_.Z_"__‘ .L D f‘om o- 050
AN |
)
B 1
8
! f L\ ¢ Symmetric
| n
'_
4

reom 0.375~ 855" . _
Symmetric

é" dril, I "'l ' "—o.|9oo"J-°°5'
R

FIGURE 4 SHEET SHEAR TEST SPECIMEN

e

¥ e et iy €




N3WIJ3dS 3N9i4vs LI3HS QIHILONNN

O¢EeES -v

€ S0 0s20
¥ 0S20 0050
s osb0 0060

Y 8

ap, 35 “sajoy jybi3

....ml ‘ 20003V

of
N ‘pIopunys sajoy olvl/

ag ysnpy) ‘woas ¥

\ﬁ (udwiads j0 P wo

'S 3¥N9i4

I o

"

\JJ

\J




NIWIO3dS 3N911v4 133HS (0'S= ) GIHIION 9 3uNOI4

'BES-Y  21e00 G210 SLE0
62900 G210 0060

8 v
Hup. Nam (uosisjad-JagnaN) € = * ¥
(Udw1d2ads jo H uo aq isnw)

‘s3|0y Eo_ o
w , w3z 2 pIOPUDS SIOL OM |-
_ [ m ‘

"'ﬁl*
-lo

R T B 3 a3

——

-




"D rec:mX

A~-83332

FIGURE 7  CENTER-NOTCH FRACTURE-TOUGHNESS SPECIMEN




10

5" " }

050 +0.01"

!

Note:Specimen thickness 0.050%%02

FIGURE 8. SHEET STRESS-CORROSION SPECIMEN

. 2.00* Q01"

LootO.Ol

4

FIGURE S. THERMAL-EXPANSION SPECIMEN

L]

-——.

A=-5333e

FIGURE 10. SHEET BEND SPECIMEN




i1

.
‘...__...|{ L 24 o
'] "0.500"")“’/
LN | L @
[T — ! T
3 -10 thread
All dimensicns in inches
FIGURE |l. ROUND TENSILE SPECIMEN




12

e z ln i 2" —-———-—qn—t i
- R ] ]
4
n/ * y t. ﬁx
_—as0" - | Loy
0.499. \ L/

A 1 ) | ]
Grind ends fiat ond parolle!

to within 0.0002" ¢

FIGURE 12. COMPRESSION SPECIMEN

]
2165 :8'?88*——* 0.354 0.001

£Q00i
" oo

)
TQ00L | o318 0001
\G.N 0.394 [—

FIGURE 13. NOTCHED IMPACT SPECIMEN

m—.,g?r“"‘“""““ <&

FIGURE 4. PIN SHEAR SPECIMEN




13

N3WIO3JdS 3NOIivd HVE GRIO¥ J3HOLONNN ‘SI 3NSI4

P o
oMIpuedied put
>
podsyi Ol ~ °¢ V [T
o 8 <2
/ ..«a_u.mu._ x..n r4
1 i o

e ————— ——

f
nle
v ¥
| )
1 1




N3WIO3dS 3NOILVS ¥vE ANNOM AQ3HJOLON 91 34¥N9I4

o¢=4y 3o
SRIPDJ §00) 1050 5€10°0 Jo[nd1pusdiad puid
. eorl- | Udjou-A o,09

14
3 LbOlls 1~ PoRIUL ON O1-F -\ 42 ]
‘ 3820- uso- | _
2£620+ _ KT
- - - -
.pl[ fs— p—— m
wl o}
) 4 -
> l.m N
- -‘v
Z -
— I.—l S




NIWNIO3dS 3N9ILv4d Q3IHILONNN 21 3¥NOId

Yyene

iy —FF———H

\
spua yjod ‘pui ON €I1-24

h

JB/E |

Y

m ]

- wS/l




NIN!ID3IdS 3N2I11vd J3HIOLON 81 3uN9Id

o'¢:

WL 1000 SPudd yiim
214JU30U0D UOIIIS §S3| :ON

S§0|} SSOJW 8/€ 1000 2000
SNIPDs 003
e+ 2/1—> |- o1/5 AR 09 y.one DG _Iv_
O
it — oo /i
T —== T

' D/e | -

~ we/l € >




17

N3WID3dS SSINHONOL 3¥NLOVHY ‘61 IMNOI4

an

N

.Aul,v\nl.J

—

e/t

L.
an
2




18

90° Vv-groove 0.015" deep
on both 178" shouiders for

| | " attaching extensometers
Jdiom
Wit - i L' gi
T i 2 dam
&R
L2 - 12
3“

FIGURE 20. CREEP-RUPTURE SPECIMEN, 1/4-INCH DIAMETER




4313WVIQ HONI 2/1 NIWID3LS d33¥0 ANNOY 12 3un9i4

wapm———— ———

A A 4 N \ 4 4

/ poam 01 -

d8dp 8000 ‘san00s6-A .06




20

The strain rate in the elastic region was maintained at 0.005 inch/inch/minute.
After yielding occurred, the head speed was increased to 0.1 inch/inch/minute
until fracture,

Compression

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

The extensometer used for the compression tests was quite similar to
that used in the tensile testing. The extension arms were fastened to the speci-
men at small notches spanning a 2«inch gage length. The output from the microformer
was fed into a load-strain recorder to provide autographic load-strain curves,
During testing the strain rate was adjusted to 0,005 inch/inch/minute.

For bar and forging matefial, cylindrical specimens similar to those
described in ASTM E9-67 were used with appropriate temperature ccntrol and strain
measurement as described above.

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

Shear

Single-shear sheat-type specimens were ugsed for sheet and thin-plate
naterial; for bar and forgings, a double-shear pin-type was used. Shear testing
was performed at room temperature only. A minimum of six specimens (three longi-
tudinal and three trangverse) were ugsed to determine ultimate shear strength,

Bend

The procedures for conducting bend tests are described in Report MAB-192-M,
The specimens were placed in a rigid three-point loading fixture and bending tups of
various sizes were used to determine the minimum bend radius at room temperature,

Fracture Toughness

Two types of specimens were used for fracture toughness tests, For sheet
and thin plate a center notch tensile type specimen was used, At the time of testing,
the dimensions of this specimen were in accordance with the current recommendatcions
of the ASTM Committee on fracture toughness. For the heavier section materials, a
slow<band chevron notched type spacimen was used,
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All fracture toughness specimens were precracked at the root of the
notch under fatigue loading. The precracking was carried out with the maximum
stress limited tc¢ 60 percent of the tensile yield strength. In most cases, thi:
stress level was found to produce a precrack of the desired length in a short tlue
while minimizing plastic deformation at the leading edge of the crack.

All tensile tests on precracked specimens were conducted in Baldwin
Universal testing machines. A flat spring-type compliance gage with extension
arms was used in conjuction with an autographic recorder to provide a load-
compliance curve,

Slow-bend tvpe specimens were tested under 3-point loading as shown
in Figure 22. The pop-in load for materials susceptible to brittle fracture was
determined from the load compliance curve. When pop-in was not detected, the curves
were analyzed using the secant offset method described in ASTM STP 410(4,.

Creep and Stress Rupture

Standard dead-weight type creep testing frames were used for the creep
and stress-rupture tests. These machines are calibrated to operate well within
the accuracy requirements of ASTM method E139-66T,

Specimens similar to those used for tension tests were used for the
creep and stress-rupture studies. A platinum strip "slide rule"” extensometer is
attached for measuring creep strain and three Chromel-Alumel thermocouples are
attached to the gage section for temperature measurements, Extensometer measurements
were made visually through windows in the furnace by means of a filar micrometer
microscope in which the smallest division equals 0.00005 inch,

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

For each temperature condition creep and stress-rupture data were obtaimed
to 100 and 1000 hours using as many specimens as necessary to obtain precise infor-
mation, The percent creep deformation obtained was dependent on the material under
test, In most instances stress-time curves were defined for 0,2 and 0.5 percent
elongationm,

Stress Corrosion

Seven gpecimens of each alloy were tested for susceptibility to stress-
corrosion cracking by alternate immersion in 3-1/2 percent sodium chloride
solution at room temperature,

Specimens were prepared for testing by degreasing with acetone. Where
a surface film remained from heat treating, it was abraded off one side and the
adjacent long edge of five of the specimens, and left intact on the other two.
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NOT REPRODUCIBLE
FIGURE 22. SLOW-BEND TYPE FRACTURE TOUGHNESS SPECIMEN MOUNTED IN MTS MACHINE
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Each specimen was placed in a four-point loading fixture and deflected
to a stress corresponding to 80 percent of the tensile yield strength of the
particular material, The specimen was electrically insulated from the fixture by

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

og3£3-4a2)
12dE

where

deflection

<
[}

o = maximum fiber stress

)
L]

distance between outer load points

]
[ ]

distance between outer and inner load points

d

sprcimen thickness

E

modulus of specimen material

Each stressed specimen was suspended cn an alternate immersion unit.
This unit alternately immersed specimens in the 3.5 percent sodium chloride so-
lution for ten minutes and held them above the solution to dry for 50 minutes.

Tests were continued to the first sign of cracking or for 1000 hours, whichever
occurred first,

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

Thermal Expansion

Linear-thermal ~expansion measuroments were performed in a racording
dilacometer with specimens protected by a vacuum of sbout 2 x 10°3 mm of mercury.
In this apparatus & shcet-type specimen is supported between two graphite structures
inside a tantalum-tube hester element. On heating, the differential movement of
the two structures caused by specimen expansion results in the displacement of
the core of a linear-variable differential transformer. The output of the
transformer is recorded comtinuously as & function of specimen temperature. The
entire assembly i{s enclosed in & vacuum chamber

The furnace is controlled to heat st the desired rate, usually SF par
minute, Errors associated with measurements in this apparatus are estinated not
c0 exceed #2 percent. This is based on calibration with materials of known
therma) -expansion characteristics.




24

Fatigue

Two types of fatigue equipment were used to perform the axial-load
Selection of a test machine was .ude on the basis of

One type was the Krouse axial-load machine, either
5,000- or 10,C00-pound capacity. The specific machine was dependent upon the
test load requirements dictated by the product form and heat tratement. Fatigue
tests on high-strength materials were conducted on the second type machine,
namely the MTS electrohydraulic servocontrolled testing machine.

tension fatigue tests.,
the required load level.

The Krouse axial-load equipment is mechanically driven and provides
loads on a constant-deflection basis., These machines normally operate at 1725
cpm. Hydraulic load maiutainers stabilize the mean load should some creep de-

formation occur.

The frequency at cycling of the MIS electrohydraulic fatigue machines
is variable to beyond 2000 cpm depending on specimen rigidity. These machines
operate with closed-loop deflection, strain, or load control. Under load con-
trol used in this program, cyclic loads were automatically maintained (regardless
of the required amount of ram travel) by means of load-cell feedback signals,
The calibration and alignment of each machine are checked periodically. In each
case, the dynamic load-control accuracy is better than 13 percent of the test load,

For elevated-temperature studies, electrical resistance wire-wound fur-
naces of conventional desiga were used to heat the specimens. Three Chromel-Alumel
thermocouples, placed near the center of each specimen at l-inch intervals, were
employed in furnace calibration. During a fatigue test, the center thermocouple
was used in conjunction with a Foxhoro controller to adjuat electrical input to
the furnace. The thermai gradient along the test section was continuously moni-
tored by the other two thermocouples. During tes:ts, the center of the specimen
was held to within 5 degrees of the control temperature,

After machining and heat treating (when required), the edges of all
sheet and plate specimens were polished according to Battelle's standard practice
prior to testing. The unnotched specimens were held against a votating drum
covered with emery paper and polished uising a kevrosens lubricant, Successively
finer grits of emery psper were used, as required, to produce a surface of about
10 ras.  Unnotched round specimens were polished in the Battelle polishing appa-
ratus. This machine utilizes a rotating belt sander driven rectilinearly along
the specimen test section while the specimen is being rotated. The belt spaed
and specimen speed are adjusted so that polishing marks on tha specimen sre {n
the longitudinal direction. The furface finish {s about the same zs that on the
flat specimens. The notched flat specimens were held {n a fixture and polished
wvith a slurry of oil and alundum grit spplied liberally to a rotating wire.
Notched round specimens are polished in the same manner, expect that the “necimen

is rotated.

A shadowgraph optical comparator was used for msessuring the test sections
of all polihed specimens and for inspection of the root raedius in the case of the

notched specimens.
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The stress ratio for all specimens was R = 0.1, Stresses for notched
=3, 0) and unnotched specimens were selected so that S$S-N curves were defined
beEwcen 103 and 107 cycles using approximately 10 specimens for cach set of fatigue

conditions.




MATERIALS INFORMATION AND TEST RESULTS

Beta II] Titanium

Material Description

Beta II[ is a simple quatermary solid-solution alloy developed by the
Crucible Steel Compary under Air Force Contract AF33(615)-2742. 1t is am all
beta alloy that has the ability to be cold-rolled at least as easily as commercially
pure titanium, Actually, it can be c¢old rolled in excess of 90 percent without
edge cracking. The alloy also was compounded to provide for relative ease in hot
rolling,

Beta IIT can be heat treated over a range of tensile strengths by varying
both the solution-heat-treatment temperature and the aging temperature,

Twenty-two square feet of 0.063-inch thick material were received from
Crucible, This material was from a 4000- -~und trial production heat (H19382) with
the following composition:

Cheimical

Composition Pc cent
Molybdenum 12.1
Zirconium 6.5
Tin 4.3
Iron 0.04
Carbon 0.03
Nitrogen 0.014
Hydrogen 0.0095
Oxygen 0.13
Titanium balance

Processing and lleat Treating

The specimen layout for Beta III is shown in Figure 23, Specimens were
machined in the as-received mill solution~treated condition and then aged at 9507
for 8 hours. The 950F, 8 hours aged condition was recommended by Crucible as being
the condition of most interest. Aged specimens were pickled in a 20HNO3 - 2HF
solution at 1/0Ff to remove aging scale.
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Test Results

Tension. Results of tests in the longitudinal and transverse directions
at room temperature, 400F, 600F, and 850F are given in Table 1. Stress-strain
curves at temperature are shown in Figures 24 and 25, Effect-of-temperature
curves are presented in Figure 28.

Compragsgion. Results of tests in the longitudinal and transverse
directions are shown in tabular form in Table 2 for room temperature, 400F, 600F,
and 830F. Stress-strain and tangent modulus curves at temperature are shown in
Figures 26 and 27. Effect-of-temperature curves are presented in Figure 29,

Shear., Test results at room temperature in the longitudinal and
transverse directions are shown in Table 3.

Bend, The minimum bend radius for the as-received material was approxi-
mately 3.5¢t,

Impact. No impact tests were performed on the thin sheet.

Fracture Toughness, Ceater-notch fracture toughness tests were performed
at room temperature, No pop-in was detected. Load-strain curves were analyzed
using the secant-offset method and the tests proved to be invalid for determining
Kic. Average net fracture strength was 53 ksi,

Fatigue. Axial-load tests were conducted at room temperature, 400F, and
850F for transverse specimens. Test results are presented in Tables 4 and 5. S-N
curves are shown in Figures 30 and 31,

Creep and Stress Rupture, Tests were conducted at S500F, 600F, and 700F,
Results are presented in tabular form in Table 6 and as log stress-versus-log time
curves in Figure 32.

Stress Corrosion. Spacimens were tested as described in the experimental
procedure section of this report. No fallures or cracks occurred in the 1000-hour
test duratiom.

Thermal Expansion and Density., Values obtained are given in the 'data
sheet" in the conclusions section of this report.

. L LE
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TABLE 1. TENSION TEST RESULTS FOR BETA III TITANIUM SHEET
Ultimate 0,2 Percent
Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 Inches, Modulus6
Number ksi ksi percent psi x 10
Longitudinal at Room Temperature
1L-1 188.0 175.0 7.5 14.8
1L-2 187.0 175.0 8.0 15.1
iL-3 187.0 175.0 10.0 15.0
Transverse at Room Temperature
11-1 197.0 185.0 7.0 16.0
1T-2 196.0 185.0 7.0 16.0
11-3 196.0 (b) 6.0 16.2
Longitudinal at 400 F
1L-4 164.0 146.0 4.5(a) 14.0
1L-5 164.0 146.0 7.5 14,2
1L-6 164.0 146.0 7.0 13.9
Transverse at 400 F
1T-4 164.0(a) 157.0 1.0(a) 15.0
11-5 169.0 157.0 7.5 14,7
1T-6 169.0 159.0 7.0 14.1
Longitudinal at 600 F
1L-7 159.0 140.0 7.0 13.3
1L-8 157.0 139.0 6.5 12.7
1L-9 157.0 138.0 6.5 12.9
Transvexse at 600 F
1T-7 163.0 149.0 5.5 13.7
11-8 163.0 149.0 6.0 14.0
1T-9 163.0 148.0 6.0 13.4
Longitudinal at 850 F
1.-10 145.0 127.0 11.0 11.5
1L-11 144 .0 124.0 11,0 10.9
1L-12 145.0 129.0 11.0 (c)
Trangverse at 850 F
1T-10 150.0 134,0 12.0 12,4
117-11 150.0 136,0 10.0 12.4
1T-12 150.0 135.,0 10,5 11.9

(a) Failed under knife edge.

(b) Extensometer off scale.,

(¢) Curve not suitable for modulus measurement.
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TABLE 2. COMPRESSION TEST RESULTS FOR BETA II1 TITANIUM SHEET
0.2 Percent
Offset Yield Compression
Specimen Strength, Modulus,
Number ksi psi x 108
Longitudinal at Room Temperature
2L'1 19600 16.1
2L-2 194.0 15.9
2L-3 195.0 15.8
Transverse at Room Temperature
2T7-1 211.0 17.5
2T-2 211.0 17.5
2T7-3 211.0 17.6
Longitudinal at 400 F
ZL'A 167 00 1503
21.-5 169.0 15.6
2L‘6 170.0 15.5
Transverse at 400 F
27T-4 182.0 16.6
2T-5 183.9 16.4
2T-6 182,0 17.0
Longitudinal at 600 F
21,-7 159.0 15.1
2L-8 163.0 15.1
2L-9 163.0 15.0
Jpansverse at 600 F
27-7 176.0 16.2
2T-8 173.0 16.2
2T-9 172.0 16,1
Longitudinal at 850 F
2L-10 147.0 13.8
2L-11 147.0 13.4
2L~-12 148.0 13.3
Iransverse at 850 F
2T-13 160.0 14.8
2T-14 160.0 14.3
27-15 158.0 14.3
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TABLE 3 . SHEAR TEST RESULTS FOR BETA III TITANIUM SHEET

AT ROOM TEMPERATURE

Specimen Ultimate Shear Strength,

Number

ksi

Longitudinal
4L-1
4L-2
4L-3
4L-4

Transverse
411
41-2
41-3
4T-4

116.0
117.0
116.0
118.0

(a)
118.0
118.0
117.0

{(a) Specimen did not fail in shear.
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TABLE 4. AXIAL-LOAD FATIGUE TEST RESULTS FOR BETA III
TITANIUM SHEET, UNNOTCHED, AND AT A STRESS
RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi Lifetime, Cycles

Room Temperature

5-15 160.0 3,100
5-5 150.0 3,800
5-1 150.0 8,000
5-6 130.0 3,300
5-2 130.0 3,900
5-8 120.0 10,500
5-7 110.0 10,500
5-32 90.0 77,100
54 80.0 14,349,000(2)
400_F
5-14 160.0 3,300
5-12 150.0 6,300
5-19 130.0 13,000
5-17 130.0 40,400
5-13 120.0 9,300
5-10 110.0 26,800
5-9 100.0 18,900
5-16 100.0 20,800,
5-11 90.0 12,299,60018)
80 F
5-23 135.0 10,400
5-25 120.0 8,400
5-20 110.0 3,900
5-18 100.0 350,500
5-21 90.0 362,800
5-22 80.0 485,300

(a) Did not fail.
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TABLE 5. AXTAL-LOAD FATIGUE TZST RESULTS FOR BETA III
TITANTUM SHEET, NOTCHED (K, = 3.0), AND AT A
STRESS RATIO OF R = 0,1

Specimen Maximum Stress,
Number ksi Lifetime, Cycles

Eoom Temperature

5-40 120.0 2,400
5-37 110.0 9,800
5-41 105.0 1,800
5-36 90.0 6,200
5-60 80.0 8,900
5-38 70.0 15,800
5-39 60.0 564,100
5-42 55.0 15,212,900(a)
400 F
5-46 100.0 3,800
5-45 80.0 7,500
5-43 70.0 12,200
5-44 65.0 15,500
5-49 57.0 280,900
5-47 50.0 2,991,800
5-48 45.0 12,457,100(a)
800 F
5-57 100.0 1,900
5-53 80.0 3,100
5-52 70.0 6,900
5-50 60.0 8,600
5-34 55.0 8,100
5-51 50,0 423,800
5-54 45.0 7,676,400
5-35 40.0 4,890,200
5-56 35.0 10,160, 100(8)

.

(a) Did not fail.
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6A1-4V Titanium Sheet

Material Description

Ti-6A1-4V is one of the oldest and most used titanium alloys. However,
within the fast few years a new heat treatment, the solution trezated and overaged
(STOA) condition, has become of interest, This heat treatment has been an out-
growth of the SST development program. The purpogse of this STOA treatment is to
provide a higher resistance to stress~-corrosion cracking and better fracture
strength than can be obtained from the normal mill amneal or STA treatment,

A 3 x 4-feet by 0,188-inch thick sheet was supplied by the Boeing
Company for this study,

Processing and Heat Treating

The specimen layout for Ti-6Al-4V is shown in Figure 33, The material was
tested in the ac-received STOA condition,

Test Results

Tension. Tests were conducted in both the longitudinal and transverse
directions at room temperature, 300F, 500F, and 700F., Test results are preseated
in tabular form in Table 7., Stress~strain curves at temperature are shown in
Figuras 34 and 35. Effect-of-temperature curves are presented in Figure 38,

Compression. <Compression tests were performed at room temperature,
300F, 500F, and 700F. Tabular test results are given in Table 8., Stress~strain
and tangent modulus curves are shown in Figures 36 and 57, Effect of temperature
curves are presented in Figure 39,

Shear. Room temperdature test results for the longitudinal and transverse
directions are given in Table 9.

Bend. The 0.188-inch thick specimens were ground to 0,100-inch thickness.
Results of tests at room temperature and 32F showed the minimum bend radius to be
between 3 and 4 t,

Impact, No impact tests were conducted at the sheet materisl,
Fracture Toughness, Center-notch tension type tests were attemped at

room temperature. The results proved to be marginal by the existing criteria and
are not reported,

Fatigue, Axial-load fatigue tests were performed ot room temperature,
500F, and 700F. The results are tabulated in Tables 10 and 11 and presented as
S-N curves in Figures 40 and 41,

Cceep and Stress Rupture, Tests were conducted at 500F, 600F, and 700F,
Tabular results are shown in Table 12, Log stress versus log time curves are
presented in rigure 42,
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Stress Corrnsfon, No cracks appeared in the specimens after testing as
deserihod in the experimental procedure sectiom,

Thermal Expansion and Density. Values for these properties are shown i
the "data sheet” in the conclusions section.




TABLE 7. TENSTON TEST RESULTS FOR 6Al-4V TITANIUM SHEET

45

Ultimate 0.2 Percent
Tensile Offset Yield Elongation lensile
Specimen Strength, Strength, in 2 Inches, Modulus,
Number ksi ksi percent psi x 10
Longitudinal at Room Temperature
1L-1 141.0 131.0 10.5 16.6
1L-2 141.5 131.5 11.9 16.6
1L-3 140.0 132.0 11.0 17.1
Transverse at Room Temperature
1T-1 146.5 140.0 14.0 18.3
1T-2 147.5 141.5 15.5 18.6
1T-3 146.5 40.0 14.0 18.2
Longitudinal at 300 F
1L-4 121.0 105.0 1.5 15.9
1L-5 121.0 105.0 13.5 16.2
Transverse at 300 F
1T-4 128.0 112.0 14.5 7.9
1T-5 128.0 112.0 14.5 7.4
Longitudinal at 500 F
1L-6 109.0 8.8 11.5 13.0
1L-7 111.0 90.0 2.5 13.5
Transverse at 500 F
1T-6 117.0 96.¢ 13.0 16.4
1T-7 117.6 96.8 13.5 7.2
Lonpitudinal at 700 F
1.-8 103.0 80.8 11.0 14.2
i1L-9 104.0 81.2 9.5 1.7
Transverse at 700 F
1T-8 110.0 89.0 11 14.5
1T-9 110.0 90.4 11 15.1




COMPRESSTION TEST RESULTS FOR 6A1-4V TITANIUM SHEET

0.2 Percent
Offset Yield
Strength,
ksi

Longitudinal at Room Temperature

Transverse at Room Temperature

163.90
163.0

Longitudinal at 300 F

116.0
117.0

Transverse at 300 F

"11.0
-40.0

Longitudinal at 500 F

97.0
99.8

Tymsverse at S00 p

111,90
112.0

Longitudinal at 700 F

88.4
87.9

Transverse at JO0 F

Compression
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TABLE 9. SHEAR TLST RESULTS FOR 6Al1-4V TITANIUM
SHEET AT ROOM TEMPERATURE

Specimen Number Ultimate Shear
strength, ksi

4L-1 90.2
41L-2 90.8
4L-3 89.6
47-1 97.0
4T-2 99.1

4T-3 98.0
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TABLE 10. AXIAL-LOAD FATIGUE TEST RESULTS FOR 6Al-4V
TITANIUM SHEET, LONGITUDINAL, UNNOTCHED,
AND AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi Lifetime Cycles

Room Temperature

5-9 145.0 3,000
5-30 145,0 4,400
5-20 140.0 10,770
5-15 135.0 17,300
5-17 130.0 25,400
5-12 130.0 42,170
5-19 125.0 44,440
5-14 120.0 3,198,370
5-5 115.0 2,392,210
5-27 110.0 10,007,330(a)
5-24 100.0 7,892,500(8)
500 F
5-18 110.0 12,700
5-28 100.0 31,100
5-29 90.0 59,000
5-16 85.0 53,100
5-6 80.0 89,800
5-3 77.5 198,800
5-10 75.0 3,134,600
5-13 70.0 107,800
5-21 70.0 11,392,100(a)
700 _F
5-1 100.0 23,200
5-2 100.0 25,000
5-25 95,0 13,100
5-7 90.0 31,800
5-8 87.5 62,500
5-11 85.0 907,000
5-24 80.0 2,174,700
5-22 80,0 10,017,500(a)

{(a) Did not fail.
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TABLE 11. AXIAL-LOAD FATIGUE TEST RESULTS FOR 6A1-4V
TITANIUM SHE:T, LONGITUDINAL, NOTCHED,
(K, = 3.0) AND AT STRESS RATIO OF R = 0,1

Specimen Maxirum Stress,
Number ksi Lifetime, Cycles

Room Temperature

5-52 110.0 2,700
5-60 100.0 4,100
5-31 90.0 v,700
5-32 80.0 9,800
5-53 70.0 13,800
5-38 60.0 26,900
5-59 55.0 48,700
5-34 50.0 1,677,200
5-40 _ 45,0 182,100
500 F
5-54 90.0 3,900
5-43 80.0 6,500
5-58 70.0 9,200
549 60.0 18,200
5-36 50.0 35,000
544 45,0 60,700
5-50 40.0 10,959,700(2)
700 F
5-37 80.0 4,500
5-41 70.0 8,400
5-35 60.0 13,200
5-48 50.0 23,800
5-42 45,0 20100
5-46 40,0 2:2,200
5-39 40.0 1,869,200(8)
5-40 35.0 10, 124,700(b)

(a) Grip failure.
(b) Did not fail.
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FIGURE 34. TYPICAL TENSION STRESS-STRAIN CURVES FOR Ti-6AL-4V SHEET AT TEMPERATURE
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6Al~4V Titanium Extrusions

Material Description

As mentioned in the previous section, this alloy is one of the most
widely used alloys of titanium. For this evaluation a thin "T" section extrusion
was chosen to obtain properties f{or the material after the drawing process.

Approximately 60 feet of the thin extrusion was supplied GFM in 30-inch
lengths.

Processing and Heat Treating

All of the "T'" sections werc extruded from billets of approximately 3.5
inches in diameter by 7 to 8 inches in length. The target thickness of 0.040
inches was attaincd by three draw passes plus chemical removal of 0.002 inches per
side to remove contamination. After the final draw and stretch straightening
operation the shapes were vacuum ammealed at 1325F for 1-1/2 hours and argon
cooled to room temperature,

In order to obtain enough sp~-imen material and maintain specimen
uniformity all specimens tested were in the longitudinal direction., The vertical
section of the "T" was removed and the center of the '"T" was the centerline of
all specimens. Since the specimens were all longitudinal along the length of the
“T" shape, no specimen layout is showm,

Test Results

Tension. Tensile testing was performed at room temperature, 400F, 700F,
gnd 900F, Test results are shown in tabular form in Table 13, Stress-strain
curves are shown in Figure 43, Effect-of-temperature curves are presented in
Figure &45.

Compression. Tests were conducted at room temperaturs, 400F, 700F,
and 900F, Tabular test results are presented in Table 14, Stress-strain and

tangent modulus curves are shown in Figure &4, Effect-of-temperature curves are
shown in Figure &6,

Shear. Test rvesults at room temperature are shown in Table 15,
Impact. No impact tests were performed on the thin extrusions.

Fracture Toughness, The material was not af sufficient size, width or
thickness, for fracturc toughness testing.

Fatigue. Axial-load fatigue tests were conducted at room temperature,
4OOF, and 700F. Test results are presented in Tables 16 and 17, S-N curves are
shown in Figures 47 and 48,

e

FoN
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Creep and Stress Rupture, Tests were performed at 500F, 700F, and 900F,
Tabular test reults are shown in Table 18, Log stress versus log time curves
are presented in Figure 49,

Stress Corrosion. No cracks appeared in the seven specimens after testing
as described in the experimental procedure section.

Thermal Expansion and Density. Values for these propertics are given in
the "data sheet'" in the conclusions section.




TABLE 13 TENSION TEST RESULTS FOR Ti-6A1-4V "T" EXTRUSIONS
Ultimate 0,2 Percent
Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 Inches, Modulus,
Number ksi ksi percent pei x 106
Room Temperature
iL-1 153.0 143.0 11.5 15.8
1L-2 151.0 142.,0 16.0 16.0
1L-3 158.0 149.0 12.0 16.0
400 F
1L-4 121.0 107.0 12.0 14.5
1L-6 124.0 109.0 12.0 14.1
700 F
1L-7 107.0 90.5 8.5 13.0
1L'8 106.0 87 .l& 905 1206
1L-9 1¢7.0 88.5 9.5 13.0
200 F
1L-10 95.0 81.3 14,0 11.0
1L-11 93.2 79.9 18.5 11.1
11,-12 95.1 81.5 18.5 10.9




TABILE ) . COMPRESSION TEST RESULTS FOR Ti-6Al-4V

T EXTRUSIONS

0.2 Percent

Offset Yield Compression
Specimen Strength, Modulus,
Number ksi psi x 10®

Room Temperature

2L-1 144.0 17.7

2L-2 147.0 18.1

2L-3 150.0 17.9
400 F

2L-4 111.0 1€.7

2L~5 112.0 16.6

2L-6 111.0 16.5
700 F

2L-7 99.1 14.7

2L-8 95.6 16.0

2L-9 96.5 15.7
900 F

2L-10 86.4 14.7

2L-11 87.0 14.3

21-12 85.0 14.6
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TABLE 15.
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SHEAR TEST RESULTS FOR Ti-6A1-4V
"T" EXTRUSIONS

Specimen Ultimate Shear Strength,
Number ksi

4L-1 91.0

4L-2 92.7

41-3 95.2
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TABLE 16.
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AXIAL-LOAD FATIGUE TEST RESULTS FOR Ti-6Al-4v "T"
EXTRUSIONS, UNNOTCHFD, AND AT A STRESS RATIO

OF R = 0.1

Specimen
Number

Maximum Stress,
ksi

Lifetime, Cycles

Tt
L

oot nnon ot W0
1
= s N WO 00O N WP U

N~ O W

Room Temperature

140
130
120
110
100
90
80
70
60
60
60
50
40

400 F
140
120
110
90
80
60
60

120
110
105
100
90
80
70

(a) Did not fail.

4,830
7,200
22,330
36,820
36,470
65,560
135,500
277,130
211,820«
15,202,800
254,570
427,260
11,053,800¢2

800
20,100
48,700
48,000
78,500

1,642,800

12,701,700

2,800
6,000
13,000
20,200
22,900
54,000
10,035 6002
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TABLE 17. AXIAL-LOAD FATIGUE TEST RESULTS FOR Ti- 6Al-4V "T"
EXTRUSICNS, NOTCHED (Kt = 3,0), AND AT A STRESS
RATIO OF R = 0.1

Specimen Maximum Stress, Lifetime, Cycles
Number ksi

Room Temperature

5-29 120 2,900
5-27 110 3,800
5-24 100 5,400
5-22 90 8,500
5-21 80 15,000
5-23 70 22,500
5-25 60 75,000
5-18 55 132,000
5-28 50 83,300 s
5-26 50 12,160,200(3)
5-11 40 10,420,560'2
400 F
5-20 110 2,400
5-4 100 3,800
5-3 80 8,700
5-2 70 11,800
5-1 60 18,500
5-5 50 55,500
5-6 40 250,000,
5-7 30 12,619,000 1
700 F 1
5-19 100 2,100
5-14 90 3,500 .
5-9 80 6,400 1
5-17 70 8,900 '
5-8 60 12,500
5-10 50 26,000
5-12 40 86,900
5-13 30 10,277,000

(a) Did not fail.
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300M Forgings

Material Description

This alloy is one of the mouifications to 4340 stecl that currently is
being considered for use as an ultra-high sctrength steel. 300M combines high
hardenability with relatively good impact strength and ductility.

The material used on this program was the flange section of a large
I-beam forging with a cross section orf approximately 20 inches by 10 inches. The
flange section had a cross section of 6 inches by 10 inches., The compusition of
300M is as follows:

Chemical
Composi*ion Percent
Carbon 0.43
Silicon 1.68
Manganese 0.70
Phosphorus 0.010
Sulfur 0.010
Nickel 1.93
Chromium 0.79
Molybdenum 0.39
Aluminum 0.15
Vanadium 0.07
Iron Balance

Processing and Heat Treating

The specimc~ layout for JOOM is shown in Figure 50. Specimans were
heat treated to the < 0-ksi strength level as follows: 1600F, queach in warm
oil, temper 2 + 2 hours at SISF.

Test Results

Tengion. Tests were conducted in the longitudinal and transverse directions
at room temperature, 250F, 400F, and 550F. Short trangverse tests were conducted
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at room temperature only, Tabular test results are shown in Table 19.
curves at temperature are shown in Figures 51, 52, and 53,

Compression, Tests were performed in the longitudinal and transverse
Tabular test results are

Stress-strain and tangent modulus curves are shown in Figures
Effect-of-temperature curves are presented in Figure 57,

directions at room temperature, 250F, 400F, and 550F,
shown in Table 20.

54 and 55.

Shear. Room temperature tests were conducted for longitudinal and
transverse gpecimens. Test results are shown in Table 21.

Impact. Charpy V-notch tests were conducted at room temperature and
Average values are shown in the 'data sheet' in the conclusions sectionm.

250 F.

Fatigue Toughness.
at room temperature,

Slow-bend type fracture toughness tests were conducted
Regults of these tests are presented Iin Table 22,

Fatigue. Axial-load fatigue tests were performed at room temperature,

300F, and 300F, Tabular test results are shown in Tables 23 and 24, §-N curves
are presented in Figures 58 and 59.

Creep and Stress Ruptura, Tests were conducted at 500F only., Results
are pregsented in Table 25 and Figure 60.

Stress Corrosion. No cracks appeared in the specimens after testing as
described in the experimental procedure sectionm,

Thermal Expansion and Density. Values forithese,properties are given
in the "“data sheet" in the conclusions section.

Stress~-strain
Effect-of-temperature
curves are presented in Figure 56,




TAPIE 19. TENSION TEST RESULTS FOR 300M -ORGINGS

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 Inches, Meodulus,
Number ksi ksi percent psi x 106

Longitudinal at Room Temperature

Iransverse at Room Temperature
1T-2 294.0 246.0 10.0 29.5
17-3 294.0 248.0 11.0 29.9
Short Transverse at Room Temperature
1sT-1 290.0 242.0 12,0 28.8
1s1-2 289.0 242,0 10.0 28.3
18T-3 295.0 250.0 10.0 29.9
Longitudinal at 250 F
1L-2 294.0 234.0 11.0 26.1
Transverse st 250 F .
1T~4 296.0 236.0 10.0 27.0
Longitudinal at 400 F
1].'3 29500 20900 21-0 26.9
Transverse at 400 F
1T-7 296.0 210.0 18.0 27.2(a) )
1T-8 297.0 212,0 18.5 26.3 f
1T-9 296,0 214.,0 21.0 28.3 !
Longitudinal at 550 F
1L-4 ©260.0 191.0 22.0 23.1(a
Trangverse at 550 F
1T-10 261.0 190,0 22.0 25.5(a)
1T-11 261.0 184.0 21.0 23.9
1T-12 264.0 186.0 22.5 27.3

(a) Slope of load/strain curve indefinite.
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TABLE 20, COMPRESSION TEST RESULTS FOR 300M FORGINGS
0.2 Percent
Offset Yield Compression
Specimen Strength, Modulus,
Number ksi psi x 108
Longitudinal at Room Temperature
2L-1 265.0 30.7
Trangverse at Room Temperature
2T7-2 267.0 30.7
Longitudinal at 250 F
2L-4 249.0 30.0
2L-6 246.0 30.2
Transverse at 250 F
2T-5 251.0 29,5
Longitudinal at 400 F
2L-7 230.0 29.1
2L-8 229,0 29.0
, Transverse at 400 F
2T-9 231.0 29.2
Longitudinal at 550 F
2L-11 206.0 27.8
2112 205.0 27.9
Iransverse at 550 F
27-10 210.0 27.7




TABLE 2L SHEAR TEST RESULTS FOR 300M FORGINGS
AT ROOM TEMPERATURE

Specimen Ultimate Shear Strength,
Number ksi
Longitudinal
4L-1 180.0
4L-2 179.0
4L-3 178.0
4L-4 179.0
Iransverse
4L-5 179.0
4L-6 179.0
4L-7 179.0
4L-8 180.0
m—— S —ca——
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TABLE 22. FRACTURE TOUGHNESS TEST RESULTS FOR 300M

FORGINGS
Specimen width, Crack Span, KIo»
Number Inches Length, a Inches ksi/1in.
6-1 1.228 0.6581 5.0 67.7
6-2 1.228 0.6234 5.0 53.6
6-3 1.228 0.6362 5.0 69.2
6-4 1.228 0.6306 5.0 70.6

6-5 1.228 0.6545 5.0 €9.5
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TABLE 23. AXIAL-LOAD FATIGUE TEST RESULTS FOR 300M FORGINGS,
UNNOTCHED, AND AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi Lifetime,Cycles

Room Temperature

5-55 270.0 10,300
5-26 260.0 12,900
5-69 240.0 15,100
5-57 220.0 26,100
5-37 200.0 41,900
5-35 180.0 37,500
5-25 160.0 200,400
5-16 140.0 10,017,200(a)

300 F
5-40 260.0 11,400
5-34 240.0 13,400
5-6 220.0 15,700
5-56 190.0 34,000
5-14 180.0 30,400
5-13 170.0 58,600

‘ 5-28 150.0 236,200
5-31 140,0 3,695,500
5+12 130.0 10,044 ,200(®)

300 F
€48 240.0 6,400
5-63 220.0 9,000
5-30 200.0 14,500
5-54 190.0 16,800
5-42 180.0 349, 500
5-1% 170.0 18,900
5-27 160.0 $64, 600
S-4h 160.0 1,586,200
5-9 150.0 22,500
54 150.0 1,462,600
5.2 145.0 1,610,800
5‘5 14000 3.059.200
5-64 135.0 2,869,100
5-65 130.0 6, 744,600
5-20 125.0 11,666, 600¢8)
(a) Did not fail.




TABLE 24. AXIAL-LOAD FATIGUE TEST RESULTS FOR 300M FORGINGS,
NOTCHED (K¢ = 3,0), AND AT A STRESS RATIO OF R = 0,1

Specimen Maximum Stress,

Number ksi Lifetime,Cycles
Room Temperature
5-66 150.0 2,900
5-7 140.0 2,700
5-70 120.0 8,100
5-67 100.0 17,100
5-36 80,0 35,100
5-10 60.0 45,700
5-62 50.0 131,800
5-51 40.0 464,600
5-47 30.0 11,357,000
3% F
5-24 150.0 2,000
5-41 120.0 7,200 ]
5-49 100.0 7,900
5-39 80.0 18,000
5-11 60.0 31,200
5-53 50.0 .03,9%00
5-17 45.0 10, 685,000(8)
5-18 40.0 10,274,700(2)
200 F
5-8 140.0 1,400
5-38 120.0 2,800
5-19 100.0 7,500
5-1 80,0 12,600
5-52 70,0 58,800
5-33 65.0 29,800
543 65.0 86,600
5-23 60.0 2,360,700
5-3 55.0 11,410,300(2)
kY RN
(a) Did not fril.
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7049 Aluminum Forging

Material Description

7049 alloy is a recent development of Kaiser Aluminum and Chemical
Corporation. It is designed to have a strength level in the range of 7075-T6
and 7079-T6, coupled with a high resistance to stress corrosion cracking. The
temper designation -T73 has been assigned to cover the alloy with these character-

istics. The initial development and production has been in the form of hand and
die forgings.

The threshold level for stress-corrosion cracking is reported by Kaiser
to be 45 ksi.

Two hand forgings, 5 inches x 18 inches x 15 inches were received from
Kaiser for this evaluation. The composition of these forgings was as follows:

Chemical
Composition Pexrcent
Silicon 0.07
Iron 0.13
Manganese 0.01
Copper 1.48
Magne “fum 2,45
Chromium 0.16
Zinc 7.50
Aluminum Balance

Processing and Heat Treating

The specimen layout for 7049 is shown in Figure 61. The material was
tested in the -T73 temper.

Test Results

Tengion. Longitudinal and transverse test results at room temperature,
250F, 350F, and 500F are given in Table 254, Short transverse test results at room
temperature only are also shown in Table 25-A Stress-strain curves at temperature

are presented in Figures 62, 63, and 64, Effect-of~-temperature curves are shown
in Figure 67,
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Compregsion., Tests were performed at room temperature, 250F, 350F, and
500F for both longitudinal and transverse specimens. Results are given in Table 26.
Stress-strain and tangent modulus curves are shown in Figures 65 and 66, Effect-
of-temperature curves are presented in Figure 68,

Shear, Test results at room temperature for longitudinal and transverse
specimens are shown in Table 27,

Impact. Charpy V-notch test results at room temperature, -100F, and
~320F are shown in Table 28,

Fracture Toughness. Results of slow-bend type tests are given in Table 29.

Fatigue. Axial-load fatigue tests were conducted at room temperature,
250F, and 350F. Tabular test results ace given in Tables 30 and 31, S-N curves are
presented in Figures 69 and 70.

Creep and Stress Rupture., Tests were performed at 250F, 350F, and 500F.
Results are presented in Table 32 and Figure 71.

Stress Corrosion., No cracks were evident in the specimens after testing
as described in the experimental procedure sectionm.

Thermal Expansion and Density. Thermal expansion measuregents are given
in Table 33. The value of density was determined to be 0,102 1b/in°,
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TABLE 25-A, TENSION TEST RESULTS FOR 7049-T73 ALUMINUM FORGINGS

Ultimate 0.2 Percent

Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 Inches, Modulus,
Number ksi ksi percent psi x 106

Longitudinal at Room Temperature

1L-1 77.9 71.9 5.0 10.4

1L'2 70.5 60.5 11.0 9-7

1L-3 70.2 60.3 10.5 10.4

Transverse at Room Temperature

1T-1 77.3 69.1 13.0 10.6

1T-2 73.4 64.8 10.0 10.5

1T-3 74.1 65.5 10.0 10.6

Short Transverge at Room Temperature

1sT-1 70.4 60.0 6.0 9.9

1sT-2 70.7 62.6 6.0 10.3

15'1"3 71-6 63.0 6.0 9.5

ngitudinal at 250

1L-4 64.9 62.4 11.0 9.4

1L-5 64.5 63.2 12.0 10,2

1L-6 57.1 53.6 21.5 10.1
ITxangverge at 250 F

1T-4 63.5 61.5 14.5 9.6

11-5 62.2 59.7 16.5 10.4

17-6 61.3 59.0 16.0 10.7
longitudinagl at 350 F

1L'7 ‘05.‘0 M.6 25‘0 9.1

1L-8 52.1 51.7 16.0 8.4

1L-9 51.5 50.6 19.0 9.0

SNEVET t 3

1T-7 49.3 48.6 20.0 8.6

1'1‘-8 50.3 ‘5906 18.0 8.l

1T'9 5106 50.2 16.0 8.0

t 1l at S

1L-10 15.6 15.5 28.0 1.7

1L-11 16,2 16,1 27.0 5.8

1L-12 18.3 18.2 33.0 1.7
Ixansverse ac 500 F

1r-10 18,1 18,0 32.0 6.9

1T-1) 17.3 17.2 29.0 1.5

1?"12 19.0 18.8 30.0 6.2
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TABLE 26. COMPRESSION TEST RESULTS FOR 7049-T73
ALUMINUM FORGINGS

0.2 Percent

Offset Yield Compression
Specimen Strength, Modulus, 6
Number ksi psi x 10
Longitudinal at Room Temperature
2L-1 74.0 10.6
2L-2 63.4 10.4
2L-3 63.0 10.7
Transverge at Room Temperature
2T-1 73.5 10.5
27-2 64 .4 10,7
27-3 65.0 10.6
Longitudinal at 250 F
2L-4 66.8 9.0
2L-5 67.3 10.3
2L-6 58.0 8.9
ansverse at 250
2T-4 66.0 9.6
2T-5 65.9 10.1
2T-6 58.1 9.1
Longitudinal at 350 F
2L-7 47.7 8.2
2L-8 55.8 8.0
2L~9 56.5 8.9
Ixensverse at 3350 F
277 49.8 8.8
27-8 54,8 8.9
27-9 51.0 8.2
lgngitudinal st 500 F
2L-10 18.0 .-
2L-11 19.4 8.3
2L-12 23.9 8.1
Ixansverse at 500 F
27-10 17.7 7.8
21-11 20.1 1.7
27-12 20.3 8.1
E -
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TABLE 27. SHEAR TEST RESULTS FOR 7049-T73 ALUMINUM
FORGINGS AT ROOM TEMPERATURE

Specimen Ultimate Shear Strength,
Number ksi
Jongitudinal
4L-1 48.0
4L-2 48.0
4L-3 47.5
Ixansverse
4T-1 47.7
4T-2 47.7

6"3 ‘7 .8




TABLE 28, 2/3-SIZE CHARPY V-NOTCi. IMPACT TEST
RESULTS FOR 7049-T73 ALUMINUM FORCINGS

Test
Specimen Temperature, Impact Energy,
Number F ft/1b
1 RT 3.0
2 RT 5.5
3 RT 4.0
-100 2.0
-100 4.5
-100 4.0
'320 3'5
-320 3.0
-320 3.0
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TABLE 29. FRACTURE TCUGHNESS TEST RESULTS FOR 7049-T73 ALUMINUM

FORGINGS
Specimen Width, Crack Span, Kyes
Number Inches Length, Inches Inches ksi/in.
6-1 2.002 1.603 8.0 35.4%
6-2 2.002 1.003 8.0 29.7
6-3 2.002 1.003 8.0 28.6
6-4 2.601 1,007 8.0 33.1

*Marginal value. -




TABLE 30 . AXIAL-LOAD FATIGUE TEST RESULTS FOR 7049-T73
ALUMINU.S FORGINGS, LONGITUDINAL UNNOTCHED
AND AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi Lifetime,Cycles

Room Temperature

5-28 80.0 320
5-19 70.0 4,510
5-10 65.0 18,040
5-23 60.0 66,690
5-13 55.0 142,060
5-26 50.0 347,430
5-6 45.0 11,164,730(@)
250 F

5-18 75.0 1
5-5 70.0 7,700
5-24 60.0 15,500
5-9 50.0 125,760
5-17 50.0 132,600
5-156 45.0 12,849,400(8)

! 5-15 40.0 17,000,000 (a)

r 350 F
5-7 70.0 5,693
5-4 65.0 21,040
5-29 60.0 22,610
5-2 55.0 121,110

i 5-3 50.0 105,090
5-27 45.0 95,630
5-1 40.0 7,291,370

(a) Did not fail.




TABLE 31. AXIAL-LOAD FATIGUE TEST RESULTS FOR 7049-T73
ALUMINUM FORGINGS, LONCITUDIMNAL NOTCHED
(K = 3.0), AND AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi Lifetime,Cycies
Room Temperature
5-49 45.0 2,910
5-40 40.0 6,460
5-47 35.0 10,960
5-46 30.0 18,930
5-31 25.0 43,080
5-30 20.0 90,060
5-45 175 5,231,450
5-38 15.0 10,101,000¢@)
250 F
5-43 45.0 5,240
5-50 40.0 6,530
5-39 35.0 12,910
5-52 30.0 32,810
5-29 25.0 61,700
5-34 20.0 112,500
5-44 15.0 3,000,000
5-56 12.5 11,400,000 (@)
350 F
5-48 60.0 1,360
5-36 50.0 2,300
555 40.0 7,950
5-53 30.0 19,850
5-37 25.0 37,610
5-51 20.0 95,420
5-32 15.0 305,500
5-35 10.0 3,735,920 (?)

(a) Did not fail.




99

861°0 (e){91 £60°0 001 00s 133 8¢
S00°0 0°16 L1z %°80¢ ¢90°0 SLT 1 TA | 08 ce 91 00¢ S k2%
0100 €* 00 g6z AR} 90T1°0 §°01 9°< 0% $°1 9°0 00¢ L LE
-- 7°%6 0°6Y £°0 #9°T <1°0 S0°0 ¢0°0 -- -~ 00s o1 €€
-~ 0°Is 0°8Y PEOT Up -- -- -- -- -- -- 00¢s €1 [43
GEg 12¢°0 iy 0GE 01 o7
0zo°0 0°1¢ 6° %1 £t 79€°0 1°82 1 ¥4 L*GT 9°¢L 0%y os¢e YA 9t
01°C L°ES 9°91 711 z6Y%°0 s*o1 78 9°s AR 8°1 oS¢ ce 113
#000°0 €°60CT %(%°0 STI1 526 089 0sC 6% 08¢ oy 1t
“ ose
painpayag acz 0s 6€
*2y/jusszad Juaoaad Juasaad ay juadsaad 0°¢ 0°1 S*0 2°0 1°0 kS §2-> | Ioqumy
‘a3ey ‘e3xy Jo ‘sayoug Z ur ‘Bury ‘urexlg Juadasd *aan3 ‘ssa13g uawroadg
dasay uor3jonpay uorlelSuory sanydny 1eI13FUl ‘uorjemaozaq desag ~-eaadmag,
UNWTULY Pa3BO1pUl 03 Sanoy

SONIDYOI ROHNIWNTY €£L1-6%0L ¥O4 SHILYI0¥Yd FUNLAAY ANV JATID NO VIVa X4vVHNS

*Z¢ TIAVL

S T R P P W P T PP




100

TABLE 33. MEAN LINEAR THERMAL EXPANSION COEFFICIENTS
OF 7049-T73 ALUMINUM FORGINGS

Temperature Coefficient, o,
Range, F 10-6 in/in/F
68-100 11.25
68-150 11.71
68-200 12.12
68-250 12.55
68-300 12.97
68-350 13.30
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7178 Aluminum Sheet

Material Dezcription

Alloy 7178 is a heat-treatable aluminum alloy containing zinc, copper,
and magnesium as hardemers, At present it is one of th strongest wrought aluminum
alloys produced. 1Its general properties are similar to these of 7075, but its use
is limited to a rather narrow range of thickness due to its limited hardenability.

The -T76 temper evaluated under this program was developed as a compro-
mise between the exfoliation resistance of 7075-T73 and the structural capability
of 7075-T6. It was to achieve an increase in resistance to exfoliation over that
of 7075-T6 while maintaining a high level of strength and fracture toughness
characteristics.

The nominal composition of 7178 alloy is as follows:

Chemical
Composition Percent
Silicon 0.50
Iron 0.70
Copper 1.6-2.4
Manganese 0.30
Magnesium 2.4-3,1
Chromium 0.18-0.40
Zinc 6.3-7.3
Titanium 0.20
Aluminum Balance

Processing and Heat Treating

The specimen layout for 7178 is shown in Figure 72, The material
was evaluated ir the ~T76 temper,

Test Results

Tension. Tests were performed at room temperature 250F, 350F, and
500F in both the longitudinal and transverse directions. Tabular test results
are presented in Table 34. Stress-strain curves at teamperature are shown in
Figures 73 and 74, Effect-of-temperature curves are presented in Figure 77,
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Compression. Tests were performed at room temperaturc, 250F, 350F,
and 500F in both the longitudinal and transverse directions. Test results are
given in tabular form in Table 35. Stress-strain and tangent modulus curves
are shown in Figures 75 and 76, Effect-of-temperature curves are presented in
Figure 78.

Shear. Test results at room temperature for the longitudinal and
transverse direction arz given in Table 36,

Fracture Toughness. Fracture toughness tests were conducted at room
temperature and 250F on center-notched tensile type specimens. Results for room
temperature tests are given in Table 37. Tests at 250F proved to be invalid by
the existing criteria.

Fatigue, Axial-load fatigue tests were performed at room temperature,
250F, and 350F, Test results are given in Tables 38 and 39 and $-N curves are
presented in Figures 79 and 80.

Creep anu Stress Rupture. Tests were coriucted at 350F, 450F, and 6COF.
Tabular results are presented in Table 40. Log stress versus log time curves are
presented in Figure 81.

Stress Corrosion. No cracks were experienced in the specimens after
testing as described in the experimental procedure section.

Thermal Expansion and Density. Values for these properties are given
in the ''data sheet" in the conclusions section.




T

112

TABLE 34 . TENSION TEST RESULTS FOR 7178-T76 ALUMINUM SHEET

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

Longitudinal at Room Temperature

1L-1 80.2 71.7 11.5 10.0
1L-2 80.1 71.8 10.0 16.0
1L-3 80.2 71.6 10.5 10.1
Iransverse at [ om Temperature
iT-1 84.0 71.0 9.0 10.2
1T-2 83.6 707 9.0 10.0
1T-3 85.0 71.8 10.5 10.2
Longitudinal at 250 F
1L-4 64.0 63.6 13.5 9.5
1L-5 63.9 63.3 17.0 9.7
1L-€ 63.6 63.1 14.0 9.6
Transverse at 250 F
IT-“ 64.6 61.5 16 05 10-4
1 1T-5 66.7 63.8 18.5 10.0
1T'6 65;0 62‘0 14.5 909
Longitudinal at 350 F
1L-7 50.3 49.9 17.0 8.6
1L-8 50.5 50.2 16.0 8.5
1L-9 51.9 50.4 16.0 8.6
j Transverse at 350 F
{ 1T'7 5203 50.1 17.0 9.8
1T-8 52.4 50.7 17.0 9.3
LT-9 50.3 43.6 19.0 9.1
Longitudinal at 500 F
1L-10 20.9 20.2 23.5 6.7
IL-ll 180“ 17'9 27-5 --
1L-12 16.9 16.6 23.5 6.0
Jransverge at 500 F
1T-10 12.7 17.3 24.0 7.7
1T-11 17.3 17.0 22.5 6.7
1T-12 17.2 16.8 23.0 1.4
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TABLE 35. COMPRESSION TEST RESULTS FOR 7i76-776 ALUMINUM SHEET

0.2 Percent

Offset Yield Compression
Specimen Strength, Modulus,
Number ksi psi x 100

lLongitudinal at Room Temperature

2L-1 76.2 10.5

2L-2 76.3 10.5

21.-3 76.1 10.5

Trangverse at Room Temperature

2T-1 80.4 11.0

ZT-Z 8004 10.9

2T-3 80.2 10.9
Longitudipal at 250 F

2L-4 69.1 10.2

2L-5 69.6 10.3

2L-6 70,1 10.1
Transverse at 250 F

2T-4 73.4 10.2

2T-5 73.4 10.2

2T-6 73.8 10.3
Longitudinal at 350 F

2L-7 57.0 9.2

2L-8 57.4 9.1

21~9 57.9 9.1
Transverse at 350 F

2T-7 60,3 10.1

27-8 60,8 10.1

2T"9 60-8 1001
Longitudinal at 500 F

ZL-IO 2009 8.5

2L-11 20.3 8.6

2L-12 19.3 8.8
Transverge at 500 F

2T'1° 19.7 .

8.9
27-11 19.3 9.2
2T-12 19.7 8.8
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TABLE 36. SHEAR TEST RESULTS FOR 7178-T76 ALUMINUM
SHEET AT ROOM TEMPERATURE

Specimen Ultimate Shear Strength,
Number ksi

Longitudinal

4L-1 54.0
4L-2 53.5
4L-3 53.1
4L~4 52.8
Transverse
4T-1 53.2
4T-2 52,9
4T-3 54.0

4T-4 55.8




TABLE 37. FRACTURE TOUGHNESS TEST RESULTS FOR 7178-T76 ALUMINUM

SHEET
Specimen Thickness, Width, Crack KIc’
Number Inches Inches Length, Inches ksi/in.
6-1 0.207 2.998 1.50 30.3
ﬁ 6-2 0.206 2.998 1.43 27.7
6-3 0.206 2.997 1.53 26.3
6-4 0.205 2.996 1.55 26.5
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TABLE 38. AXIAL-LOAD FATISUE TEST RESULTS FOR 7178-T76

ALUMINUM SHEET, TRANSVERSE, UNNOTCHED, AND AT
A STRESS RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi Lifetime, Cycles
Room Temperature
5-24 85.0 3,400
5-8 80.0 5,800
5-9 75.0 9,300
5-10 65.0 17,500
5-11 55.0 34,700
5-2 50.0 48,300
5-12 45,0 36,600
5-13 40.0 83,100
5-26b 35.0 120,700
5-3 30,0 12,442,900(a)
250 F
5-14 75.0 3,200
5-6 70.0 8,400
5-22 60.0 15,300
$-31 50.0 36,100
5-32 40.0 68,100
5-17 35.0 127,900
5-5 30.0 401,700
5-21 25.0 604,900
350 F

5-15 65.0 (b)
5-4 60.0 10,500
5-33 55.0 16,700
5-29 50.0 22,500
5-35 45.0 49,700
5-27 43.0 66,600
$5-28 35.0 109,600
5-34 30.0 163,500
5-26 25.0 2,795,000
5-19 20.0 11,752,00n(8)

{(a) D{d not fail.
(b) Failed on loading.




TABLE 39.

AXTAL-LOAD FATIGUE TEST RESULTS FOR 7178-T76
ALUMINUM SHEET, TRANSVERSE,NOTCHED (l(t = 3.0),
AND AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi Lifetime,Cycles
Room Temperature
5-47 50.0 2,000
5-43 40.0 4,100
5-50 35.0 7,200
5-51 25.0 34,500
5-69 20.0 198, 000
5-67 17.5 12,423,400(a)
5-45 15.0 10,079,000(2)
250 F
5-70 40.0 2,900
5-41 30.0 10,100
5-66 25.0 21,500
5-36 20.0 32,300
5-68 15.0 655,100
5-52 12.5 10,126,500(8)
350 F
5-54 40.0 2,600
5-38 35.0 5,300
5-61 30.0 14,000
340 25.0 20,000
5-55 20.0 22,500
5-42 17.5 99,600
5-37 15.0 178,600
$-64 12,5 12,305,200(8)

(a) Did not fail.
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AF2-1DA Alloy

Material Description

AF2-1IDA is a new high-temperature nickel-base alloy developed by
the Universal Cyclops Steel Division under Air Force Contract AF33(615)-1729.
Further development and scale-up is being carried out under Comtract F33615-
67-C-1056. The intended usage of this material is for turbine wheel/bucket
applications.

Thirteen cxtruded bars, approximately 1-1/8 inch in diameter, were

received for this property survey. The identification, extrusion parameters,
and composition of the bars are shown in Table 41,

Processing and Heat Treating

Since the material was in round bar form and only one direction
(longitudinal) could b~ evaluated, no specimen layout is showm.

Specimens were heat treated as recommended by Universal Cyclops. The
treatment was as follows: 2225F/2 hours/rapid air cool; 1950F/2 hours/rapid air
cool; 1400F/16 hours/air cool.

Test Results

Tension. Tension tests were conducted at room temperature, 1000F,
1400F, and 1800F. Tabular test results are given in Table 42. Stress-strain
curves at temperature are shown in Figure 82, Effect-of-temperature curves are
presented in Figure 84,

Compression. Tests were performed at rcom temperature, 1000F, 1400F,
and 1800F, Results are given in Table 43, Stress-strain and tangent modulus
curves at temperature are shown in Figure 83, Effect-of-temperature curves are
presented in Figure 85.

Shear. Test results at room temperature are given in Table 44.

Impact, Material quantity was not sufficient for impact tests.

Fracture Toughness. Material quantity was not sufficient for fracture
toughness teats,

Fatigue, Material quantity was sufficient for only 13 specimens.
Results of axfial«load tests on these specimans are presented {n Tables 45 and 46,

Crecp and Stress Rupture. Tests were conducted at 1400F, 1600F, and
1800F. Results are given in Table 47 and Figure 86.

Stress Corrosion, Nc cracks appeared in the specimens after testing as
described in the experimental procedure section.

Thermal Expansion and Density. Values are given in the '"data sheet"

fn the conclusions section,
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TABLE

TENSILE TEST RESULTS FOR AF2-1DA EXTRUDED ROUND BARS

Ultimate 0.2 Percent
Tensile Offset Yield Elongation
Specimen Strength, Strength, in 1 inch,
Number ksi ksi percent psi x 106
Room Temperature

1L-1 195.5 146.9 11.5

1L-2 197.4 151.5 11.0

1L-3 196.2 148.6 11.0
1000

1L-4 176.3 146.4 6.0

1L-5 175.3 148.0 5.0

1L-6 176.0 148.2 6.0
1400 F

1L-7 160.0 145.1 3.0

1L-8 155.6 142.7 2.5

1L-9 157 .8 144.0 2,5
180G F

1L-10 63.7 47.8 10.0

1L-11 66.7 48.5 8.0

1‘.'12 6009 ‘8.0 8.5

N "
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TABLE 43 COMPRESSION TEST RESULTS FOR AF2-1DA
EXTRUDED ROUND BARS

0.2 Percent

Offset Yield Compression
Specimen Strength, Modulus,
Number ksl psi x 108

Room Temperature

2L-1 156.0 32,2

2L'2 157.0 32.4

2L-3 153.0 33.3
1000 F

2L-4 158.6 29.4

2L-5 161.7 31.8

2L-6 161.0 31.6
1400 F

2L-7 153.0 28.9

2L-8 (a) 28.5

2L-9 144.0 30.4
1800 F

2L-10 $3.4 26.0

ZL'II 50.8 2‘..1

2L-12 52.8 23.9

. - R G

{(a) Jig failed during test.
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TABLE 44. SHEAR TEST RESULTS FOR AF2-1DA EXTRUDED
ROUND BARS AT ROOM TEMPERATURE

Specimen Ult:mate Shear Strength,
Number ksi

4L-1 134.0

41.-2 135.0

4L-3 135.0
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RATIO OF R = 0,°

TABLE 45. AXIAL-LOAD FATIGUE TEST RESULTS FOR AF2-1DA,
EXTRUDED BAR, UNNOTCHED, AND AT A STRESS

Specimen Maximum Stress,
Number ksi

Lifetime, Cycles

Room Temperature

5-6 160.0
5-5 150.0
5-2 150.0
5-4 140.0
5-3 140.0
5-1 130.0
5-7 120.0

42,400
119,600
480,400

67,600
248,200
227,200
318,100




TABLE 46, AXIAL-LOAD FATIGUE TEST RESULTS FOR AF2«1DA
EXTRUDED BAR, NOTCHED (Kt = 3,0), AND AT A

STRESS RATIO OF R = 0.1

Specimen Maximum Stress,
Number ksi

Lifetime, Cycles

Room Temperature

5-10 140.0
5-11 120.0
5-12 100.0
5-13 80.0
5-14 60.0
5-15 50.0

(a)

(a)
22,100
54,300
234,300
542,300

(a)

Broke while loading.
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MP35N Alloy

Material Description

MP35N is a new nickel-cobalt-chromium-molybdenum alloy developed by
the E. I. duPont deNemours and Company, Incorporated. The rights to this allny,
MP35N, and the family of composition from which it was derived, MULTIPHASE (T
Alloys, were acquired by Standard Pressed Steel Company in 1967 and Latrobe
Steel Company was subsequently licemsed to manufacture the MULTIPHASE Alloys.

MP35N is hardened by work strengthening and aging to strength levels
of 260 - 300 ksi. In addition to high strength and good ductility, the alloy
is reported to have excellent resistance to corrosion and stress corrosion in
salt water and other chloride solutions. Potential usage of this material is
for fasteners, springs, marine drive shafts, cables, etc.

MP35N is available as ingot, billet, bar stock, wire, and tubing. A
fabricator of flat~rolled products will be licensed soon so that all product
forms will be available,

The composition of the l-inch round bar stock used for ...is evaluation
was as follows:

Chemical

Corposition Percent
Nickel 35,24
Cobalt 35.11
Chromium 19.48
Molybdenum 9.61
Carbon 0.015

Processing and Heat Treating

A specimen layout is not shown since round bar stock was used for this
evaluation. The as received work strengthened bar was aged at 1050F for & hours
to attain a nominal strength level of 260 ksi, Because of a serious drop in
ductility at about 90C -« 1000F, Latrobe has recommended that material hsat-treated
to this strength level not be used above 750F,

Test Results
Tension. Tests were performed at room temperature, 400F, 700F, and
1200F. Results are given in Table 48. Stress-strain curves are presented -

Figure 87. Effect-of-temperature curves are shown in Figure 89.

Compression. These tests were also conducted at room temperature, 4OOF,
700F, and 1200F, Test results are given in Table 49. Stress-strain and tangent

(T) Trademark of the Standard Pressed Steel Company




modulus curves at temperature are shown in Figure 88, Effect-of-temperature curves
are presented in Figure 90,

Shear. Results of tests at room temperature are given in Table 50.

Impact., Tests were conducted at room temperature, -40F, and -100F.
Test results are given in Table 51,

Fracture Toughness, Slow-bend type tests were conducted at room
temperature for work strengthened only and work strengthened and aged material.
Results are given in Table 52,

Fatigue, Axial-load tests were performed at room temperature, 400F,
and 700F. Tabular data are giver in Tables 53 and 54. S<N curves are presented
in Figures 91 and 92,

Creep and Stress Rupture. Tests were performed at 700F, 900F, and
1200F. Test results are given in Table 55 and Figure 93.

Stress Corrosion. No cracks were evident after testing as described
in the experimental procedure sectiom.

Thermal Expansion and Density. Values are given in the 'data sheet"
in the conclusions section.
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TABLE 48 TENSION TEST RESULTS FOR MP3SN MULTIPHASE ALLOY BAR

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 Inches, Modulus,
Number ksi ksi percent psi x 106
Room erature
1 273.0 262.,0 12.0 34.9
2 273.0 263.0 1l.0 34.7
3 273.0 264.0 11.0 36.2
400 |
4 2440 238.,0 11.0 31.6
5 244 .0 239.0 10.0 32.3
6 246.0 238.0 11.0 34.3
J00 F
7 227.0 220.0 9.0 32.4
8 229.0 223.0 8.0 34.4
9 227.0 220.0 8.0 31.4
1200
10 190.0 154.0 19.0 23.1
11 185.0 157.0 21.0 23.6
12 189.0 54,0 19.0 24,0
L N A SRR A S
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TABLE 49. COMPRESSION TEST RESULTS FOR MP35N
MULTIPHASE ALLOY BAR

0.2 Percent

Offset Yield Compression
Specimen Strength, Modulus,
Number ksi psi x 106

Room Temperature

1 255.0 33.9

2 252.0 34.3

3 251.0 33.6
400 F

4 211.0 32.7

5 211.0 32.5

6 211.0 32.2
700 F

? 194.0 29.0

8 200.0 29.7

9 196.0 29.3
1200 F

10 148.0 2.1

11 150.0 23.6

12 153.0 (a)

(a) Lload/strain curve not good for modulus.




142

TABLE 50. SHEAR TEST RESULTS FOR MP35N MULTIPHASE ALLOY
BAR AT ROOM TEMPERATURE

Specimen Ultimate Shear Strength,
Number ksi

1 144.0

2 145.0

3 145.0




TABIE 51.

2/3-SIZE CHARPY V-NOTCH IMPACT TEST RESULTS
FOR MP35N MULTIPHASE ALLOY BAR

Test
Specimen Temperature, Impact Energy,
Number F £t/1b
RT 22,0
2 RT 23.5
3 RT 19.0
4 -40 16.0
5 =40 16.5
6 -40 19.0
7 -100 14.0
-100 13.0
-100 15.0
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TABLE 52. FRACTURE TOUGHNESS TEST RESULTS
FOR MP35N. MULTIPHASE ALLOY BAR
Specimen Thickness, Width, Crack Span, K
Number inch inch Length, inch ingh Akgjéig
6-1 0.401 0.80 0.41 3.2 42.7'®
62 0.401 0.80 0.40 3.2 46,4
63 0.401 0.80 0.41 3.2 49.5%®)
6t 0,401 0.80 0.42 3.2 77.1P)
6-5 0.401 0.80 0.40 3.2 74,9
6-6 0.400 0.80 0.40 3.2 82,5

(a) Material work-strengthened only

(b) Material work-strengthened and aged




TABLE 53. AXIAL-LOAD FATIGUE TEST RESULTS FOR MP35MN
MULTIPHASE ALLOY BAR, UNNOTCHED, AND AT A
STRESS RATIO OF R = 0.1

pa————

Specimen Maximum Stress,

Number

ksi

Lifetime Cycles

=0 O NSO

16
15
12
14
13
17
18
19

21
24
20
23
25
26
27

Room Temperature
270.0
250.0
230.0
210.0
190.0
170.0
160.0

27,600
39,000
75,800
73,200
82,800
709,400
6,401,400

8,800
18,600
48,500

100,500

825,000

269,200
1,906,500(a)
3,122,600

8,100
78,800
115,300
149,000
1,920,300
4,512,700
4,595,800

(a) Failed in .ip.
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TABLE 54 AXIAL-LOAD FATIGUE TEST RESULTS FOR MP35N

MULTIPHASE ALLOY BAR, NOTCHED (K. = 3.0),
AND AT A STRESS RATIO OF R = 0.1

Specimen Marimum Stress,
Number ksi Lifetime, Cycles
Room Temperature

1 190.0 2,400

2 150.0 6,900

3 130.0 13,000

4 110.0 25,000

6 90.0 53,200

7 70.0 452,300

8 60.0 744,900

9 50.0 2,054,900

10 40.0 11,652,200(8) -

400 F

17 160.0 3,900
15 130.0 7,600
12 110.0 50,300

16 100.0 29,200

11 90.0 65,000

14 70.0 154,000

18 50.0 10,000,000(2)

100 F

23 150.0 2,800

22 130.0 4,800

21 110.0 7,700
19 90.0 29,900
20 70.0 94,300

60.0

(a) Did not fail.
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38-6-44 Titanium Forgings

Material Description

38-6-44 (T1i-3A1-8V-6Cr-4Mu-4Z2r) is a new deep-hardening beta composition
alloy developed by Reactive Metals, Inc, The large amount of beta stabilizing
elements in this composition results in zluggish transformation characteristics
which gives deep hardening. The metallu:rgy of this alloy is similar to other
beta alloys such that solution annealing retains the more ductile body-center-
cubic beta phase at room temperature,

A 6 inch by o inch by 48 inch forped billet was used for this property
eva'uation,

Processing and Heat Treatment

The specimen layout for 38-6-44 alloy is presented in Figure 94. The
thermal treatment was as follows: 1500F/15 minutes/air cool plus 1050F for 12
hours.

Test Results

Tension. Tests were conducted at room temperature, 400F, 700F, and
900f for the longitudinal and transverse directions. Results are given in Table 56.
Stregs-strain curves at temperature are presented in Figures 95 &.d %0, Effect-
of -temperature curves are shown in Figure 99.

Compression. Tests were performed at ro.a tomperature, 430F, 700F,
and 900F. Test results are given in Table 57, Struss-strain and tangent modulus

curves at temperature are shown {n Figures 97 and 98, Effect-of-temperature curves
.re presented in Figure 100.

Shear, Results of tests at room temperature for both longitudinal and
transverse directions are given in Table 58.

lmpact. Charpy Venotch results on longitudinal and transverse specimers
at rooa tewperature and +32F are given in table 59.

Fracture Toughness. Test results for slow-bend type specimens at room
temperature are given in Table 60,

Fatigue. Axial-load tests were performed at room temperature, S00F,
and 700F. Tabular resuits are given in Tables 61 and 62. S5-N curves are presented
in Figures 101 and 102.

Creep and Stress Rupture, Tests were conducted a. “00F, 700F, and
900F. Results are presented fin Table 63 and Figure 103,
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Stress Corrosion. No cracking was experienced after testing as

described in the experimental procedure section,

Thermal Expansion and Demsity. Results of thermal expamsion tests are
given in Table 64, The alloy shows a permanent shrinkage of about 0,01 percent
upon thermal cycling to 900F., The density for 38-6-44 alloy is 0.174 1b/in3.
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TABLE 56. TENSION TEST RESULTS FOR 38-~6-44 TITANIUM FORGINGS

Ultimate 0.2 Percent

Tensile Ofiset Yield Elongation Tensile 1
Specimen Strength, Strength, in 2 Inches, Modulus,
Number ksi ksi percent psi x 10

Longitudinal at Room Temperature

1L-1 174.0 164.0 11.0 16,1
1L-2 179.0 168.0 10.5 14.6
1L'3 178.0 170.0 8.5 15-4
Transverse at Room Temperature
17-1 165.0 159.0 4,0 15.1 3
17-2 170.0 165.0 8.0 14.7
1T-3 168.0 162.0 7.0 15.4
Longitudinal at 400 F ‘
1L-4 166.0 146.0 5.5 14.0
1L-5 165.0 143.0 5.5 13.8
1L-6 167.0 150.0 4.0 13.7
Transverse at 400 F
i1-4 162.0 146.0 5.5 14 .4
1T-5 163.0 143,0 5.5 14.4
1T-6 168.0 150.0 4.0 15.0
Longitudinal at 700 F
1L-7 159.0 137.0 8.0 11.6
iL-8 159,0 142.0 10.0 12.5
1L-9 160.0 138.0 8.0 12.8
Transverse at 700 F
17-7 156,0 134.0 7.5 13.4
iT-8 157.0 137.0 4.5 12.9
1T-9 152.0 133.0 6.0 12.8
Longitudinal at 900 F
1L-11 141.0 123.0 40.0 11,2
1L-12 141.0 125.0 29.5 12,0
ansverse at 900 F
1T-10 145.0 129.0 19.0 12.0
1T7-11 133.0 121.0 11.0 11.3
17-12 141.0 126.0 22.0 12.1
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TABLE 57. COMPRESSION TEST RESULTS FOR 38-6-44 TITANIUM FORGINGS

0.2 Percent

Offset Yield
Specimen Strength,
Number ksi

Compression
Modulus,
psi x 10

Longitudinal at Room Temperature

2L-1 156.0
2L=~2 165.0
% 2L-3 161.0
] Transverse at Room Temperature

2T-1 157.0
: 2T-2 159.0
2T-3 150.0

Longitudinal at 400 F
2L-4 142.0
2L-5 139.0
21.-6 138.0

Transverse at 400 F

2T~4 143.0
2T -5 130.0
2T -6 138.0

ngg}tudinal at 700 F
217 133.0
2L.-8 125.0
2L-9 132.0

Transverse at 700 F
2T=-7 127.0
2T-8 137.0
2T-9 122,0

Longitudinal at 900 F
2L-10 116.0
2L-11 113.0
2L-12 111.0

Transverse at 700 F
2T-10 114.0
2T-11 115,90
2T=-12 119.2

(a)
14.8
14.8

*Load/Strain curve no good for modulus.




TABLE 58, SHEAR TEST RESULTS FOR 38-6-44

TATANIUM ALLOY FORGING

Specimen Ultimate Shear
Number Strength, ksi

Longitudinal

Transverse
4T-1 116.0
47T-2 119.0
4T-3 122.0

4T=4 120.0
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TABLE 59. RESULTS OF CHARPY IMPACT TESTS ON
38-6-44 TITANIUM FORGING

Specimen Specimen Temperature, Energy,
Number Direction F fr. lbs,
1 Longitudinal RT 8.0
2 Longitudinal RT ' 7.0
3 Trangverse RT 5.0
4 Transverse RT 5.0
5 Longitudinal +32 8.5
6 Long.tudinal +32 6.5
7 Transverse +32 6.0

8 Transverse +32 5.5




160

TABLE 60, FRACTURE TOUGHNESS TEST RESULTS FOR
38-6-44 TITANIUM FORGING

L ——

Specimen Thickness, Width, Crack Length Span, K1e
Number in. in. in. in. ksi/In.
0-1¢® 0.754 1.50 0.788 6.0 55.0
0-2 0.753 1.50 0.886 6.0 60.8
0-3 0.753 1.50 0.776 6.0 58.0
0-4 0.752 1.50 0.785 6.0 57.1

'4))
M-1 0.753 1.50 0.805 6.0 64.6
M-2 0.752 1.50 0.780 6.0 58.7
M-3 0.753 1.50 0.741 6.0 64.8
M-4 0.753 1.50 0.800 6.0 52.4
£ - .-’ - . 3

(a) "0" denotes specimen from outside of forging.
(b) "M" denotes specimen from middle of forging.




TABLE 61. FATIGUE TEST RESULTS FOR 38-6-44

TITANIUM FORGINGS, TRANSVERSE,
UNNOTCHED, AND AT A STRESS RATIO

OF R =0.1
Specimen Maximum Stress, Lifetime,
No. ksi cycles

Room Temperature

5-29 170 10+
544 150 25,710
5-37 140 66,670
521 130 15,600
5-15 130 33,060
547 120 435,170«
5-48 110 112,790\8
5-18 110 268,880
5-33 100 2,264,770
5-32 90 7,844,600
300 F
5-25 150 5,250
5-35 140 7,700
5-46 130 85,880
5-9 120 143,680
5-2 110 114,750
517 110 55,660
5-31 100 68,190
5-59 90 2,621,000 )
5-51 70 10,264,130
700 F

5-24 140 8,477
5-6 120 83,250
5-40 105 21,360
5-19 100 58,880
5-38 90 594, 480
5-50 70 1,251,350

(a) Fasiled in grip.
(b) Did not fail.
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TABLE 62. FATIGUE TEST RESULTS FOR 38-6-44 TITANIUM FORGINGS,
TRANSVERSE, NOTCHED (K, = 3.0), AND AT A STRESS
RATIO OF R = 0.1

Specimen Maximum Stress, Lifetime,
Number ksi cycles

Room Temperature

5-39 120 1,150
5-43 100 2,810
5-23 80 11,300
5-3 60 30,040
5-12 50 35,140
5-30 45 44,830
5-13 40 14,519,780
500
5-7 120 572
5-27 100 1,560
5-10 80 3,910
5-1 60 83,390
5-14 40 33,500
5-36 30 16,847,960"
5-11 20 11,242,260"
700 ¥
5-8 80 2,322
5-4 70 5,470
5-9 60 6,780
5-42 50 12,920
5-5 45 56,700
541 40 2,177,710
5-49 35 10,086,000"

* Did not fail.
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TABLE &.. MEAN LINEAR EXPANSION COEFFICIENTS FUR
38-6-44 TITANIUM FORGINGS

Coefficient, «,

Temperatura 10-6 in./in./F

Range, F Heating Cooling
68-100 4.69 4.69
68-150 4.76 5.06
68-200 4.81 5.11
68~-250 4.89 5.14
£#8-300 4.94 5.17
68-350 4.98 5.21
68-400 5.03 5.24
68-450 5.09 5.27
68-500 5.14 5.30
68-550 5.19 5.33
68.600 5.23 5.36
68-650 5.27 5.39
68-700 5.30 5.41
58-750 5.32 5.44
68-800 5.34 5.46
68-850 5.36 5.49
68-900 5.38 5.51
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7175 Aluminum Forging

Material Description

7175 is a new premium strength die forging developed by Alcoa. This
development is intended to provide relatively high strength/weight ratios for
aerospace applications. The guaranteed minimum longitudinal yield strength is
approximately 17 percent above the current minimum requirements of specifications
covering 7075 alloy die forging in the -T73 temper. Although the development
emphasis was placed on high longitudinal strength, the transverse ductility is
also well above that of most conventional 7075 die forgings.

Tests on a limited number of forgings (by Alcoa) in the -T736 temper
indicate that the stress corrosion cracking threshold in the short transverse
direction should be at least 35 ksi.

Current production is limited to closed die airframe type forgings,

Two such forgings were supplied by Alcoa for this evaluation.

Processiggﬁand Heat Treatment

Because of the complex shape of the die forging and the fact that it
was an actual structural forging, no specimen layout ie shown. The alloy was
evaluated in the ~T736 temper.

Test Results

Tension. Tension tests were conducted in the longitudinal and transverse
directions at room temperature, 250F, 350F, and 500F, Results are shown in tabular
form in Table 65, Stress-strain curves at temperature are presented in Figures 104
and 105, Effect-of-temperature curves are shown in Figure 108.

Compression. Tests were performed at room temperature, 250F, 350F, and
500F in the longitudinal and transverse directiomns, Results are shown in Table 66.
Stregs-gtrain and tangent modulus curves at temperature ars presented in Figures 106
and 107, Effect-of-temperature curves are presented in Figure 109,

Shear. Room temperature test results for both the longitudinal and
transverse directions are given in Table 67,

Impact. Charpy V-notch test results for both the longitudinal and
trangverse directions are ziven in Tahle 68 for room temperature, =-95F, and
-320F,

Fracture Toughness. Slow-bend type test results are given in Table 69,
Even though the tests proved to be marginal by the existing criteria, tiie results
were quite consistent and are reported,




Fatigue., Axial-load tests were conducted at room temperature, 250F,
and 350F, Tabular results are given in Tables 70 and 71. S-N curves are presented
in Figures 110 and 1li1.

Creep and Stress Rupture, Tests were performed at 250F, 350F, and
500F. Results are given in tabular form in Table 72 and presented as log stress
versus log time curves in Figure 112,

Stress Corrosion, No cracks appeared in the seven specimens after
testing as described in the experimental procadure section.

Thermal Expansion and Density. Values for these properties are given
in the "data sheet" in the conclusions section,
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TABLE 65. TENSION TEST RESULTS FOR 7175-T736 DIE FORGINGS
Ultimate 0.2 Perceant
Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 Inches, Modulus
No. ksi ksi percent psi x 106
Longitudinal at Room Temperature

111 81.9 75.2 15.0 10.7

1L2 81.5 74.6 15.0 10.0

1L3 82.7 76.4 13.0 10.1

Transverse at Room Temperature

1Tl 79.1 72.8 12.0 9.7

1T2 79.2 72.1 13.0 10.0

1T3 79.2 72.1 12.0 10.2
Longitudinal at 250 F

1L4 67.0 67.0 19.0 9.4

1.5 66.1 65.9 21.0 10.1

1L6 65.7 65.3 22.0 9.6
Transverse at 250 F

1T4 63.8 63.5 18.0 9.6

1T5 64.6 64.6 15.0 9.3

1Té 64.1 63.9 15.0 9.7
Longitudinal at 350 F

1L7 53.0 52.6 27.0 8.3

1L8 52.5 52.5 20.0 8.7

1L9 53.0 52.6 23.0 8.9
Transverse at 350 F

117 51.0 50.4 20.0 8.5

118 50.9 50.7 22.0 8.7

179 50.2 50.2 20.0 8.3
Lengitudinal at 500 F

1L10 18.7 18.7 32.0 8.1

1L11 19.7 19.7 28.0 8.2

1L12 20.6 20.6 27.0 8.3
Transverse at 500 F

1T10 19.1 19.1 27.0 8.4

1T11 19.1 19.1 27.0 8.6

1T12 19.5 19.5 25.0 7.9
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i TABLE 66. COMPRESSION TEST RESULTS FOR
7175-T736 DIE FORGINGS

Vv b

TS TEIT Etm T T YT i AR T ST X TR

0.2 Percent
‘ Offset Yield Compression
Specimen Strength, Modulus,
No. psi nsi x 10

Longitudinal at Room Temperature

¢
!.

2L1 (a) (a)
2L2 78.2 10.8
2L3 79.3 11.2

Transverse at Room Temperature

2T1 74.0 10.8
2T2 73.8 10.7
2T3 74.3 10.6
Longitudinal at 250 F
2L4 70.1 9.8
2L5 70.3 9.9
2L6 69.0 10.5
Transverse at 250 F
2T4 65.5 9.8
2T5 65.4 9.9
2T6 65.6 9.9
: Longitudinal at 350 F
2L7 57 9.2
2L8 56.6 8.7
2L9 57.5 8.8
Transverse at 350 F
217 54.06 9.3
278 54.6 9.2
2T9 55.2 9.3
Longitudinal at 500 F
2L10 22.0 8.0
2L11 21.1 7.8
2L12 23.4 8.1
Transverse at 500 F
2T10 21,1 7.7
2Tl 21.7 7.4
2T12 22.5 7.6

B 3 SR SN 3RS 2 T, P AR -

(a) Specimen buckled.




TABLE 67. SHEAR TEST RESULTS FOR 7175-T736
DIE FORGINGS AT ROOM TEMPERATURE
Specimen Ultimate Shear
Number Strength, ksi
Longitudinal
4L-1 46,2
QL'Z 69.[‘
41.-3 47.6
4L-4 46.8
Transverse
QT‘I 51-0
4'1"2 SOQG
4T-3 46.4
QT-Q 49-0
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TABLE 68. CHARPY V-NUTCH TEST RESULTS
FOR 7175-T736 DIE FORGINGS

Specimen Specimen Temperature, Energy,
Number Direction F ft-1b
9 Longitndinal RT 6.5
10 Longitudinal RT 6.0
5 Transverse RT 5.5
6 Transverse RT 5.0
8 Longitudinal =935 4.5
7 Longitudinal ~95 4.5
4 Transverse -95 4.0
3 Transverse -95 4.0
11 Longitudinal -320 5.0
12 Longitudinal -320 4.5
1 Tranrverse =320 3.5

2 Transverse =320 3.5




FRACTURE TOUGHNESS TEST RESULTS FOR

7175-T736 DIE FORGINGS (LONGITUDINAL)

Specimen Thickness, width, Crack Span, Kic
Number inch inches Length, inches inches ksi/in
6-1 0.603 1.203 0.69 5.0 46,9
6-2 0.604 1,204 0.65 5.0 55.3
6-3 0.602 1.204 0.60 5.0 42,3
6-4 0.604 1.204 0.59 5.0 44,6
6~5 0.611 1.203 0.65 5.0 54,6
6-6 0.604 1.203 0.62 5.0 47.3

et e e e



TABLE 70. FATIGUE TEST RESULTS FOR 7175-T736 DIE FORGINGS,
UNNOTCHED, AND AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress, Lifetime,
Number ksi cycles

Room Temperature

515 85 22,000
527 75 39,400
54 70 105,400
58 65 53,000
520 60 98,300
52 50 230,500
525 L5 408,900
519 40 3,303,500
510 35 6,996,900
250 F
513 80 1,900
55 70 14,600
517 65 72,100
516 60 79,700
514 50 | 77,600
53 45 395,900
526 40 8,218,700
350 F
56 60 25,200
52 50 74,200
528 45 1,169,400
512 40 273,300
51 37.5 5,917,400
522 35 1,789,600
511 30 4,385, 500
518 25 10,000,000"

s

* Did not fail,
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TABLE 71. FATIGUE TEST RESULTS FOR 7175-T736 DIE FORGINGS,
NOTCHED (K¢=3.0), AND AT A STRESS RATIO OF R=0.1

Specimen Max imum Lifetime,
Number Stress, ksi Cycles
Room Temp,
5-8 55 3,100
5-20 55 3,700
5-19 50 6,300
5-22 45 11,000
5-24 35 20,300
5-21 30 87,100
5-1 20 463,000
5-15 15 10,028,000(a)
250 F
5-8 55 3,100
5-16 45 6,700
5-21 35 11,000
5-23 35 7,500
5-10 30 33,500
5-4 25 106,700
5-11 20 323,500
5-6 15 8,220,000
5-25 12,5 10,000, 000(a)
350 F

5-17 50 2,500
5-26 45 6,500
5-13 40 7,800
5-9 35 10,800
5-12 30 24,100
5-3 25 43,000
5-5 20 400,800
5-18 17.5 467,600
5=7 12,5 8,758,800

(a) Did not fail

T
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5621-58 Titanium Forging

Material Description

5A1-6Sn-2Zr-~1Mo=-0,25S titanium alloy is a new high temperature alloy
developed by Reactive Metals, Incorporated., The alloy was developed to meet the
need for a titanium alloy capable of withstanding temperatures for long time
service at 850 - 900F and short time service at 959 - 1000F, 7This allcy contains
silicon which enhances high temperarure creep strength. This alpha matrix alloy
is reported to have moderate room temperature tensile strength, excellent notch
toughu2ss, fatigue and creep strength, hot salt stress corrosicn resistance, and
thermal stability.

Currently all mill product forms have been manufactured, and bar and
billet are available. Sheet and plate are undergoing investigation and are expected
to soon be commercially available.

A 1-1/2 inch thick by approximately 25 inch diameter pancake forging
was used for this property evaluation,

Processing and Heat Treating

The specimen layout is shown in Figure 113, The material was forged
from temperatures over the beta transus and subsequently solution annealed at
1800F for 1 hour, air cool, followed by 1106F for Z hours and air cool.

Test Results

Tension. Results of tests at room temperature, 400F, 700F, and 900F
in both the radial and tangential directions are given in Table 73, Stress-strain
curves are shown in Figures 114 and 115, Effect-of-temperature curves are presented
in Figure 118. ,

Compression., Results of tests at room temperature, 400F, 700F, and
900F in both the radial and tangential directioms are given in Table 74, Stress-
strain and tangent modulus curves at temperature are shown in Figures 116 and 117.
Effect-of-temperature curves are shown in Figure 119,

Shear, Test results are given in Table 75 for rcom temperature tests
in both directions.

Impact. Test results for room temprature, - 4%0F, and -100F are given
in table 76,

Fracture Toughness. Slow-bend type specimens were tested at room
temperature only, Results are given in Table 77,

Fatigue. Tests were performed at room temperature, 400F, and 700F,
Results are given in Tables 78 and 79 and Figures 120 and 121,
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Creep and Stress Rupture., Results of tests at 600F, 800F, and 950F
are given in Table 80. Log stress versus log time curves are presented in
Figure 122,

Stress Corrosion. No crack were evident in the seven specimens after
testing as described in the experimental procedure section,

Thermal Expansion and Density. Results of thermal expansion tests are
given in Table 81, The density of 5621-§ is 0.166 1bs/in3,
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TABLE 73, TENSION TEST RESULTS FOR 5621-S TITANIUM FORGINGS

Ultimate 0.2 Percent
Tensile Offset Yield Elongation Tensile
Specimen Strength, Strength, in 2 inches, Modulus,
Number ksi ksi percent psi X108

Radial At Room Temperature

1R1 140.0 119.0 15.0 16.8
1R2 142.0 121.0 13.0 17.6
1R3 137.0 117.0 13.0 17.3

Tangential At Room Temperature

1T1 135.0 115.0 11.0 17.7
112 135,0 116.,0 11.0 16.9
113 139.0 121.0 12.0 16.8

Radial At 400 F

1R4 116.0 88.6 17.0 17.6
IR5 116.0 88.3 16,0 15.8
1R6 116.0 88.6 17.0 17.4

Tangential At 400 F

1T4 117.0 89.0 15,0 16.8
1T5 113,0 88.0 13.0 17.4
1T6 113,0 88.1 17.0 15.6

Radiali At 700 F

1R7 103,0 73.2 17.5 15.6
1IR8 103.0 74.4 17.0 13.8
1R9 104,0 75.4 20,0 15.8

Tangentizl At 700 _F

117 105.0 17.2 15.0 14.3
1T8 106.0 79.0 15.0 15,0
1T9 104,0 75.5 15.0 15,1

Radial At 900 F

1R10 98.9 71.4 18.0 14,9

1R11 97.5 71.4 20.0 12.7

1R12 97.8 70.8 20.0 15.4
Tangential At 900 F

1T10 101.0 73.6 15.5 13.9

1T11 95.4 69.1 17.0 14,6

1T12 97.4 71.8 16.0 14,2
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TABLE 74  COMPRESSION TEST RESULTS FOR 5621-S TITANIUM

FORGINGS
0.2 Percent Compression
Specimen Offset Yield Modulus,
Number Strength, ksi psi x 106

Radizl at Room Temperatuze

f 2R1 133.0 17.5
2R2 134.0 181
2R3 132.0 17.0

Tangential at Room Temperature

2T1 136.0 18.0
2T2 141.0 17.5
213 129.0 16.9

Radial at 400 F

2R4 96.9 16.9
2R5 94.2 16.0
2R6 95.1 16.3

Tangential at 400 F

2T4 94.0 15.7
2T5 96.1 15.8
2T6 98.6 16.2

Radial at 700 F

Z2R7 78.4 15.3
2R8 78.3 14.9
2R9 75.8 14.3
Jangentjal at 700 F
217 78.1 14.7
278 78.7 15.2
279 77.1 14.8
Radfal at 900 F
2R10 77.3 14.7
2Ril 74.5 .1
i 2112 4.8 1,.5
| Tanzential at 900 F
2T10 75.4 15.3
2T11 75.6 14.5

2112 79.6 13.0




TABLE 75. SHEAR TEST RESULTS FOR 5621-S TITANIUM

FORGINGS
Specimen Ultimate Shear
Number Strength, ksi
Radial
4R-1 99.5
4R-2 100.0
4R=-3 98.3
4R-4 99.6
Tangential
4T=1 91.7
4T-2 92.2
4T-3 98.5
4T-4 97.3




TABLE 76, CHARPY V-NOTCH TEST RESULTS
FOR 56215 TITANIUM FORGINGS

9 =100

15.0

Specimen Temperature, Energy,
Number F ft 1bs.
1 RT 22,0
2 RT 23.5
3 RT 19.0
4 40 16.0
5 =40 16.5
6 =40 19.0
7 -100 14.0
8 -100 13.0




TABLE 77, FRACTURE TOUGHNESS TEST RESULTS
FOR 5621~8 TITANIUM FORGINGS

- ——

Specimen Thickness, Width, Crack Span, Kic,
Number inch inch Length, inch inch ksi /in
6 -1 0.757 1,505 0.780 6.0 73.4
6 - 2 0.757 1,505 323 6.0 76.3
6 -3 0.758 1.505 0.821 6.0 78.5

6 -4 0.758 1.507 0.833 6.0 17.17




TABLE 78. AXIAL-LOAD FATIGUE TEST RESULTS FOR
Tiw3621-8 FORGINGS, UNNOTCHED, AND
AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress, Lifetime,

Number ksi Cycles
Room Temperature
5-48 150.0 12,100
5-34 140.0 16,100
5-30 120.0 22,600
5=45 110.0 249,800
5-51 100.0 500,000
5-57 %0.0 3,349,300
5-50 80.0 10,041, 500(2)
400 F
5-43 140.0 1,100
5-44 130.0 6,300
5+49 120.0 29,700
5-54 110.0 100,500
5«47 100.0 318,600
5=-41 90.0 1,152,100
5-36 80.0 16,738,100(a)
100 F

5=-55 120.0 2,000
5-46 115.0 32,200
5«40 110.0 24,600
5-37 105.0 94,000
5-58 100.0 95,000
5=42 90.0 1,529,700
5-38 80.0 9,772,500

{a) Did not fail.
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TABLE 79. AXIAL-LOAD FATIGUE TEST RESULTS FOR
Ti-5621-S FORGINGS, NOTCHED (K, = 3.0)
AND AT A STRESS RATIO OF R = 0.1

Specimen Maximum Stress, Lifetime,

Number ksi Cycles
Room Temperature
5-20 1i10.0 4,600
5-25 110.0 3,800
5=23 90.0 6,700
5-3 80.0 11,300
5«6 70.0 31,500
5-22 60.0 26,200
5-24 50.0 127,700
5-17 45.0 2,769,500
5-9 40.0 1,316,700
400 F
5-2 110.0 3,00
5«26 100.0 4,500
5-29 90.0 5,600
5-15 80.0 12,000
5-18 70.0 11,200
5-16 60.0 41,200
5-8 50.0 82,100
5-12 45.0 14,516,700(8)
5-21 40.0 14,653,200(2) ;
100 F |

5-13 100.0 2,800
5-11 90.0 3,400
5«19 80.0 6,500
S-14 70.0 8,300
§-27 50.0 16,300
5-10 50.0 65,800
5-5 45.0 1,964,100
5-7 40.0 16,990, 500(2)

(a) Did nnt tail.

e,
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TABLE 81. MEAN LINEAR THERMAL EXPANSION COEFFICIENTS
FOR 5621-8 FORGINGS
Temperature Coggficient, x o,
Range, F 107" in/in/F
68-100 4.38
68-150 4.63
68~200 4.70
68-250 4.78
68-300 4,87
68-350 4.93
68-400 5.00
68-450 5,07
68-500 5.13
68-550 5.20
68- .00 5.25
68-450 5.31
68~700 5.36
68-750 5.41
63-800 5.45
68-850 5.49
68-900 5.52

e
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FIGURE 119. EFFECT OF TEMPERATURE ON THE COMPRESSION PROPERTIES
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Discugsion of Program Results

As has been stated in previous reports on the Air Force ''data sheet”
program (AFML TR 67-418 and AFML, TR 68-211), in a program of this type the
tendency will be to compare the materials property information obtained with
similar data on materials in use in systems structures and components. Whether
such a comparison should be the deciding factor for interest in a nmewer alloy
is open to question. Many criteria, such as forming characteristics, weldability,
oxidation resistance, etc., can be of particular importance so that strength
properties may become secondary. However, since first comparisons are usually
made on the basis of mechanical strength (tensile ultimate and tensile yield),
the data generated on this program are compared to information obtained from
MIL-HDBK-5A for similar alloys. Figures 123 and 124 are conccimed with these
properties.

In the following discussions each alloy evaluated on this program will
be treate.! separately.

Beta III Titanium Alloy

Figures 123 and 124 show this alloy to be the hi, 28t strength titanium
alloy evaluated on this program with properties higher than the beta alloy
Ti1<13V-11Cr-3A1. The dats tables in the Beta III materials section show all
transverse properties, except elongation, to be higher than the longitudinal
properties,.

From the S-N fatigue curves fatigue strength reduction factors, K
have been computed at the 107 lifetime line, These are (1) 1.5 at room
temperature, (2) 1.8 at 400F, and (3) 1.8 at 850F,

:.

Creep and stress rupture tests were performed at 500, 600, and 700F,
Times to reach plastic deformatiom of 0.1, 0.2, 0.5, 1.0, and 2,0 percent are
given in Table 6, At 500 and 600F, the rupture and creep stress versus time
curves are quite flat, In fact rupture did not occur in the 1000 hour test
period, Figure 32 also shows creep strength at 700F to be good.

Stregs corrosion behavior of this alloy is comsidered good when tested
as discussed in the test procedure section of this report.

Ti-6A1-4V(STOA) Sheet

Tables 7 and 8 show the transverse properties of this alloy to de
appreciadly higher than longitudinal properties, particularly the compressive
properties. Strength properties, in general, appear to be slightly lower than
the Ti-6A1-4V with a normal STA treatment (Figures 123 and 124),

Fatigue strength reduction factors, K¢, for this alloy at 107 cycles
are as follows: 2.4 at room temperature, 1.8 at 500F, and 2.2 at 700F. These
values are approximately the same as for 6Al-4V (STA),
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Creep and stress-rupture tests were performed at 500, 600, and 700F.
Times to reach plastic deformation of J.1, 0.2, 0.5, 1.0, and 2.0 percent are
given in Table 12, Figure 42 shows no appreciable creep effect except for longer
times at 700F.

Ti-6Al1-4V Extrusions

The drawing and annealing process has evidently strengthened this
alloy as can be seen in Figures 123 and 124, Tensile propert‘es are slightly
higher than STA properties given in MIL~-HDBK-5A,

Unmnotclicd fatigue properties have also been affected in that the
longer lifetimes at elevated temperature show a considerable drop in fatigue
strength., Notch fatigue properties are generally the same as for the Ti-6Al-
4V(STOA). Fatigue strength reduction factors for Ti-6A1-4V processed in this
mammer are: 1.2 at room temperature, 2.0 at 400F, and 2.3 at 700F.

Creep and rupture properties at 500 and 700F - about the same as for
the STOA material. Tests were also conducted at 900F, Figure 49 shows the alloy
to have low creep strength as is normal at this temperature.

300M Forgings

The strength properties of 300M show no appreciable effect of test
direction although the modulus values tend to be slightly higher in the transverse
direction. Fracture toughness tests at room temperature (Table 22) are quite
consistent with the exception of one marginal value for specimen 6.2,

Fatigue strength reduction factors, K., for 300M st 107 cycles are as
follows: 4.6 at room temperature, 3.1 at JOOF, and 2.7 at 500F. This alloy is
quite notch sensitive at room temperature.

Tests were conducted at SOOF only for creep and stress rupture. As
shown in Table 25, the alloy does not rupture in 1000 hours when stressed at the
tencile yield strength,

7649 Aluminum

Te le 25 and 26 show this alloy to be only slightly affected by test
direction. iapact and fracture toughness values are good.

Fatigue strength reduction factors at 107 cycles are as follows: 2.8 at
room temperature, 3.0 at 250F, and 3.4 at 3SOF. The allry {s notch sensitive but
has good unnotched fatigue strength.

Times to reach creep deformation of 0.1, 0.2, 0.5, 1.0, and 2.0 percent
are shown in Table 132 with results being generally as expected for a 7000 series
aluminum,




7178 Aluminum

Tables 34 and 35 show this alloy to be somewhat sznsitive to test
direction. Transverse properties are slightly higher than longitudinal properties.
The material seems to retain its strength well at the lower elevated temperatures.
Fracturr toughness values shown in Table 37 are very consistent,

Fatigue strength reduction factors, K., at 107 cycles are: 1.7 at room
temperature, 1,7 at 250F, and 1.75 at 350F, The material is not particularly mnotch
sensitive,

Creep and stress rupture tests were conducted at 350, 450, and 600F.

Figure 81 shows the alloy to have creep strength in the same range as the 7049
material,

AF2-IDA Alloy

As shown in Tables 42 and 43 and Figures 84 and 85, this material
maintains its strength well up to 1400F, Above 1400F, a fairly sharp drop
occurs. This is also shown for creep properties in Figure 86. Because of the
limited amount of usable material received, a full fatigue evaluation was not
possible. Same data are presented in Tables 45 and 46.

MP35N Multiphase Alloy

Latrobe Steel Company has advised that this alloy treated to the 260 ksi
strength level not be used above 750F due to a serious drop in ductility at about
900 - 1000F. The test results in Table 48 do not show this drop since no testing
was performed in this temperature range. However, the effect-of-temperature curve
in Figure 89 has been drawn tc reflect this loss in ductility.

Fracture toughness tests were conducted and are presented in Table 52,
Toughness of this material appears to be quite good.

Fatigue strength reduction factors for MP35N are: 3.5 at roowm tempera-~
ture, 2.8 at 400F, and 2,2 at 700F. The material is somewhat notch sensitive at
room temperature,

Creep deformation and stress-rupture results are shown in Table 55 and
Figure 93. The material shows good creep strength under 900F,

38-6-44 Titanium Forging

This material compares with the other Beta titanium evaluated, Beta III,
as shown in Figures 123 and 124, The alloy shows same scatter in test results
(Table 56) with longitudinal properties being higher than transverse properties
in general. As with Beta III this alloy maintains its strength well at elevated
temperatures. Charpy values and fracture values were quite consistent showing no
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great difference between specimens taken from the outside of the forging and
the middle of the forging,

Fatigue strength reduction factors, 2.2 at room temperature, 2.6 at
400F, and 1.9 at 500F show the notch sensitivity to be equal to other titanium
alloys.

Creep strength appears to be generally the same as the other titanium
alloys evaluated.

7175 Aluminum

Tables 65 and 66 show this material to be somewhat sensitive to teet
direction with longitudinal properties higher than transverse properties. The
alloy, as was the development aim, does have a good yleld strength value,

Fracture toughness tests are very consistent although considered
marginal by the existing criteria,

Fatigue test reduction factors, Kf, are 2.3 at room temperature, 2,35 at
250F, and 2.2 at 350F,

Creep strength of this alloy is very similar to the other 7000 series
alloy evaluated,

5621-S8 Titanium Forging

Tables 73 and 74 show this material not particularly semsitive to testing
direction although the radial test direction properties tend to be somewhat higher
at room temperature., Fracture toughness test regults are very consistent (Table 77).

Fatigue strength reduction facotrs, 2.25 at room temperature, 2.2 at
400F, 2.1 at 700F are in line with other titanium alloys.

The creep strength of this alloy does seem to be excellent. Omly a
slight affect is noticed at 950F in Figure 122,




CONCLUSTONS

The objective of this program was the generation of useful engineering
data for newly developed or differently processed structural materials. During
the contract term the following materials were evaluated:

| (1) Beta III Titanium Sheet

(2) Ti-6A1-4V(STOA) Sheet

(3) TL-6AL-6V Thin Extrusions
(4) 300M Forgings

(5) 7049 Hand Forging

(6) 7178 Sheet

(7) AF2-IDA Extruded Bar

(8) MP35N Multiphase Bar

(9) .8-6-44 Titanium Forging
(10) 7175 Die Forging

(11) 5621-8 Titanium Forging

A data sheet was issued for each material. As a summary to this report,
each of the data sheets is reproduced in this section of this final report.
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