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ABSTRACT

Six potential aerospace alloys were evaluated for toughness at liquid hydrogen temper-
ature (-423°F). They were:

Titanium 5A1-2,55n (ELI}
Titanium 6A1-4V (ELI)
INCO 718 {aged) nickel alloy
Aluminum X2021-T8 E31
Aluminum 2219-T81
Aluminum 7039-T64

The first four materials were 0,063~-inch thick; the last two were 0. 125-inch thick.
Sufficient specimens were manufactured to evaluate all of the alloys at four test iem-
peratures, namely: room temperature, -110°F, -320°F, and -422°F,

Convair division has performed tensile, notched tensile, center notched, and single
edge notch tests at ~423° F for all alloys. In addition, the INCO 718 and X2021 aluminum
alloys were investigated at the three other aperatures, The Air Force Materials

: Laboratory will perform the remainder 0. ' tests at room temperature, ~110° F, and
-320°F,

An aitempt was made to obtain both plane stress ..ad plane strain fracture toughness
data from the same center notched specimen. Except for the titanium alloys, the net
fracture stress exceeded 80 percent of the yield strength for all alloys ar test temper-

atures. In all cases, the net stress at pop-ii was well below the ylel.. strangth of the
material. . ’

The pop-in net fracture stresses for the single edge notch specimens (obtained hy a
strain gaged compliance gage) were also well be! v the yleld strength.

K, and Ky, values were calculated for all fracture specime.as.

Both the INCO 718 and X2021 aluminum alloys showed good toughness properties as
the temperature was decreased to -423° F,
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SECTION I
INTRODUCTION

This study is part of & program to aitempt to determine if & single fracture mechanics
specimen could be used to obtain both plane strees and plane strain {racture toughness,
The evaluation was performed through utilization of six potential aerospace glloys in
thin gauges (0. 063 and 0. 125 inch) as follows:

Titanium KAl-2, 55n (ELI)
Titanium 6A1-4V (ELI)
INCO 718 (aged) nickel alloy
Aluminum X2021- T8 E31 3
Aluminum 2219-T&1 L
Alumirum 7039~764

Tests were performed at room temperature and three cryogenic temperatures, -110°F,
-320°F, and -423° ¥, This progrem is a joint effort by Convair an¢ the Air Force Ma-
terials Laboratory; Convair manifactured all specimens and performed all tests at
-423°F, In addition, Convair tested INCO 718 and the X2021 aluminum alloy at the
other three test temperatures. The X2021 alloy wiil alsc be tested by AFML for com-

parison purposes.

In addition to center notch and single edge notch fracture specimens, smooth and notched
tensile specimens were tested to establish basic mechanical properties at the various
test temperatures,

This report covers the work done by Convair only. It is suticipated that an additional
report will be published at the conclusion of the testing by the Air Force Materials
Laboratory. ’
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SECTION II
TEST SPECIMENGS

Initially, four types of test specimens were specified: 1) tensile test specimens, 2)
notched tensile ‘est specimens, 3) center notched fracture mechanics, and 4) another
specimen specified only as a Ky, test specimen. After the program was underway and
some results were obtained it was decided to use a single edge notch (SEN) specimen for
determination of Ko These four specimens are shown in Figures 1, 2, 3, and 4,

1. MECHANICAL PROPERTIES SPECIMz NS, Tensile specimens were staadard - ; ‘
ASTM specimens for flat sheet material. Notched tensile spezimens were slightly i
narrower with medium sharp notches designed to provide a K; value of slightly less :
than 7. 3
2. CENTER NOTCHED SPECIMENS, Design of center notched specimens was some- .
what more difficult due to the thickness of .he materials under test (0,063 and 0,125 :
inch), One object of this program was to attempt to obtain both K, and Ky, from a
single specimen. According to Srawley and Brown (Reference 1), width-to-thick-
ness ratios of the two types of specimens are non-overlapping as follows:

K, 16< W/B < 45

5< <
KIC 5< W/B< 10

For a given thickness, no speciinen width could be selected that would satisfy both re- L
quirements. Since thin sheet material was designated for this program, it is more :
probable that conditions of plane stress would exist. Therefore, to emphasize valid

K. values, the greater sr~cimen width was chosen. In addition, for simplification, all
specimen widths were to be the same regardless of thickness. Center notches were cut
with an electrical discharge machin. »rior to notch sharpening by tension-tension fa-
tigue at about 20 percent of yield strength (Figure 5). Again, according to Srawley and
Brown, the exact machine cut configuration is relatively unimportant as long as the g t
notch is extended by low stress fatigue. The ASTM concurs (Reference 2) as shown in i
Figure 6. Scme differences in opinions are prevalent concerning the total length of the
notch., Prior to July 1966, ASTM recommendations suggested a notch length between
30 and 40 percent of the specimen width (Reference 3),

At the ASTM National Convention in July 1966, Brown and Srawley prasented a draft
of a report that suggests that the crack length should be 50 percent of the specimen
width. (Subsequently, a great deal of this report was published as an ASTM Technical
Publication, Reference 4,)

R Al o Y LR T
rh--nghs!u

PAGE DLANK




NOTE: ALL DIMENSIONS IN INCHES.,
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Figure 1. Tensile Specimen
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Figure 2. Notched Tensile Specimen
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Figure 5. Titanlum Center Notched Fracture
Mechanics Specimen




/SPECIMEN CENTER LINE

! -:- DIAMETER
CRACK ENVELOPE

! .
NOTE: THE DIMENSIONS SHOWN (IN INCHES) ARE FOR
A 3-INCH-WIDE SPECIMEN, ENVELOPES FOR

OTHER SIZE S8PECIMENS ARE ADJUSTED USING
THESE PROPORTIONS,

Figure 6. ASTM Recommended Acceptable Center Crack Envelope

(Reference 1)

Aside from theoretical considerations, there are advantages to using a larger crack
length a8 far as testing is concerned. For example, a larger crack minimizes the

changes that the specimen will fafl

in the pin hole or grip section. As a coisequence,

an attempt was made to obtain a crack length that approached 40 perceat of the specimen

width.

3. K TEST SPECIMENS. The most logical specinien for determination of Ky, in
thin sheet materisls is the single edge notch (S8EN) tenaile speciman. Actually no #peci-

men configuration can meet all the

requirements of the various organizations {(e.g.

ASTM) or investigators as far as plane strain of sheet materiale is concerned. Obvi-
ously, round noiched tensile specimans cannot be fabricated from 0. 083-inch thick

shest. Notch bend specimens are also quite difficult to fabricate from such thin ma-

terials. Aa far as the surface flaw specimens are concerned. it is extremely difficult
to induce a tiny perfectly shaped semielliptical flaw in the surface of the thin materials

investigated under this program.
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According to Brown and Srawley (Reference 4), the minimum thickness for adequate
Kj. testing is obtained by the equation:

2

B = 2.5(—°
o
y3

where

it

B

ch

specimen thickness (inches)

]

plane strain fracture toughness

o tensile yleld strength

ys

Where the Kie approaches the yield strength, the required thickness is 2.5 inches.
Such a requirement almost automatically rules out the possibility of testing sheet
materials under conditions of plane strain, Prior work by Srawley and Brown (Refer-
ence 1) placed no such restriction on SEN specimens, but merely set limits on its
width-to-thickness ratio. Tuay suggested:

W
—-<8
4<B

For a 1/8-inch thick material the specimen width would vary from 1/2 to 1 inch and
for a thickness of 0.063 inch, the specimen would be wider than 1/4 but narrower than
1/2 inch.

With these values in mind, & specimen width of 1/2 inch was selected for all alloys
and thicknesses. Hanna and Steigerwald (Reference 5) widen the range somewhat (2
to 12), so that sucha -ecimen would be acceptable under their criteria.

The same gen=ral comments about notch lengths apply to the SEN specimens as well as
the center notched specimens. In this case, the machine nolch was limited to a depth
of 0.1 inch and the fatigue crack was extended to about 40 percent of the width, To
facilitate cracking, it was convenient o make a ''chevron” cut, 45 degrecs to the edge
of the specimen on both sidcs of the sheet, The resultant trianguisr erack froat caused
the crack to start growing after only a few cycles.




SECTION Il
MATERIALS

Alloys for this program were selecte! in two thicknesses, namely 0.063 and 0 124
inch. In general, the higher strength materia!s were obtained in the thinner sh:...
Except for the X2021-T8 List a!loy, the aluminum alloys were 0. 125-nch-thick. The
following matertials were tested:

Titanium 6A1-4V ELI, B = 0.063 inch
Titanium 5A1-2.58n ELI, B = 0.083 inch
NCO 718 Nickel Base Alloy, B = 0.083 inch
X2(21-T8 E31 Aluminum, B = 0,063 inch
2219-T81 Aluminum, B = 0,125 inch
7039-T64 Aluminum, B = 0.125 inch

_Chemical compositions for these alloys are listed in Table I,

Both of the titanium alloys were tested in the annealed condition. However, due to the
unavailability of annealed material in the 0. 063-inch thickness, the Ti 6Al-4V ELI
alloy was annealed by Cenvair division using the following proceduce, recommended
by TMCA:

a. Material was placed in a vacuum retort (10'3 torr),
b. Retort with parts were heated to 1350 + 25°F,

c¢. Parts were held at temperature for 4 hours.

d. Paris were slow cooled (36°F/hr) to 1050°F.

e. Parts were air cooluod.

After snnealing, the material was given a light pickle hyvirofluoric-nitric «cid) to re-
move & sciale that was foriaed during the thermal troatmeri. The resultant material

v'as in the dead annealed coudition when tested. Although titanium alloys are frequently
ob. ned in the miil annealed condition (as was the Ti 5Al-2.58n, ELI), the sheets are
usually worked alighily by the mill to obtain the required flatness. It is ihe uxperience
of Convair division that mill annealed titanium is slightly stronger than the dead anncaisi
wmaterial. Both of the alloys were obtained in the Extra Low Intarstitial (ELD} grade.

The nickel base alloy INCO 718 supposedly was supplied in the 20-percent cold rolled
and aged condition. After iensile specimens were fabricated and tested at ~423°F, (no
room temperature tests were supposed to be made according to the original work

11
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Table I. History and Chemical Analysis of Test Materials

TITANIUM INCO ALUMINUM
Alloy 6Al-4V ELI 5A1-2,56n ELI| 718 X2021 2219 7039
Temper Annealed* Mill Annealed | Aged* T8 E31 T81 T84
Gauge 0,063 in, 0.083 in, 0,063 in, 0,063 in. 0.125 in, 0.125 in,
Supplier TMCA TMCA Alcoa Alcos Kaiser
Heat No, D-9890 D-9453 7788 EV Lot 106-597 Lot 182261
. -ecification | MIL-T~8046D RBO 170-039E MIL-A-8920
Hardness 76.0 7€.1 82,0 54,0 54.7 62,7
(15 N)
Chemistry
wt. %)
Al 8.0 5.0 0.60 BAL BAL BAL
B 0.008
C 0,023 0,026 0.07
Ce 0.05
Cd 0,05-0.20
Cu 0,01 5.8-6.8 5.8-6.8 0.1 max
Cr 19,53 0.15~0.25
Fe ¢.07 0.15 BAL 0,30 max, [ 0,30 max. 0,4 max,
H 0.007 0.008
Mg 0,007 0,02 max, | 0,02 max, 2.3-3.3
Mn 0,v. 0,20-0,40 | 0,20-0,40 0,1-0.4
max,

Mo 3,05
N 0,012
Ni 52.07
o] 0,12 0,09
P 0.001
S 0,007
Si 0,24 0.20 max. ;0.20 max, 0.30 max.
Sn 2.3 0.03-0,08
T: BAL BAL 0,94 0,02-0,10 0.1 max,
A% 3.9 ¢.05-0,15
Zn 0,10 max, 3.6-4.5
Zr 0,10-0,25
Cb +Ta £.32
Other 6.15 max, 0. 15 max,

| (Total) (Total)

*Therinal treatment by Convair division.

12
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statement), it became obvicus that the material was not processed 28 reported, but
was in the annealed condition. At that point, two alternatives were possible, namely:
1) cold roil the remainder of the sheet and age it afterward, or 2) age the remainder
of the specimens and the sheet, The first possibilify was rejected since it was of
value to keep the thickness of the sheet the same as the titanium alloys. Furthermore,
the existing tensile specimens couléd stil! be uiilized after aging, Therefore, the INCO
718 was aged in accordance with the following schedule:

a. Heat to 1350°F,

b. Hold at 1350 + 25°F for 8 hours.

¢. Furnace cool to 1200°F,

d. Hold at 1200°F until 18 hours elapsed (at or below 135(° F since attaining 135¢° F).
The X2021-T* E31 alloy was designed primarily as a cryogenic material (Reference 6).
I is very similar to 2219 alloy, modified by the addition of 0,15 percent Cd and 0.05

percent Zn. Precipitation of tha Al-Cu transition phase provides the basic hardening.
The nucleation of this phase is assisted by the presence of cadmium and iin, Man-

- ganese provides both grain size contrel and supplemental strengthening but is limited

to 0.02 percent maximum to avoid the undesirable insoluble Mg,Sn phase that inhibits
nucleation of the precipitate.

The alloy is solution heat treated at 980°F followed by rapid quenching in ccld water,
Prior lo flattening, the material is pre-aged at 300°F, After flattening, the alloy is
aged at 325°F for 10 hours.

- The medium strength, weldable 7039 aluminum allov was obtained in the 764 tamper

since T6 was not available in the 0. 125~-inch gauge. The T64 temper is an aging-stress
relieving process specifically designed for ballistic usage.

Weldability and toughness of 2219-T81 aluminum alloy have made this material a
promising candidate for use as a cryogenic tank material (Reference 7)., Two popular
tempers are TS1 and T87. The T81, which is slightly weaker and more tongh, is heat
treated and stretched by the manufacturer, then aged 18 hours at 350°F,

13
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SECTION IV
TEST PROCEDURE

1. GENERAL. All alloys were tested at -423°F., Two wmaterials, X2021 aiuminum and
“INCO 718, were tested at four test temperatures, namely: room temperature, -110°F,
-32(0°F, and -423°F. Tests at -423° F were conducted while the specimens were totally
immersed in liquid hydrogen (Figure 7). Tests at -320° F were performed in liquid
uiirogen while those at -110°F were conducted in a bath of ai alcohol-dry ice mixture,

2. TTNSILE TESTS. Tensile tests were performed on flat specimeuns 9 inches long
with a 1/2-inch-wide test section (Figure 1). All tests were performed ir accordance
with Feders! Test Method Standard Number 151a and good engineering judgment. A -
class B-1 extensometsr was used for obtaining stress-strain curves over a 2-inch gage
length. The specimens were pulled at a strain rate of 0.005 inch/inch/minute up to the
yield point and at a head travel rate of 0. 15 inch per minute thereafter.

The procedure for testing smooth and notched tensile spec.mens is as follows.

‘1., Measure specimen width and thickness for all specimens. Measure notch radius
and distance between noiches for notched specimens. Re.ord all data. Lay out
gage ma_rks on smooth specimens (G.L. = 2.0 inches).

2, Attach gage blocks to tensile specimens.

3. Install specimen in clevises (in cryostat, for cryogenic testing).

4, Attach extensometer to gage blocks (smooth tensiles only). For cryogenic testing
using a remote extensometer, rod and tube must fit through cap of cryostat before
cap is fastened down. If no cap is used, transducer of extensometer must be sus-
pended over the top of cryostat (Figure 8).

5. For cryogenic testing, attach cap of cryostat (if needed).

8. Wire extengometer to recorder. Rough zero recorder (smooth tensiles only).

7. .. .move slack from loading system,

8. For cryogenic testing, fill cryostat with fluid and stabilize temperature. Monitor
load on test machine,

9. When temperature has stabilized, adjust recorder and test machine to proper zero.

10. Load smooth tensile specimen at a strain rate of 0.005 in./in./min to yield and &
head travel rate of 0.15 in./min thereafter.
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Liquid Hydrogen Cryostat in Tensile
Test Machive

Figure 7.
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Figure 8. Tensile Specimen With Remote Cryogenic
Extensometer . tached
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11, Load notched tensile specimen at a head travel rate of 0.05 in./min.
12, After failure, remove fractured specimen from machine,
13. Observe fracture surface and record unusual appearance.

14. Lay parts of smooth spécimens together on a f'.at.surface. Carefully measure
distance between gage marks for elongation purposes. Record.

15. Remove stress strain curve from recorder (smooth tensiles) and record ordi-
nates, specimen idertification, specimen dimensions, date, test temperature,
and operator's initials.

16. Determine yield and ultimate strengths, elongation, and modulus of elasticity for
smooth tensiles. Record on stress-strain curve.

17. Determine notched tensile strengths for notched tensile tests.

3. CENTER NOTCHED SPECIMENS. Usually, dimensions of the center notched
specimens were measured prior to fatigue notch sharpening. Nevertheless, width,
thickness, and total crack length were measured accurately before commencing with
static fracture tests,

The brackets for containing the compliance gage were carefully attached making sure
{":at the clamps were parallel. Mechanical doublers, designed to provide clamping
pressure as well as to serve as clevises (Figure 9), were fastened to the ends of the
specimens. At this time the compliance gage was installed into the brackets (Figure
10, Tor room temperature tests it is not necessary to install the gage until after the
specimen is installed in the tensile machine. However, since such a procedure is
practically impossible at cryogenic temperatures, and since uniformity of procedure
was desirable, cryogenic procedures were used at rorm temperature,

After the gage was installed on the specimen, the gage was wired to a Moselly X-Y
plotter (Figure 11), The load cell of the tensile test machine also was connected to the
plotter. A predetermined power input was impressed on the gage, and the instrument
was geroed. /Note: Compliance gages were calibrated at each temperature for various
impressed voltagea. The calibration fixture is shown in Figure 12. Such calibrations
provide an idea as to the scale factor on the piotter to provide a suitable load deflection
curve, Often, the larger voltages for tosts at -423° will heat the strain gages to the ex-
tent that the liquid hydrogen boils with such vigor that a wiggly curve results. Under
these conditions, some compromize must be made between gage output and the noise
due to hydrogen boiling. Convair division found that a proper input could be found to
provide a more-than-adequate gage output.)
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Figure 2. Ceuter Nc'ched Specimen Wity
Original Complisnce Gaze Installed
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Figure 10. Center Notched Specim.. With Mechanical Doublers

and Improved Compliance Gage Attached
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The specimen, with gage attached, was then installed in the tensile machine. After in-
siallation, the X-Y plotter was re-zeroed as required.

After the gage output was verified, an increasing tensile load was applied to the speci-
ment until failure occurred. If any sounds were detected during loading, an appropriate
note was made on the load-deflection curve. After the specimen failed, the X-Y plotter
was gwitched off and the fractured pieces removed from the machine. For tests in
liquid hydrogen, it wus L3cessary to boil off all hydrogen prior to removal of the sp=ci-
men. For tests at -320° ¥ ard -110° F, it was possible to remove the fractured speci-
men from tie cryngenic fluid without removing the fluid from the contain<r. Upon
removal from the cryostat, the specimen was warmed and the fractured surface was
examined to determine criticai crack growth.

4. SINGLE EDGE NOTCH (SEN) TESTS. Imnasmuch as it was necessary to obtain K,
for both center notched and single edge notch (SEN) specimens, the procedures were
virtually the same. The only differences were of accessory equipment (clevises, com-
pliance gage clamps ) anv] treatment of crack growth.

5. INSTRUMENTATION

a. Extensomeier. As has beex reported, all tensile tests were performed using
a Convair division developed cryogenic extensometer (Figure §). The basic elements
of this instrument are a rod-in-tube device that is inserted through th. cap of the cryo-
stat to attach to the clamrps on the specimen, and a standard teneile mac u-> transducer
that is wired directly to the drum recorder of the machine.

Although an extensometer of this nst ve is quite satisfaciory, submerged strain gaged
instrurients can aiso be used for this task,

b, Comglianc Gage. Coavair division has used & band type compliznce gage fitted
with strain gages (Figure 9) for previcus studies, However, just prior to testing on this
program, an improved strain gagea instrument was perfected (Figure 1G; that has greater
=2ability at —423°F and better outpat at all test temperatures. Theee geges were cali-
brated at each test temperature u<iag the foliowing procedure:

1. Wire the gage into a Wheatstone bridge circuit (slmilar to that shown in Figure 13).
It is convenient to use a recorder that is to be used during actual testing in order
to obmerve tie best scale fsstor setting.

2. Fit tho gage into a calibration device (as in Figure 12) that permits adjustment of
the gage defiection remotely, along with a suitable linear readout instrument. (A
dial gage is quiie aatisfactory.)




5.

— — —— —— "Oo——

'GAGE

!

a
P

:
|

I

!

|

L

+EXCITATION

-SIGNAL  +SIGNAL -EXCITATION (RED)
(WHITE) ‘GREEN)  (BLACK)

L I |
" J I{
' SIGNAL ¥

CONDITICONING

“ MAXIMUM EXCIT+ TION: 5 VOLTS
AGE OUTPUT: 010 10 MV/VOLT
1.OAD CELL—¥ 1 ‘ /v
(APPROXIMATELY)
OUTPUT—d )

RECORDER

Figure 13. Ccmpliance Gage Circuit

Select an excitation voltage (less than 5 volts) on the power supply and zero the
recoruer,

Insert the comvliance gage ei.l of the fixture i the test temperature fluid,
Reset the recorder at a convenient zero point, -

Deflect the compliance gage so that the dial gage reads an even increrren’ of de-
flection and observe the corresponding change on the recorder.

Repeat Step 6 untiy five or six points are observed.

Reverse the direction of detlection in the same increments until the original dial
gage reading is obtained. (Slight slippage in the mechanical linkage can cause
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errors in calibration. R is prudent to average out these errors.)

Adjust the excitation voltage up or down depending on the desired recorder output
and the noise in the output.

Repeast the calibration (Steps 5 through 8) for the new excitation voltage.

Adjust the excitation voliage for optimum operation and repeat.

Acutal'y such a caltbration is unneceassry for determination of pop-in for o testing.
However, if it is desired to obtain ~ plot of compiiance varistion with crack length,
such a calibration is useful. Even ! s compliznce-crack length plot ie not needed, it
is heipful to determine the optimum excitation voltage before testing commences.

ER O

25




SECTION V
REDUCTION OF DATA

1. MECHANICAL PROPERTIES, The following properties were obtained from
tensile test data: ultimate tensile strength (F ), 0.2-percent offset yleld etrength (Fty)'
percent elongation for a Z-inch gage length (e), and modulus of elasticity (E). From

the notched tensile tests, notched tensile strength (ultimate) was cbtained.

Tensila strength was obtained by dividing the maximum tensile load by the original
minimum net test section area of the smooth or notched spacimen.

Modulus of elasticity was determined by measuring the slope of a line drawn tangent to
the elastic portion of the stress-strain curve, After the tangent line was established,

2 sacond line was drawn parallel to it at a scale distance of 0.002 inch/inch from ise
zery point of the stress-strain curve. The interseciion between the stress-strain
curve and the offset line was established as the yield point and the corresponding stress
was the yleld stress.

Upon completion of a tensile test, the two fractured pieces of the specimen were care-
fully fitted together and the distance between the gage marks was measured. This
value, less the original value, was divided by the original gage length to determins
percent elongation. '

- Notched tensile strength is a function of the notch acuity. The specimena used in this
program contained a "medium'' notch identified by the notch factor K; as follows:

5K *Vr

where

one-half the distance between notches
the radius at the tip of the notch , :

a

r

(See Figure 2 for specimen configuration.)

For exampie, if

0.22
2

a = 0.11

»
]

0.00225
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K, = \/ 0 00225
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2. FRACTURE MECHANICS TESTS

a, Center Notched (CN). The experimental approach for the center notched tensile
specimens was an exploraiory one. An attempt was made to determine both plane strain
c) and plane stress (K,) fracture toughness from a single test specimen, Without

axamining the theor..ical analysis supporting plane strain and plane stress, it would
appear that Ktc could be determined at pop-in and K, could be measured at critical
crack iength or maximum load. To obtain such values, a number of cther values must
be obtained first. Various experimenteis have set up criteris for acceptance (Refer-
ence 3) of fracture toughness, but the other supplementary values {such as gross stress)
are usually unchallenged. Therefore, all of the following values were calculated and
are shown in this report as follows:

. P
- S
Gross stress, pop~in (Up BW)
PP
Net stress, pop-in apN = M

p
Maximum gross stress (OG 'ﬁ_\ﬁ)

) - P
Maximum net stress (UN B - 2"0))

where

P_ = pop-in load (see Page 50 for determination of Pp)

w
u

specimen thickness
= specimen width

2a = initial crack length

P = maximum load

2a, = critical crack length (crack length at onset of rapid propagation)
(determined by observaiion of fractured surface)

With these values avalilable, it follows that Kc and KIc can be calculated as follows:

. e entonmiin U
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and
WA ‘
% "% YV W
where

plane strain fracture toughness
K = plane stress fracture toughness

Poisson's ratio

=
([

(Note: Occasionally the term "crack intensity factor'' is substituted for "fracture
toughness, ")

These equations assume elastic conditions at the tip of the crack. Since such conditions
are impossible in reality, a correction must be applied. 'The plastic zone correction
simply assumes that the crack length extends to the ends of the plastic zone, The cor-
rected fracture toughness is calculated by substituting the corrected crack length for
the original lengths.

The plastic zone corrections are calculated as follows:

Plane Strain
K 2
a, = a+ Io
1 6
ﬂoys
Plane Stress
xcz .
= +
acl 8 Z 3
nays

Since crack length is a function of K, and since K, is a function of the plastic zone cor-
rection, it appears that the solution to these equations is an iterative process. How-
ever, it is customary to use the uncorrected K, value for solution of ihe plastic zone
correction only once. The resultart plastic zone correction is substituted back into the

29
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K, equation to obtain the corrected fracture toughness. Both corrected and uncorrected
values are shown in the tables in this report,

b. Single Edge Notch (SEN). The calculations for determination of plane strain
are somewhat similar to thoce of the centor notched specimens. Prior to calculation
of KIc , it ie useful to determine gross stress and net stress at pop-in as follows:

= B
°% - BW
N A
°N " B W -a)
where
P = 10ad at pop-in
W = specimen width
B = sgpecimen thickness
a = initial erack length

Using these values, Ky, is determined using the polynomial oquation:
2 2 3
2, .2) Lilr.ss & - 32(2) a) 1
K, (B w[':.ss = sz(w) + 117(W =
1-p
where

4 = Poisson's ratio

In like manner, the plastic zone correction is:

2
ic
0 2

6n cya

K

where

8, = initial crack length

oys = yinld strength of the material

All of the preceding solutions have been reduced to digital computer programs, which

were used for this study. After debugging, results were spot checked manually be-
fore tabnlating,
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SECTION VI
RESULTS AND DISCUSSION

1. SMOOTH AND NCTCHED TENSILE TESTS, Mechanical properties obtained from

these tests are shown in Tables II through VIII, Variation of strength with temperature

is shown for X2021-T8 E31 aluminum alloy in Figures 14 and 15 and for INCO 718

(Aged) in Figures 16 and 17. ' |

The INCO 718 in its aged condition had an uitimate tensile strength of about 193 ksi at
room temperature that increased continuously as the test temperature decreased to
-423°F (Table 2, Figure 1b), Published data on Type 718 Nickel Alloy (e.g., Refer-
ence 8) . the 30-percent cold rolled and aged condition show an increase of about

40 ksi over the aged (but not cold rolled) material at all test temperatures, The notch-
unnotch tensile ratio is good for all test temperatures, the least desirable being 0.97
at -423°F, Table ITI presents properties of INCO 718 in the annealed condition at
-42%°F,

The new X2021-T8 E31 aluminum alloy which has a room temperature ultimate strength
of 67 ksi shows a continuing increase in strength to a maximum of 100 ksi at -423°F
(Table IV, Figure 14), The notch-unnotch ratio is quite consistent over all four of the
temperatures tested with the lowest value of 0,93 at ~423°F. Elongation also shows a
smooth increase as temperature decreases, There is no apparent variation in tensile
properties with grain direction,

The other four alloys tested are more difficuit to evaluate since tests were performed
at -423°F only. The titanium 5Al-2,58n (ELI) had a yield strength of about 210 ksi and
an ultimate strength of 238 ksi st -423°F (Table V). Good elongation (more than 13
porcent) and notch-unnotch ratio (0. 91 minimum) suggest a fairly tough materizl at
this test temperature.

Although both ultimate and yield strength of the titanium 6A 1-4V (ELY) were higher than
the other titanium alloy (Table VI), the notch tensile sirength was significantly lower,
resulting in an unsatisfactory actch~unnotch ratio in both grain directions (0. 75 - 0. 77).
Very low elongation at -423° F strengthens the contention that this alloy is brittle at
that temperature.

The two aluminum alloys tested in the 0. 125-inch thickness were 2219-T81 (Table VII)
and 7039-T64 (Table VIII).

The 2219 alloy wae stronger than the 7039 at -423°F. The longitudinal ultimate tensile
strength was sbout 5 percent less than the transverse strength, but yield strength,
longuiion, and notch strength were about the same. It follows that the notch-unnotch
ratio (0. 81) of the loagitudinal material was higher than the corresponding value of the
transverse material. Again the elongation remained good (10 to 15 percent).
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In simi!"r manner, the longitudinal grain direction of the 7039-T64 was slightly weaker
than the transverse, Fer this material, the yi:ld strength and notch strength were also
slightly higher for the transverse directi~  However, the notci- unnotch ratio for the
longitudinal direction was higher /., 81 versus 0, 88) due to the larger differences in
ultimate strengths. Again, the eicngation was a good 10 to 11 percent, i

This material appears to be slightly wearer and slightly more tough than the 7639-T6
reported by Christian, Yang, and Witzell (Reference 8),

2, FRACTURE MECHANICS, One of the basic objectives of this program was to
determine if both Ky, and K, could be obtained from a single test specimen. At first
glance, such a situation is impossible, since pure plane strain is a condition that ex-
cludes ail plane siress and vice versa, However, it is conceivable that a material
could be subject to pure plane strain as an initial condition, and then be acted upon by
external forces that would cause a mixed mode (plane stress and plane strain), As-
suming that & continually increasing load would cause 1 *distribution of stresses by
some reasonable phenomenon (such as orderly slow crack growth), it is then possible
{hat plane stress could exist. There is iittle doubt that such a situation is improbable.
Nevertheless, thin sheet materials are used quite frequently at cryogenic temperatures
in the aerospace indusiry, and fracture data are critically needed. Meeting the exact
requirements of v rious agencies (References 3, 5, and 9) is difficult in some cases
and impossible in others. For example, if the recent criteria of Brown and Srawley
(Reference 4) were used, the thicknesses shown below would be required for K, test
specimens.

For purpeses of discussion, consider the results of this program with respect to the
formula:

For the alloys in this program at ~423°F:

j / 2
K }\In Ie
YIELD STRENGTH Ie - e B

(ksi) (ksi Vin.) 0ys \Uys (in.)
Titanium 5A1-2,58n 210 82 0.29 0.087 0.22
Titanium 6Al-4V 246 55 0.223 0.050 0,125
INCO 718 207 95 0.46 0,212 0.53
2021 Aluminum 73.8 36 0.487 0.237 0.59
2219 Alumir:m 67.2 37.2 0.552 G.305 0.76

7039 Aluminum 64.4 31.6 0.49 0.24 0.60
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The values shown were selected in such a manner as to provide a minimum vaiue of the
thickness (B). Even so, no material in this program approaches being accentable ac-
cording to these criteria. [t is conceivable that it would be possible to test the titanium
6A1-4V ELI in 1/8-inch-thick material, but all the rest of the alloys would not qualify
as sheet material, even if such thicknesses were useful in cryogenic pressure vessels.,

In a recently published article (Reference 10) Brown and Srawlzy ! wve added the require-
ment that the final crack length must also be greater than the thickness as calculated
with the preceding equation, They have also suggested a method of determination of the
load that is used for calculation of KIc that is cumbersome, but is systematic a. ! seems
consisient.

The letermination of pop-in for the present program was derived by observation of the
continuous load-deflection curve (see Figure 18), The criieria used were:

Determine if there is a definite iog in the load-deflection curve, Use the ioad value
correspending to this pop-in for calculation of plane strain fracture roughness. Ii the
jog is substantially below the preportional limit, it is probably a false indication and
the propor..-nal limit .hould be used,

If there is no distinct pop-in, use the proportional limit for the plane strain fracture
toughness calculation,

The vast m: !ority of cases wiil be covered by these critorta. However, there are
several other situations which can occur, All of these require scme degree of engineer-
ing judgement, Infrequently, a load-deflection curve will be linear until failure occurs,
in which case the ultimate load mwust be used. Occasionallv, the proportional limit will
be ill defined. In this case it is convenient to usc an arbitrary offset line that is paraliei
to the lower portion of the curve or to use the secant method proposed by Brown and
Srawley. In this nragram, enginesring judsemeont was nsed to identify the nroportional
limit. Critical crack length was determined by measurement of the fractured surface
after failure,

b4

A few curves will deviate to both the left and right of the linear portion, making selection
of pop-in or proportional limit extremely difficult. In these cases, it ‘s prudent to ex~-
amine the instrumentation for malfunctions and the fractured specimen for unusual frac-
ture modes. After such examinations are exhausted without significant discoveries, it

is necessary to evaluate the specific load-deflection curves with respect to other speci-
mens of the same alloy tested under identical conditions. If such evaluation is fruitless,
the test should be discarded.

a. Center Notched 'ests. The [racture toughness of all alloys was examined
using ce.ter notched (machine cut and fatigue pre-cracked) tensile specimens. Five
each, iongitudinal and transverse grain directions, were tested at -423° F for all -
alloys., In addition, five longitu’inal and five transverse tests each were performed on

et B s e e e
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INCO 718 alloy at room temperature, ~110°F, and -320°F, Three iongitudinal and
three \ransverse exch of X2021 aluminum alloy spe~imens were tested at room temper-
ature, - 11C°F, and -320°F for ourposes of providing comparable values for the AFML
testing program, As in the mechanical prererties portion of ti:is program, the cther
four uiloys were tested at -423°F only.

Center notched data for INLCO 7. 4 are shown in Table IX. In some cases, center notched
specimens failed through the loading pin hole {rather than through the center notch). In
these tests, Ky, was calculated but Kc was not, since no critical crack length was
obtained,

since the calculated Ky, and Kc are hoth shown in a single table, some care must be
used in selection of data. For example, the original crack length (including fatigue
crack extension) is shown under the column designated '"2a,'" while the final critical
crack length is '"2a,,," The pop-~in load is designated as "Pp" and stresses associated
with this load contain the subscript ''p.'"" The load at critical crack length is designated
"P'" but the gross stress and net fracture stress ccgrresponding to this load are og and
oy respectively, The column headings Kk'; and Kc represent the uncovrrecied piane
strain and plane stress respectively. Plastic zone corrections are ay and 8,1 for
plane strain and plane stress, respectively. Finally, corrected plan~ strain fracture
toughness ie designated KIc and corrected plane stress fracture toughness is Kc. [Re-
fer to Section V for discussion of caiculations, )

In all cases, the net stress at fracture for the INCO 718 center notch specimens ex-
ceeds the yleld strength of the material. This would suggest that the specimen width
i= too small and that the KC values are not valid. However, in all cases, the net
stress at pop-in is significantly less than yield strength, which suggests valid plane
strain frad‘re toughness data. For both plane stress and plane strain, however, the
fracture toughness increases continuously with ¢ decrease in temperature. In fact,
the percentage increase in fracture toughness from room temperature to -423°F is
about the same for K, and Ky, (Figures 19 and 20). (Notice that the curves fo~ frac-
ture toughness indicate the range of data voints by horizontal uars svperimposed on
the average value curve,)

Test results indicate a large rar~~ of data /«catter) for INCO 718 at several test tem-
perature points, The fact that the Kc values are not theoretically valid for the 3-inch-
wide specimen was not unexpected for the INCO 718 material, Test results ag reported
previously (Reference 8) indicated that K values were not considered valid in a 4~
inch-wide specimen tested at room temperature, -320°F, and -423°F, In that study,

the net fracture stresses were somewhat lower for all test temperatures than the cur-
rent studies, However, in all cases, the gross stresses for the 3-inch spccimens tested
in the current program were ivwer than those reported for the 4-inch specimens in the
prior program, Uncorrected K(': values were similar for tne two programs,
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It appears that a 3-inch-wide specimen is not wide enough for acceptable piane stress
fruacture toughness values, From a net strengih to yield strengih rerationship, how-
ever, (L appears that acceptable plane strain fracture toughness data can be outained
from such a specimen, (Note that only four longitudinal specimens were tested at
-423°F, Two other specimens failed through the pin holes during fatigue crack
extension, )

The muximum net fracture stress for X2021-7"8 E31 ranges from 82 to 102 percent of
vield strength (avcorage values) for the same size specimen. This ratic increases con-
tinuously from room temperature to -423° F ""able X), At the same time, all other
values (net and gross stress, K.) increase a3 the temperature decreases, A fairly
large amount of scatter in K, was observed at -110°F for .nis material due to differ-
ences in the maximum load (Figure 21). (It should be remembered thit only three
specimens were tested at eacl test teruperature — and grain direction — except at
-423°F where five specimens — each — were tested.) (See Figure 22,

Again, as in the case of INCO 718, the net stress al pep-in is weil below the yield
strength of the material. At -423°F, the transverse K, is greater than the longitudinal
due tn large critical crack length. However the Ky, vaiues are reversed at this tem-
perature. Agzin the datu s “tter is fairly large and since only three specimens were
tested at most temperatures, it is risky to make use of average values,

Scatter in fracture data is no* uncommon. In the round robin testing performed for the
ASTM and reported by Yeyer iReference 3), various laboraiories reported scatte, in
notched strength (both edge notched and center notched tests) that frequently exceeded
25 percent. In view of such widespread scatter, the data presented .2 thi- program
appear to be hetter than the majority of the data obtalned in the ASTM program.,

As in the tensile tetine nragram  the -act of the Lluys were tested at -4237 F only,
which made «valuation gu-te difficult, Nevertheless, it is pousible to consider the re-
lative merit. of plane stress and plane strain for each alloy at one temperature,

As in the clicr alloys, the net fracture stress of the 2219-T+ | aluminum was greater
than the yvicld strength at -423° F (Table X1). Again, the net stress at pop-in 'vas below
the yield strength of the muterial, Eitman and Rawe of Douglas report »fane stress

ay

{fracture toughness for 2219-T&7 aluminum alloy @ransverse) 0, 063-inch-thick, 16~
about 42 ksi. At the same time, th: gross stress reporied (26 ksi) wag alsn» somewhat
iuss than the gross stress ohserved in the 3-inch-wide specimens of the current pro-
gram, Others Meference ~) veport uncorrected K. values of 65 ksi vin, for 0.063-
inch sheet at -424 F,

The corrected Ko values average hetween 50 and 55 ksi Vin. with about 1 J0-percent
scatter. [t should be noted here that one each longitudinal and transverse specimens

(o, 31.C-14 and 8TC) are designated as calibration specimens, These tests (and

b
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others for the titanium and 7639 zluminum alloys) were handled somewhat differently
with regard to center notch preparation, The calibration specimens were not fatigue
cracked prior to test. Instead, the electrical discharge notch was cut to a shorter
original length. A given static load was applied to the specimen and a load-leflection
trace was obtained. The zpecimen was then removed from the test machine and the
notch le—~gth was increased by electrical discharge machining., The specimen was re-
turned to the test machine, the previous lead was applied, and a new load-defiection
curve was obwained. This procedure was repeated until three curves were chtained,
At that point, the machine notch was extended one more time and the specimen was
tested to failure as in the other center notched tests, Consequently, four curves were
obtained that reflected compliance variation with notct length. In most cases, the
final Ky, and K, values chtained from the machine notched specimens are greater than
those cobtained from the fatigue crack extended specimens. It must be concluded that
machine notching provides an artificially high fraciure toughness value and either: 1)
should be discarded, or 2) Ky, should be modified downward to avoid unconservative
answers.

Furthermore, at -423°F such a calibration is no simple task. At least one test to fail-
ure must be performed prior to calibrating in order to establish a suitable load. If the
selected load is too low, the output of the compliance gage will be so small that large
errors are highly prnbable. If the load is too large, premature crack extension or
even failure can resuit.

Prior to embarking on the iracture mechanics testing in this program, Convair division

made a number of pilot tests on similar materials (same alloys but different heats and/or

thicknesses) to study the calibration problem. In order to overcome the problem of
comparing a machine notched ralibration curve to a fatigue cracked static specimen, a
slightly different technique was used. Center notched (and several SEN) specimens were
preparea with a short electrical discharge machined notch that was extended by fatigue
cracking, At this point, the regular calibration technique was fuilowed except that sub-
sequent crack enlargement was performed by fatigue cycling (at rcom temperature)
instead of machine notching, 'The results were quite erratic. The compliance of a
fatigue cracked specimen was less than for a machine notched specimen, resulting in

a difficalt measurement problem. Frequently it appeared that the compliance with a
larger crack length was less than the shorter crack length (but not consistently so).
Two possible explanations for this anomaly are: 1) the noise in the instrumcntation ex-
ceeded the output due to compliance, and 2) the material changed due to fatigue cycling.
Another difficulty resulted from the problems associated with detection and characteri-
zation of the fatigue crack itself, It was not possible to be absolutely sure of the visu-~
ally detected crack length until after fracture of the specimen. Even then, only the
final fatigue growth could be determined with accuracy. Electron microscopy was

used to evaluate the fatigue growth with some success, but determination of sequential
crack lengths was impossible, (Typical electron fractographs are shown in Appendix

1T of this report.)




Although this experiment was not totally successful, the possibility of adequate fatigue i
crack growth calibration should not be abandoned. The machine nctch calibration
technique is incompatible with fatigue cx- 2k extended specimers. Subsequent to
these vxperiments, Convair division has achieved some success with determination
of crack lengths utilizing sophisticated nondestructive testing equipment. This
technique is expensive and time consuming but does offer a glimmer of hope for the
future,

The net fracture stress of the 7038-T64 alvziinum alloy exceeded the yield strength of
the material in virtually ail tests (Table XI). As in all other materials tested, the nst
stress at pop-in was well below the yield strength of the material at -423°F. Again the
calibration test specimens (3LC-04, 3TC-03) provided signiticantly higher plane strain
fracture toughne ss values although the K, values wer~ somewhat lower than the average.

The plane strain fracture toughness values are in general agreement with D'Annessa
(Reference 11) who tested 7038-T¢€, 0.160~inch plate at liquid helium temperature,

Others have reported values of less than 50 ksi vin. (uncorrected for plastic zone) at
-423°F (Reference 8), using a 4~inch-wide center notched specimen., The same report
showed that Kc increases with an increase in 3pecimel_1 width up to 18 inches at room
temperafure. If these data may be extrapolated to ~423°F, the 3-inch-wide specimen
should show a lower .Kc. Siu.ze it did not, it appeafs that the T64 temper is tougher
than T6.

The two titanium alloys were the only materials tested in the center notched program
whose net fracture stresses were significantly below yield strength at -423°F (Table
X1), Nevertheless, the calibra‘ion test specimens provided higher fracture tough-
ness valueg than the other specimens in the groups, The Ti 5A1-2. 58n (ELI) material
shows higher Kc and KIc values than does the Ti 6A1-4V (ELI) at this test temperature.

Eitman and Rawe report comparable K, values (from 89 to 102 ksi Vin.) for 0.020-
inch~thick, 16-inch-wide Ti 5A1-2.58n (ELI) sheet at ~-423°F,

b. Single Edge Notch (SEN) Tests. SEN tests were performed at the same test
temperatures as were the center notched and mechanical properties tests as follows:

(1) INCO 718 (aged), Room temperature, -110°F, -320°F, -428° F. Five each,
lvmgitudinal and transverse at each temperature.

(2) 32021-T8 E31 Aluminum Alloy. Room temperature, -110°F, -320°F, -423°F,
Three each longitudinal and transverse at each temperature.

(3) All Other Aiioys. -423°F only. Five each longitudinal and transverse at one
temperature.
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The tesi technique and determination of pop-in were identical to the center notched pro-
tram except that plane strain fracture toughness only was obtained. As before, gross
stress and ust stress were calculated at pop-in, prior tc determingtion of Kie ’ (Tables
X1 to X1V). A plastic zone correction was calculated and was used te obtain a correc-
tad plare sirain fracture toughness, Kj,. (vile«s stated otherwise, the term "plane
gtrain fraviure toughness" will refer to Ky..)

For INCO 718 {aged) as for all other allovs tested, the net stress at pop-in was sub-
stantialiy below the yield strength of the material (e.g., at -423°F, a longitudiral net
stress of 108 ksi compared to the yield strength of 208 ksi) at all ‘st temperatures.
Generaliy, UN'K 0. 50ys for virtually all tests.

Load~deflection traces for the INCO 718 (aged) were the most erratic of all curves
obtained under this program. In fact, the plane strain fracture itvizhness of this ma-
terial showed so much scatter at -423° F (range of 116 to 143 ksi \/in., compared to the
CN averaze of 154) that two extra specimens were tested to verify the other results.
The results of all seven tests are shown in Table XII.

Nevertheless, the variation of plane strain fracture toughness with temperature is in

agreement with the trend demonstrated by the center notched tests; the fracture tough-
ness of INCO 718 (aged) increases with a decrease in temperature. Again, the scatter
should be noted (Figure 23). Longitudinal Ky, varies from 125 at -423°F to 77 at 75°F.

The X2021~-T8 E31 aluminum alloy shows the same sort of trends noted in the INCO 718,
except that scstter was somewhat more favorable (Table XIIT), Again, the unmi.takable
trend is that the plane strain fracture toughness of this material increases with a de-
crease in temperature (Figurc 24), The net stress at pop-in was slightly less than 50
percent of yield stress for all test temperatures,

Plane strain fracture toughness values obtained for the 2219 and 7032 aluminum alloys
are quite similar (Table XIV). Hcwwever, evaluation of the 7039 load-deflection curves
was somewhat more difficult than eviluation of the 2219 curves. Net siresses and
gross stressus of these two aluminum alloys also show marked similarity at -423°F.

The net stress al pop-in for both of the titanium alloys is less than 30 percent of the
yield strength at -423°F (Table XIV). However the net stress, gross stress, and plane
strain fraciure toughness of the Ti 5A1-2.5 (ELI) are higher than the correspondir
values of the Ti 6Al~4V (ELI). Despite this difference, there is nothing to indicate
that the Ti 8AI-4V (ELI) is brittle at -423° F, despite the fact that poor notch-unnotch
tensile ratios were obaserved during mechanical! properties tests.

Tiffany (Reflerence 12) reports slightly lower values (45 to 58 ksi vIn.) for Ti 5A1-2.58n
(ELI) in center notched sheet specimens, 0. 188-inch thick by 14 inches wide.
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Table XIV
Plane Strain (Kqo) Fraciure Toughness for Single Edge

Notch (SEN) Specimens at -423°F

Thick- Pop-in Yield Gross Net Corrected
8pecimen  Test ness, B Width a3  Losd, P Strength, Oys Ktc' Stress, 0, Stress.o 2 Kye
Number Direction  (in.) {n.) (in.) *) (ksi; s Jin.) tksi) (kst) (in.) (ksi Jin.)
221%-T81 Aluminum Alloy
$L21 Long. 0.1227 0.480 6.200 1.i52 87.40 33. 80 19.i6 32.37% 0.2133 37.11
9L18 Long. 0.1227 0.480 0.180 1.170 67,40 33.215 19, -7 32, 88 0. 2029 36. 47
8101 Long. 0.1226 0.560 0.216 .15 67. 4 3. 08 i8. -4 31. 45 0.2234 37.08
9103 laong, 0 1224 0.506 0.190 i.180 67.40 31.08 i9. .8 31 0 .ol 33. 7
sl POV e Wt R BLE T (oaw 6. a0 1. 57 30, 94 0,212 34.97
8T8 Trans. 0.1222 0.590 0.240 0.81¢ €7.20 29.97 13.26 25. 49 0,2508 31.99
9T20 Trans, 0.1222 0.48¢ 0,200 1.258 87.20 38,57 21.45 36,77 0.2175 43.59
8Tiq Trans, 01221 0.480 0,180 1.350 37.20 34.62 22,32 3.7 0,194l 38. 45
9T Trans 0.1220 0,500 0,370 1.3%2 67.20 31, ¢ =2.33 33,83 0,1813 33.78
2Tl Trans, 0.1226 0.5060 ©.2i10 1.140 67,20 34.53 18. 60 32,06 0.2240 37.94
7037-T64 Aluminuza Alloy
3L07 Long. 0.1213 0.48C 0,200 1,068 62,20 32.99 18,34 1. 46 0.2149 .63
L6 long. P23 v .86 8,186 1,121 $2.20 28,77 12,88 28, B4 0.1913 31.29
KK Long. 6.1312 0.500 0.180 1,201 62.206 31.95 19. 82 3.9 0.2040 35,30
31.2¢4 Long. 6.1212 0,48 0,180 1.130 &~ 7o 32,48 19. 42 3L 1S 0.2045 38. 66
3Los Long. 90,1212 0.480 0.200 1.214 62,20 37.53 20,87 35.77 0.2193 42.94
ITOS PRt T 0.12tz 0.500 3.210 1.100 64,40 33.70 18,15 31. 30 0.2245 37.18
T4 Traas. 0.1215 9.500 0,200 1,020 64. 30 22,08 16.79 27,98 0,2108 31,38
aror Trans. 0.1213 0.490 0,220 0,840 64.49 28,61 14,13 35,685 0,2306 30.68
aT17 Trang, 0.1214 0. 490 0.200 0,999 64, &0 29,62 18,79 28,38 0.2112 32,05
3T10 Trans, 21214 0.5 6,100 1,908 64, 40 25.30 31,40 39.25 0. 1082 26.98
Titantum 5 Al-Z, 580 {EL])
5L01 Long, 0.9592 0.5i0 0.210 0,982 213,90 58.07 31,86 54.17 0.2139 7 %4
5L09 Long. 0.05891 C.482 0.210 1,020 213.0 65,66 35.22 61.64 0,2152 €9.08
SL11 Long. 0.0583 0.480 0.200 0,850 213.0 80,02 33.38 $7,22 0. 2042 i, v8
sL1S tong. 04520 0,480 0.200 1.00 213.0 63,50 38.31 »0.8 0,20+ [N 1.}
§L.2L Long. 0.0592 0.482 0, 190 1. 08¢ 213.0 $2.37 NN 61.74 0. 1948 84. 40
5103 Trans, 0.0642 (. 500 0,200 1.070 210, 0 57.73 33.3) 55,58 0. 204 59,38
§T10 Trans, 0.0642 0.500 0,200 1.180 216.0 82.58 .14 40,23 0. 1047 64,69
CsTIZ Trans, 9.0657 0,500 0.300 1.080 210,0 §7.11 32.98 34,98 0,200 AR §
3T Trans, 0.u554 0.500 C 230 1,038 210, 0 63.06 N 56.68 0.2248 43,09
8T22 Trans, 00547 0.490 0.200 (.08 2.0 60. 88 3438 58,09 0. 2044 §2.59
THasivm SAL-4V (ELI)
4108 Long. 0.0622 0.477 0,200 0.92% 24.0 33.37 30.28 s ¢, 203 54,33
sLio long. 0. 0832 0,500 0,150 0,958 248.0 .11 30.32 Q.1 0,181 %4
JLi2 Long. 0.0635 0.300 0.200 0.980 24.0 5).82 29,92 9.0 0, 202 82.¢9
8134 Laoag. 0.0828 0.500 0,200 0,940 28.0 83.12 30.87 81,13 o, 202 54.08
5125 LA, 0.0879 0,500 0.30¢ (.92 244.90 56.22 9. 06 4,33 3. 202 81.0)
4T21 Trans, G.0814 0,000 0,200 0,938 148.0 52.148 30. 1) 50. 21 0, 02 $3.04¢
T8 Trans, 0.0642 0.3500 0,200 .99 24,0 LA 30, 87 51. & Q202 $4. 34
T Trans. 0.0822 0,490 0.190 o ¥} 349.0 51,40 3.0 52. 14 0,197 533.3¢0
[ 3y &] Trane, 0.0818 0,500 0,200 0.0 4.0 51.%8 ».17 49,82 0. 102 3.0
aTO0® Trane, 00811 0.500 0.210 9,987 0. 57.98 31.23 53,4 0. 213 ST ]
Ic

Note: Al K

values showit in this tadle were obtawned from nonstandard ASTM specimens,
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3. COMPARISON OF SPECIMEN CONFIGURATIONS FOR CBTAINING PLANE STRAIN

FRACTURE TOUGHNESS. Some attempt has been made to relate plane strain to planz

stress by Irwin and others. In addition, Hahn and Resenfieid {(Reference 13) have suc-
cessfully related Ky, with tensile properties for various materials at room temperature,
utilizing the strain hardening exponent. (Strain hardening exponents were not obtained

in the precent program,)

The values in this program should permit comparisen of Ky, values as obtained by
SEN and CN specimens, although the specimen configurations probably violate scvera?
recommendations.

In all cases the average co.. “oted Ky, obtained through use of CiN teste was signifi-
cantly higher than those obtained in the SEN tests. Since the plane strain fracture
toughness is a lower limiting value of crack intensity factor, X1 it would appear that
the SEN specimens are more likely to be true values. In some cases there was an over-
lap ir the range of data at a particular temperature. (¥or example, the CN and SEN
results at -423° F for X2021 show several similar results.)

On the other hand, the differences in Kj. between the two test specimens for INCO 718
woue consistently high, ranging from 29 to 46 percent. The closest agreement was for
the 2021 alloy at -423°F, where the average values were 14 and 10 percent higher for
CN than SEN tests (longitudinal and iransverse respectively). It is conceivable that the
results at other test temperatures could have had better agreement for the X2021 alumi-
num if more than three replicate tests were run,

Some suggest that the most valid data come from tests where the ¢ /Uys ratio is
smallest, In this program, the lowest (.y fas) net fracture stressyyleld stress ratios
were fc. the two titanium alloys at -423°F, Differences in Ky, for these materials
ranged from 15 to 24 percert. However, at -423°F, the net fracture stress was ap-
proximarely equal to the yield stress for the 2021 aluminum (CN tests), yet the differ-
ences in Ky, were 14 and 10 peYeent for the Iongitudinal and transverse grain directions.
Arvarently UN/O' ratios have no direct relationship te the accuracy of the Ky, values.

ys




SECTION VI

CONCLUSICNS

The overall obiective of this program was tc obtain comparative fracture data for six
sheet alioys for usage at cryogenic temperatures, Tensile and noiched tensile proper-
ties, as well as plane stress and plane strain properties were obtained for the follow-
ing alloys at ~423° F:

Titaniwn 5A1-2,58n (ELI)
Titanium 6AI-4V (ELs)
INCO 718 (Aged}
X2021-T8 E31 Aluminum
2219-T81 Aluminurm
7039-T64 Aluminum

In addition, strength and fracture properties were chiained for INCO 718 and X2021
aluminum &t room temperature, -110° F, and -320° F.

Sufficient tensile, notched tensile, center notched, and single edge noiched specimens
have been forwarded to the Air Force Materials Laboratory to permit testing of five of
the alloys (all except INCO 718} at room temperature, -110° F, and -320°F, In addition,
two calibrated strain gaged compliance gages were also sent to the AFMI. to aid in
fracture testing.

1. As expected, the ultimaie tensile strength, yield strength, and notched strength of
INCO 718 (aged) inc.eased with decreasing temperature. The same general trend
continued for fracture properties, including net fracture stress, plane stress, and
plane strain fracture toughness for both types of specimens used, The notch~
unnotch ratio of the material dropped to slightly below unity at -423°F.,

2. The new X2021-T8 E31 aiuminum alloy alsc showed increased properties with a
decrease in temperature, The notch-unrotch tensile ratio (K; = 6.3) was just less
than unity at all test temperatures., The elongation and all fracture properties also
increased with a decrease in temperature. This material appears to be a promising
alloy for use in cryogenic applications.

3. Except for the titanium alloys, the 3-inch-wide center notched specimens provide
net fracture stresses that exceed 80 percent of yield strength for the two thicknesses
tested (B = 0,063, 0.125),

4. The net stress at pop-in was well below yield strengih for all alloys and tempex -
atures tested in this program.,




Cre

In all cases in this program. the average Ky, (corrected for plastic zone) was
significantly larger when obtained from the center notched spacimens as opposed
to those obtained by use of the single notched specimen,

Reasonable load-deflection curves can be obtained from 1/2-inch-wide single edge
notched (SEN) specimens at -423° F. While determination of pop-in ie not simple,
it appears that reasonable results can be obtained by careful experimentation,
providing that suitable compliance gagaa are available,

Determination of pop-in requires use of engineering judgment even if a graphic
meathod is utilized. The so called tangent or secant methods are practical, ai-
though some judgment is still required.
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SECTION VIII
RECOMMENDATIONS

It is suggested that the secant method of determination of the pop-in value for K,
as suggested by Brown and Srawley be {ried for the remainder of the tests to be

performed by the AFML, In addition, the methods used in this program should be
used for a direct comparison.

If the calibraticn method of determining Kic s to be continued, it would be wise to
work out a precise technique utilizing nondestructive test methods for determination

and characterization of fatigue crack extension prior te applying the calibration
loads.

In view of ihe number of public itions appearing recently suggesting various techni-
ques and relationshipe of fracture toughness, it seems prudent to search, record,
analyze, and disseminate information on all recent literature. Aithough some
agencies have published documents ~ontaining data, little work has been done in

the area of analysis of existing dsta or substantiation of existing theories or
techniqres,
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APPENDIX 1

. CALIBRATION OF CENTER NOTCHED SPECIMENS

An attempt was made to calibrate some of the center notched specimens at -423°F in
the manner of Boyle (Reference !4). This technigue was conducted as follows: '

1, A machine notch 0.77 inch long was cut in the tensile specimeun,

2, With the conpliance gage installed, the specimen was loaded to a given load, less
than the fracture load.

. The specimen was unloaded and the notch was extended to 1.00 inch.

« Stap 2 was repeated,

. Step 2 was repeated.

3
4
5. Again, the specimen notch was extended, this time to 1.25 inches.
6
7. Finally, the notch was extended to 1.45 inches.

8

. With the compliance gage installed, the specimen was loaded to failure.

Using the {our load-exteasion curves obtained from the previous technique, a plot was -
made as follows: ’

1. Determine 1‘-;3 for each notch length,

Ev
2. —_—
Calculate oW

where a = one-half the notch lengih o
W = specimen width
O = gross siress at the given load

v = extension ai the glven load

ra Ev
3. Plot W 'xgainsta-\v

This procedure differs from Boyle's in that the total extension of thém’;mp}i‘imcégtga is

. used (at the preselected load)., Boyle used one-half of the deflection of #n éxter:someter
over 8 2+inch gage length. The corapliance gage in the present program had & gage length
of about 1/4-inch. There were two reasons for using the entire output of the compliance S
gage, namely 1) to obtain as much deflection as possible in order to more nearly dupli-
cate Boyle's work, and 2) to minimize errors due to slight v..iations in loostion of thie
small gage. Since this is a calibration to be used for other taeta, the actusl length iz A

7




Y
not critical as long as the tests and the calibraticn are conducted under the same
conditions,
The data for two materials (2021-T8 E31 aluminum and Ti 5A1-2.58n) along with a
generalized curve are shown in Figure 25. This curve has a slightly gieater slope than
does the curve of Boyle.
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APPENDIX IT
FRACTOGRAPHY

INTRODUCTION, Each of the six alloys tested in this program was examined under
light and electron microscopes. Fracture surfaces of the alloys were replicated and

rhotegraphed under the electron microscops.

A failure in the loading pin hole area of anINCO 718 center cracked specimen prompted
an examination of the leading edge of the crack. Under 2 light microscope it was de-
termined that the lead g edge of the crack was actuslly two cracks forking away from
the original sing.e crack. It was noted that the net stress at the failure of the grip of
the specimen exceeded the net fracture stress of virtually all of the other similar speci-
mens, It appears that when {iis crack splits into two cracks, the stresses at the tip of
crack redistribute themselves, lowering the local stress concentration factor. As a
consequ-1ce the ultimate gross stress is increased.

ZLECTRON MICROSCOTr'Y, Fractured surfaces were examined in several areas of
intcrest, namely: 1) fatigue cracked area, 2) static cracked area, and 3) the transition
between the fatigue and static crack. The INCO 718 nickel alloy and 2021 aluminum
alloy fractures were examined for each test temperature. Fractures at -423° F were
examined for all other alloys.

Electron iractographs for the 2021 alloy were similar for each of the test temperatures,
Each of the three areas (fatigue, transition, static crack) is shown for room temper-
ature tests in Figure 4€. Fatigue crack growth is readily detected in the paraliel
striations in the photographs. As usual, fatigue planes bend toward discontinuities and
are not necessarily parallel from arcn to area. The traasition zone is quite clear,

with striations stopping abruptly and dimplcs appearing shortly thereafter. The static
crack area {s normal, showing a somewhat ductiie dimple pattern throughout.

Examination of the 2219-T81 aluminum alloy was made for tests parformed at ~423° F
only. The results (Figure 27) show the same kind of patterns in the static cracked
area but with much finer fatigue striztions than were detected in the 2021 alloy. Since
striations “or the X2021 were consistent for different temperatirms, there should be 1o
temperature effect for this class of alloys. This characteristic should be examined
more carefully after other tests are performed by the AFML.

Fractographs for the 70639-T64 aluminum alloy (not shown) are very similar to those
for the 2021 material.

Titanium 6Al-4V (ELI) was also examined for tests performed at -423° F (Figure 28),
Again, the static crack portion {s normal and predictable. In this case, however, the
fatigue striations are quite wide (cozrse) and s mewhat random in direction. Never-
theless, the transition zone is easily detectable,
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The fractured surfaces obtained from Titanium 5A1-2.5Sn (ELI) specimens (Figure

29) tested at -423°F are very similar to those of the T1 6A1-4V alloy except that the
fatigue striations are more orderly and finer.

As In the 2021 series, the fractured surfaces of the INCO 718 were similar for each

test temperature. Fractographs for the material test at -423°F, shown in Figura 30,
again show normal fatigue striations and static fractured surfaces.
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