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By Thomas J. Dolan
SUMMARY
Laboratory tests were made to obtain information on

the load-resisting properties of X765-T aluminum alloy
when subjected to static, 1mpact and repeated loads.

Results are presented from static-~ 1oad tests of unnotched
specimens in tension and in torsion and of notched speci-

mens in tension., Charpy impact values obtained from bend

tests on notched specimens and tension impact values for
both notched and unnotched specimens tested at scveral
differcnt tcmporatures are includcd., The cndurance lime
its obtaincd from rcpeatcd bending fatiguc tests made

on thrce differcnt types of testing machinc arc given for
unnotched polished specimens, and the endurance limits of
notched specimens subjected to six different ranges of
bending stress are also reported.

The results indicated that: (a) polished rectangular
specimens had an endurance limit about 30 percent less than
that obtained for round specimens; (b) a comparison of en=-
durance limits obtained from tests on three different types
of machine indicated that there was no apparent effect of
speed of testing on the endurance limit for the range of
speeds used (1,750 to 13,000 rpm); (c) the fatigue strength
(endurance llﬂlt) of the X76S-T alloy was greatly decreased
by the pregsence of a notch in thc specimens; (a) no com-
plete fractures of the entire specimens occurred in notched
fatigue specimens when subjected to stress cycles for which
the mean stress at the notch during the cycle was a com-—
pressive stress; for this test condition a microscopic
cracking occurred near the root of the notch and was used
as a criterion of failure of the specimen; (e) as the mean
stress at the notch was decreased from a tensile (+) stress
to a compressive (-) stress, it was found that the alter-
nating stress that could be superimposcd on the mean stress
in: the cyele without causing failure of the specimens was
inereased.
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INTRODUCTION

Although the fatigue strengths of most of the common-
ly used wrought aluminum alloys as determined by labor-
atory tests of polished specimens are fairly well known,
little information seems to be available on the relative
notch sensitivity of these alloys, especially for condi-
tions in which the stresses do not occur in completely re-
versed cycles, For applications of aluminum alloys in
service in a member such as a propeller blade, small
notches are often produced in the polished surface of the
blade by stones being thrown up in the backwash of the
propeller during a take-off or when taxying on the field.
These notches act as very damaging stress raisers in the
member.,

The observed stresses in airplane propeller blades
have been found to vary over wide ranges in different
portions of the blade but usually are stresses of the type
that might be represented by a completely reversed alter-
nating stress superimposed on a steady stress in which the
steady stress is usually a tensile stress that may be ei-
ther larger or smaller than the maximum magnitude of the
superinposed alternating stress. EHowever, in some cases
the significant stresses in a member may occur at a sec-—
tion for which the mean stress in the cycle is a compres-
sive stressy hence, for design purposes, it 1s necessary
to know what maximum alternating stresses may be superin-
posed on either tensile or compressive mean stresses of
various magnitudes without causing failure of the notched
member .,

The main purpose of the tests herein reported was to
determine the flexural fatigue strengths of notched speci-
mens of an aluminum alloy, designated X76S-T, when subject-
ed to six different ranges of stress in ordinary labora-
tory fatigue tests and to compare these values with the
fatigue strengths of polished (unnotched) specimens with-
out abrupt change in section. The alloy X76S-T was thought
to be well adapted for use in airplane propeller blades.
For more complete information on the other mechanical prop-
erties of this metal, tecsts werc also made to obtain the
ordinarily determincd static and impact properties. It
is planncd to cxtend the program of tests to include the
aluminum alloy 25S-T, which is also a highestrcength alloy
used for airplanecspropellcr. bladcs,
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The tosts horcin reported were made 1n cooperation
with the Hamilton Standard Propcller Division of United
Aircraft Corporation, which company procurcd the matcrial
for tcst and machined most of the specimens. Funds wore
supplicd by the National Advisory Committcc for Acronau-
ties to cover the cost of making the tests.

MATERIAL AND METHODS OF TESTING

Types of tecst.- Three types of test werc made on
X765-T aluminum alloy to determine the ordinary mechanical
properties of the material as well as the fatigue strengths.
These tests may be outlined as follows:

l. Static tests were made of notched and unnotched
tensile specimens and of unnotched torsion specimens to de-
termine the strength, the stiffness, and the ductility of
the metal, The term "unnotched" will be used throughout
this report to designate specimens without an abrupt change
of section in the portion under:test.

2¢  JImpact tests were made of notcked and unnotched
tonsilc specimens and of standard notched Charpy bending
impact specimens, at ordinary room tempcratures and at low
tempcraturcs, to give some indication of the relative notch
sensitivity of the material under suddcenly applicd loads.

3. ZRcpcatcd load (fatiguc) tcsts werc made in throee
types of testing machinc, namely: (a) High-speed rotat-
ing cantilever beam fatigue machines using (small) 0,140
inchmdiameter round specimens; (b) Xrouse rotating cantie-

"lever beam fatigue machines using specimens 0,26 inch in

diameter; and (c) Krouse flat-plate fatigue machines that
subjected both round and rectangular specimens to a vibra-
tory bending action without rotating the test piece. 3Both
notched and unnotched specimens were tested in the vibra-
tory bending and the Krouse cantilever bean fatigue ma-
chincs; whereas the high-speed rotating-beam machines have
been used only to determine the endurance limits of polished
specimens.

4, llgterial and test specimens.- The aluminum alloy
tested was originally dosignated -68 and is now sold as
X765-T, The chomical composition of this alloy is as fol-
lows:
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Percent
Copper 046
Zinec .6
Magnesiunm 1aB
Manganese RE
Titanium o
Iron 5
Silicon RO
Aluminun balance

All specimens tested were from the same heat of metal
that was reduced, by the latest methods of processing, to
bars 1 inch square, which were subsequently swaged in a
pair of swagling dies to 1 inch diameter round. The bars
were then given a solution and precipitation hardcnlng
heat treatment_-dby holding for 10 hours at 860 F, quenche-
ing in water, and aging for 12 hours at 275° 1

The details of the spoecimens used for the ordinary
static tensile ‘tests to determine the physical properties
of the unnotched spocimens arc shown in figurc 1(a), and
the type of notched specimen uscd in the static ton51le
test is shown in figuroc 1{(b). Three specimens of each of
these two types were tested in.an Amsler hydraulic univer-
sal testing machine having a capacity of 50,000 pounds.
Additional tests were also made on tensile specimens have
ing the same nominal diameter as tnat in figure 1(a) dut
having an over-all length of about 9% 1nches so that a 6=
inch gage length could be employed. The original bars.as
received were too short to allow the machining of a satis-
factory specimen of the more standard 8-inch gage length,
and it was deenmed desirable to test specimens with a
longer gage length to obtain a more accurate value for mod-
ulus of clasticity of the alloy.

In figure 1(c) is shown thc type of specimon uscd to
detormine the static torsional proporties of tho matori-
al. Tho tonsion impact spccimen shown in Figurc 2(a) was
polished with No. 00 cmery paper and the diamcter of the
spccimen ncar the center was roduccd about 0,005 inch loss
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than at the ends to insure breaking in the 2~inch gage
Longtiness

The notched tensilc impact specimen shown in figure
2(b) containcd a notch machined with a carefully ground
tool that was checcked for accuracy of shape by examining
in & letallurgical nmicroscope at 100X, This notchéd im-
pact specimen was geometrically similar to that of the
notched static tensile specimen in figure B0h e e
notched bending specimen uscd was the standard Charpy im-—
pact specimen of the dimensions shown in figure 2lel .

The types of specimen used in the rotating-beam fa-
tigue machines are shown in figurc 3 and thosc tecsted in
the vibratory bending fatigue machincs arc shown in fige
ure 4, The specimens without abrupt change of scction
(3(a), 3(b), 4(a), 4(b)} werc all polished longitudinally
with No, 00 cmery papcr and oil to remove tool marks and
circumferential scratches before testing. All these spec-
imens were polished by one man to assure uniformity in
the polishing operations. The notched specimens (3(e)
and 4(c) were cut with carefully ground tools to assure
uniformity in depth, angle of the V-notch, and radius at
the root of the notech on all specimens tested. Three
faces of the notched specimen in figure 4(c) were polished
longitudinally; the root of the notch anmil the face con-
taining the notch were left in the original machined con-
dibil onse

The nominal stress in all fatigue specimens was cal-
culated by using the ordinary flexure formula, s = Mc/I,
in which s is the flexural unit stress (1b/sq in.), H

is the bending moment at the critical test section Gines1b) ,

c .is half the depth of the specimen (Enel, and & 08 dho
moment of inertia of the net cross-sectional area (in.
For the specimens containing notches, the values of stress
given in this report are those at the root of the notch
computed by the foregoing formula using the valuecs of «
and I for the minimum cross-—-sectional area.

The tests of rotating-beam fatigue specimens were
made in. two Krouse, 120 inch-pound capacity, cantilever
machinecs of the type shown in figure 5, which were opcr-—
ated at 6000 rpm. Also cmployed werc thrce small high-
speed cantilever beam machincs of the type shown in fhie-
ure 6 that were run at 13,000 rpn.

The vibratory bending fatigue tests were nade in six
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Krouse flat~plate fatigue machines of the type shown in fig-
ure 7?7, In the operation of these machines the specimon is
clamped in tho vise V with the clamp C and the pin P
recmoved, Dcad weights required to produce the desired
stresscs are then suspended from the beam at P, and the

" deflections of the beam are read on the disl D.. The

clamp ©C and the pin P are them replaced; the eccentric
cam E is adjusted to give the dosired alternating part

of the loads and the visec is adjusted by moving vertical-
ly with the adjusting nuts N to produce thc required
superimposcd stcady part of the load., The final adjustment
is obtained and the motor is started after the maximum and
minimum readings of the dial D correspond to those ob-
tained by using dead weights. During a test this calibra=-
tion for stress was periodically repeated to prevent change
of stress due to wear or loosening of grips, but usually
only small adjustments were found necessary during the
progress of the tests.

RESULTS OF TESTS

Static tests.- Lower portions of the tensile stress-
strain curves for three unnotched specimens of X76S-T alu-
minum alloy are shown in figure 8, and a typical complecte
stress—strain diagram is shown in figure 9. The results
of these three static tensile tests on a 2-inch gage length
and thrce tests on a 6-inch gage length are tabulated in
table I, The tensile tests were carried out in accordance
with reference 1. It was at first suspected that perhaps
the exceptionally high ratio of yield strength to ultimate
strength (see last column of table I) may have been due %o
a cold working of the metal subsequent to the axiginal heat
treatment, However, several bars of the alloy were given
a heat treatment to remove any effects of cold working,
and the average results of several tensile tests on these
trocated bars gave valucs almost idcntical with thosc for
the specimens listed in table I. The heoat trcatment con-
sisted of hecating 4 hours at 600° F and cooling in the
farnacc, heating 10 honurs at 860° F, quonching in water,

7

and aging 12 hours at 260° F.

The average valuc of modulus of olasticity for all
tensilc specimens tested was about 9,700,000 pounds per
squarc inch, This valuc may bec somcwhat oo Jew, i howevor
since the 2~inch gage lengths usced on some of the speci~
mens are too short to obtain accurate 'rcsults. 4 morc ac-
curate valuc would pcrhaps bc obtaincd by using the aver-
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age value 9,790,000 pounds per square inch for the three
specimens tested on a 6-inch gage length.

The Brinell hardness of the X765-T alloy tested aver-
aged about 146 (using 500 kg load and 10 mm Dball). This
value is much higher than the hardness of the other pre-
cipitation hardening aluminum alloys, which usually range
fiziom ‘afbout 100 tier k30 in Brinell ‘hamdness.

The greater portions of the tensile stress—strain
curves for notched specimens are shown in figure 10, and
the results of these three individual tests are listed in
table II, A set of average values obtained from previous
tensile tests of notched specimens of a structural stecl
are shown in the last column of table II for comparison
with the wvalues obtained for X768-T alloy. It will bDe
noted that the relative ratios of strengths obtained for
cach material arc of approximately the same magnitude cx-
cept for the higher ratio of yicld strength to ultimate
strength exhibited by the aluminum alloy. The introduc-
tion of a notch in specimens of the aluminum alloy also
caused a much greater proportionate loss in percentage
elongation than did a notch (of sharper rqclus) in speci-
mens of structural steel.

tatic torsion tests were made of three solid speci-
mens (of the type shown in fig. 1(c)) and the lower por-
tions of the torque-angle of twist curves for these tests
are shown in figure 11. The instrument used in these
tests did not have sufficient travel to centinue readings
to relatively high anglcs of twist and therefore it was
impossible to determine the yicld strengths of thesc spce-
jmens for very large amounts of offscet. Hence the yield
strengths have been determined for 0.05 percent offset

and these values, together with the other commonly deter-
mined physical strength properties of the specimens tested
in torsion, arc listed in table III. For comparison with
thesc values the yicld strengths of the specimens tested
in static tension were also determined for 0,05 percoent
offsct as well as for the morce commonly uscd valuc of Os2
perccnt offset. It will be obscrved from the data shown
in tables I and III that this metal has very high yicld
strengths in comparison with its ultimatc tcnsile strongth
or torsional modulus of rupturc and that the numcrical
value of the ultimate tensile strength of this material is
somewhat higher than is usually obtained for heat-treated
specimens of most of the commonly used wrought-aluminumn
alloys.

St
(

Hy f)
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Impact tests.- The tengile impact tests were made in a
standard Charpy machine having a capacity of 223 foot-
pounds by employing special auxiliary specimen grips cone
. taining spherical seats tha®t were designed to minimigze
bending or eccentric loading on the specimen during test.-
Tensilc impact tests were made both at room temperature
71° T and at a low temperature (-40° F) since it was felt
that any change in properties of the metal which womld be
inducecd by low temperatures would be of importance.

Cooling of the specimen to the low tcmperature was
accomplishced by immersing the pendulum, the test specimen,
and the attached holdcrs in a bath of acetono contained in
o aspeiciln sullfaitiedr box 80 Bhic 'cnt ire tbabh was ‘cooled by
adding dry ice until the desirecd temperaturc was obtained
and the bath was then maintained at this tcmperaturc for
at least 5 minutes beforo tosting the spceimen. Previous
calibration tests in which rcadings worc taken on several
thermocouples attached to a specimen indicated that this
interval of time wag sufficient for thcsc small spccimens
to rcach a uniforn tempecrature cqual to that of the bath.
In the performance of the actual tost of the specimen only
about a 4~second time interval elapsed between the removal
of the box containing the coolant and the actual fractur-
ing of the specimen; hence it was felt that the tempera-
ture of the specimen did not change appreciably while test-
ing since it was surrounded by relatively heavy masses of
metal cooled to the same temperature as the bath,

The test data showing the energy required to rupture
each specimen tested and the average values obtained for
cach group of specimens are shown in table IV for the tests
at WL Pugnd In table W Tor the tesbts ab «d0°Fy ‘For tpups
poses of comparison one may regard the encrgy required to
rupture the unnotched specimens (column 3) as indicative of
the impact -strength, and the percentagc of elongation and
reduction of arca (columns 6 and 9) as measures of the
ductility of the matorial under thesc conditions of test-
ing., A comparison of thc valucs obtaincd for notched spec—
jmons with those for unnotched specimens (sce columns 5 and
8) gives a rough meoasurc of the notch scensitivity of the
mctal under rapid loading; it ‘should be notecd, howecver,
that thce notched spccimcns of X765-T alloy had a smaller
nminimum diamcter than the unnotchcd speccimens and henceo
would be oxpectecd . to have a somewhat smaller strength.

For a rough comparison with the valucs for X76S5-T
alloy listed in table IV, thorc is includcd a sct of data
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on ordinary structural steel tested under similar condi-
tions., If allowance is made for the fact that the un-
notched steel specimens were somewhat smaller in diameter
than those for the X768-T alloy, it may be seen that the
steel required considerably more energy to rupture than
did the aluminum-alloy specimens though the relative ratio
of energy absorbed by the notched specimens as compared
with that for the unnotched specimens (Listed in column 5)
would probably be about the snme for these two metals if
the snome size specimens had been used.

The average energy absorbed by all specimens testod
at -40° F (scc column 3 of table V) is below that for the
specimens tested at 71° F; however, the first two speci-
mens in column 3 show an abnormally low valuc of cnergy
absorption probably caused by their breaking at the ond
of the gage length. If thesc two specimecns are omittecd
from thc averange, this valuc beccomes slightly greater
than the average obtaincd for the spccimens tcested at
room tcmperaturec, 4 comparison of the average valucs
1icted in tables IV and V thereforc lcads to thc conclu-
sion thot the aluminum alloy exhibitcd practically the same
strength, ductility6 and notch sensitivity in the tensile
impact tests at =40  F as it did at room temperature.

The results of a series of notched bar Charpy beanding
tests at temperatures ranging from 72° F to ~70° F are
shown in table VI, Here again the X765-T alloy exhibited
practically the same energy-absorbing capacity at low tei-
peratures as it did at room temperatures., There was a
slightly greater energy absorption by the specimens tested
at =40° T than for the other temperatures of the test, but
no significant decrease in resistance to the suddenly ap-
plicd load was obtained as the tempcraturc was droppcd
over the 142° F range below room temperaturec.

Repeated load tests for completely reversed bending.-
The results of the rotating-beam fatigue tests of unnotched
specimens of the X76S-T alloy are shown in the S-N curves
of figure 12 on which are plotted the data obtained from
tests on two different types of machine, These tests were
nade at two different rates of stressing, namely 13,000
and 6,000 completely reversed cycles of stress per minute.
For comparison with these values figure 13 shows.the re-
sults of tests in the vibratory bending-fatigue machines
of round, square, and rectangular specimens that were sub-
jected to 1,750 completely reversed cycles of stress per
minutes The "square" specimens tested were of the same
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general contour and dimensions as the "round" specimen:
shown 1in figurc 4(v) except that the reduced portion was
milled flat on four sides with a 3-inch radius cutter
leaving the tost scction square in cross section. The en-
durance limits of these two groups of unnotched polishcd
specimens have been scaled as the ordinates to the S-N
curves at onc million, ten million, and onoc hundrecd mil-
lion complctoely rcversed cyclocs of stress and arc listed
tanibe ! TID

The wvibratory bendling tests have been carried out to

100 million cycles of stress and it is felt that the cn=-
durance limits bascd on 500 million cycles of stress woulgd
be only slightly smaller than thosc listcd in the last col-
unn of table VII; tho data .shown in figurc 12 indicato

that the S-N curves flatten out, tcnding to approach a hor-
izontal asymptotec with only a small differcnece in the or-
dingties "o the feuzrvo atnlo@ e 600 mill lion eycilois of
stress, Figurc 14 is a photograph of the test scctions of
tho four typcs of spcecimen tested in the vibratory bending
machincs and shows the fatiguc fracturcs obtaincd as well
as the relative shapes of the specimens.

It will be observed that the endurance limits tabulat-
ed for the square and for the rectangular specimens in ta-
ble VII are cohsiderably lower than the values obtained for
round specimens in either the rotating-beam or the vibra-
tory bending-fatigue machines. It is £felt that this im-
portant difference may be mainly attridbuted to the effects
of the shape of the cross section on the strength of the
member and that it is not caused by faulty characteristics
of machines or variations in the specd of testing. No com-
plete explanation for this variation in endurance limit
between round and roctangular spocimens is known at thoe
present time, but it sccocms probabdble that thc following
five facters may possibly lecad to variations ian the fa-
tigue—-strength obtained for diffcrent types of speeimen,

1. Variations in the amount and dircection of the
cold working and of the residual stresses developed in the
surface filbers by differences in the machining operaticns

sed in shaping the specimen.

2¢ Differences in the amount of material in the spec~-
imen that is subjected to the maximum or peak stress at
any one instant and the relative steepness of the stress
gradient in the region of this peak stress.
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3, Variations of stress across the width of fhe
beam, This variation may be occasioned by the wide beam
acting as a slab subjected to a three-~dimensional stress
system or may be caused by localized concentrations of
stress at the sharp outward projecting corners where a
slight roughness of the polished cdges would lcad to a pro-
mature fatiguc fracture.

4, TFTaulty alinement of machines that would producec
additional stresscs of varying amounts depending upon the
shape and size of spcecimen testeds

5 Variations in propertics of the metal betwcen the
centor and outside surfacce of the original bar stock from
which spccimens werc cut.

It was found that most of the fatigue fractures in
the rectangular specimens started at the cormners, which
indicates that item 3 or item 5 may have been most impor-
tant in causing the rectangular specimens to appear to
have a lower fatigue strength, Itcem 4 probably was not of
importance in these tests because the only faulty aline-
ments that could exist would producc either a small tor-
sional twisting of the specimen or an unsynzctrical bend-
ing in which the plane of the applicd loading made some
small angle with the longitudinal plane of synmetry of the
specinen, If a twisting of the specimen existed, thepe
would be devecloped shearing stresscs on thc cross section
that rcach a maximun value at the conter of the long face
of the rectangular spccimen and are zero at the corncrs
wherc nost of thoe failurcs started. Sinilarly, a sinple
conputation showed that thc planc of loading would have
to vary from the assumcd planc in which the loads wero
supposcdly applicd by 0 TE produce only =zbout a 5-perccnt
jnecrcasc in stross duc to unsynnctrical bending of the wide
roctangular :specinens, and cven this angularity was nuch
greater than that which cxistecd in the nachincs,

L computation to detorminc possiblc incrcascs of
stress duc to incertia coffcects of the oscillating spceincen
indicated that this cffecet added less than about 2 por-
cont to the maxinum stress and would not be apprcciably
differcnt for the round as conparcd with the rcetangular

spocimcns. Conscquently, since the cndurance linit of the
rcctangular specinens was about 30 percont lcss than that
of the round specinens tested in the same nachincs, i1 gl )
hot’ Priobablo thot sHall irrogularitios in Tho fatigue-
testing nachines could have accounted for this groat dif-
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ference, especially since the specimens tested for any one
endurance limit were used interchangeably on six different
machines of the same type.

In the lower portion of figure 13 is plotted the S-N
curve for the rectangular specimens with a V-notch tested
under completely reversed eycles of flexural stress. The
great rcduction of strength of the specimens causcd by the
introduction of the notch is quite apparent by the differe
cnce in ordinates to the curvos shown in this figure. The
ordinates wore scalcd at d00 milllonexreclics offsstreiiss tho
valucs of the cndurancc limits were thus obtained as 16,500
pounds per square inch for the rectangular unnotched spec—
imens and only about 7,500 pounds per square inch for the
notched gspecimens, 3By the use of the ratio of these two
endurance limits as a measure of the factor of stress con-
centrationis k= causeds by the notieh; awvalie of k= 2620
is found..: 3f this calenlatlon ' is based on the endurance
1imit of the round specimens (24,000 1b/sq in.) a wadub of
k = @.20  wils: obbaiineds <

In, f4zure 156 3s shown: the S-N _ curve for rotating-
beam specimens containing a V-notch similar to that used -
in the wibratory bending specimens. In this case the en-
durance limit at 100 million cycles of stroess is about
945000 pounds per Eguare. inch (s142h51ly. highor than for  the
vibratory bending tosts), and giving a valuc of k = 2.44
whon comparcd with the candurance limit of 22,000 pounds
per squarc inch for the unnotchcd specimens tested in the
same’ maehi nels

Bffects of range of stress on endurance limits of
notched specimens.- In order to study the effect of range
of stress on the endurance limit of specimens with a V-
notch, tests were made in the vibratory bending machines
with specimens subjected to a mean or steady stress on
which was supcrimposed a completcly reverscd alternating
stresse ©Six difforcnt endurance limits werec dotermincd
corrcsponding to threce diffcorcnt ranges in which the mcan
stress at the ro6t-iof tho noteh was a tonsilc sStress,: two
ranges in which the mean stress was a compressive stress,
and one range in which the mean stress was zero (completely
reversed stress cycle).

The S-N curves for stress cycles in which the mean
stress at the notch was a tensile stress are shown in
figure 16, and the S~N curve for the completely reversed
stress cycle is shown in the lower portion of figure 13.
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The erddurance lLimits for these four stress cycles have been
obtained by scaling the ordinates to the S-N curves at
100 million cycles of stress and these values are shown in

table VIIL.

For the two ranges in which the mean or steady stress
at the notch was a comprrsesive stress, the specimens de-
veloped cracks at the root of the notch but did not com-
pletely fracture even though subjected to a large number o
cycles of superimposed alternating stress with a total
range (double amplitude) of as much as 30,000 pounds per
square inch, Photographs of some of these cracks showing
views looking down into the notch arc presented in figure
17, and views of cracks 1n the side face of the specimens
at the noteh are shown in figure 18y The small dark areas
in these figures arc regions wvhore small pieces of mectal
have cracked out and spalled off, but this spalling oc-
currcd only for specimens tested at relatively high stress-
cse For spccimens tcsted at lower stresses the cracks
formed were very small and could not be seen without the
aid of a low-power microscope. Hence the fatigue test
data could not be interpreted in the usual manner by plot-
ting S-N diagrams, and no definite indications of fail-
ure of a specimen were evident except for the microscopic
eracking at the notch; it was also difficult to determine
with any accuracy the number of cycles of stress required
to start the formation of cracking. Consequently, it was
deeided to assume arbitrarily that ecracks which could be
seen with a 40X microscope constituted failure of a spec-
imen., The endurance limits were obtained by testing
groups of about eight specimens at different stresses usu-
ally varying by 1000-pounds-per-square-inch increments
and detcrmining the maximum stresscs that could be repeat-—
ed 100 million times without causing a cracking at the
notch that would be visible with the 40X microscope, The
valuces of endurance limit determined in this manner for the
two compressive stress cycles are listed in tadble VIII,

Hy

h cndurance
d in the

plottcd the

ol effelt -of the rTange'of stress ion-tho
limits of the V-notch spccimens is illustrate
Goodman-type diagram of figure 19 on which are
data of table VIII. On this diagram the ordinatces rcpre-
sent the minimum stress (Spin) and tho maximum stress
(Smax) of the stress cycle and the abscissas ropresont the
corrcsponding mcan stress (algobraic average of Spin and
Smax)- For any given nmoan stross the algebraic differcaco

between Spgax and. Spin represents the total range or

T
S
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double amplitude of the superimposed alternating stress that
will cause failure after approximately 100 million cycles
of stress, ' :

It will be observed that, as the algebralec value of
the mean stress in the cyele was decreased from a large
tensile (+) stress to zero and thence to a compressive (=)
stress, an appreciable increase occurred in the teotal. ale-
ternating range of stress required to cause failure.

Phis result is shown more definitely by the curve in fig-
ure 20 in which the ordinates indicate the total alter-
nating stress range (Spyx - Spin)  and the abscissas rep-
resent the corresponding mean stress in each style.

Considering these data and the fact that no fractures
occurred in the specimens tested with conpressive mean
stresses at the notch, it is evidont that this aluninunm
alloy can withstand considerably greater magnitudes of su-
perimposed alternating stresses when the mean stress is
decreased from a tensile to a compressive stress,.

DISCUSSION OF RESULTS

Onec of the most striking results of the tests is the
fact that carefully polished rectangular spocimens  of tho
X765-T alloy exhibitcd an endurance limit about 30 percent
lcss than the valucs obtaincd fronm polished round speci-
nens tcsted in threce differcent types of nachine: Somcwhat
similar results also indicating that thc shapc of cross
scction of a toest speocimen affects its fatiguo 'strength
wvere recently indicated in dats included in refercnce 2.
In this report specimens of rectangular cross scetion gave
valuds of flexural fatigue-ondurancc limits of two stcols
that ranged from O to 11,000 pounds pcer sguarc inch lower
than thosc obtaincd from specinens of circular cross scc-
tion, These diffcrcnces werc notecd whoen comparing the ro-
sults of four individual tcsts of thc same two billets of
stoccls ;

Porhaps onc rcason for the apparcnt wcakncss of the
rocctangular specinons is the fact that the sharp outward
projecting corncrs arc inhorently wcak becausc they are
difficult to polish without lcaving minutc cross scratches
or feathored cdges that offer convenicent nuclei from which
a fatiguc fracture may recadily start. Tho data obtaincd
from the tests of unnotched recctangular spccinens showed
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considerably morc scatter when plottced on the S-N curve
of figure 13 than did the test results for the other types
of specimen, Perhaps this result may have been caused by
slight variations in the roughness of the sharp projecting
corners since most of the rectangular specimens failed
with a fracture starting at a corner. '

In order to test this hypothesis three rectangular
specimens were modified by rounding off the corners to a
radius of approximately one-sixteenth inch and polishing
carefully in a longitudinal direction. One specimen was
then tested in completely reversed bending at a stress of
22,000 pounds per square inch and ran more than 100 mil-
lion cycles of stress without fracture. 4 comparison of
this specimen with the data plotted for the rectangular
unnotched specimens in figure 13 shows that a considerable
increase of life was obtalned by rounding off the cornecrs,

Tho other two specimens were tested at 25,000 and
26,000 pounds per squarc inch and failed at about 300,000
cycles of stress, which was slightly short of the normal
S-N curve for the rectangular specimens. This scatter of
data for all rectangular specimens tosted indicates that
there may have been somec mechanical defeets {such as in-
clusions or residual stresscs) ncar the surface of thc orig-
inal bar stock that had a tondency to dccreasc the fatigue
strength of the (larger) rectangular spocimense

A comparison of thc endurancc limits of the round
specimens (last column, table VII) indicates little or no
cffect of spced of tosting within thc range of speceds
(from 1,750 to 13,000 rpm) uscd in the tcsts, The differ-
cncce in numerical valucs of the cndurancec limits may be
accountcd for by small differcnces in the behavior of tho
threc types of testing machinc and by slight variations
in diffcrent bars of the same mctal; howover, thore is ale
ways a possibility that a slight change in cndurancc limit
of the metal that might result from a change in spced of
tcsting may have beoen offsct by a change in charactoeris-
ties of one of the toesting machincs.

It is important to note that the alloy X768~T is much
stronger in static tension and has a higher flexural fa-
tiguc strongth than the othor commonly uscd aluminum al-
loys. However, the alloy cxhibitcd a fairly high notch
sensitivity as determined by the reduction of fatigue
strength of notchcd specimens below that of the polished
unwoitiched specimens »  When subjecetied to a serviecce condition
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such as that in an airplapne propeller, whorec the face of
the blade is ‘often seratched. or notched by stones thrown
up during a take~off, the fatigue strength of the metal in
a notched condition is of primary importance. It is guite
possible that notched specimens of some of the other alumi-
nun alloys may exhibit fatigue strengths comnarable with
those obtained for notched specimens of X7685-T alloy even
though the X765-T alloy appears to have a considerably
higher fatigue strength when a comparison is made on the
basis of results -obtained from polished unnotched spcei-
mens., It is planned to repeat this series of tests with
the sluaninun ‘alloy 258-T so that a ‘cloger® compzriisen of
their relabive notch ‘sensitivity and ‘the rielatiwe effect
of rangc of stress on notchcd spccimens can be obtained,

In gemneraly, the results of the fatiguc toests with
notched specimeng indicated that theo motal could withstand
a ereater alternabing stregs range without the fopmabilon
of fatd sue deracks when the mean: stress In the ieycle was
changed from a tensile to a compressive stress, In addi- K
tion, the fatigue cracks developed at the root of a notch
did not spread rapidly when the mean stress was conpres-
sive and no conplete frnctures of the specinens were o0b—
tained even when stresses sonmewhat above those required to
produce cracking were repeated 100 :11110n tinde, ey
if a notched member werc designed to operate with the mean

stress (at sthier nobeh) o coupressive stress - an additional
factor of safety against ceonplete fraecture - would exlstj
any fatiguwe cracking ab thel noftich could prebably ‘be ‘de-

tectod by periodical iaspections long before the cracking
had developed to a dangerous extent.

Fior" example , ‘L the arcas of a propeller bligde that
are ngst likelly tio ‘be nicked: op ‘secratiched dmn “servilecc fcould
be dosigned to operatc with a conprossive ncan stress on
which 1is superinposed the flexural: vidbrations thet nornally
occur 4w flight, 4t g protmble that tho blado would ofEce
greater reslstancetp’ the' formgtion of fafiiguociieraeclEs
cauged by the wibrationss furbthermoro, eoven If leracks 'did
forn in thesoc areas they would dovblop relotively slowly

and would be readily wisible long before complete fracture
of the blade was 1""1ront -
COJuLU I0WS ; -

The following goneral ‘conclusions from' this series of

nechanical tests on X76S-T aluminun °l1OJ scen justificds
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1. The static, elastic, and ultimate tensile strengths
and the Brinell hardness of X76S-T alloy are higher than
those of the other commonly used aluminum alloys.

2+ Bhe alloy has a ductility and a stiffness that are
only slightly smaller than those of the other strong alumi-
num allé¥s, such as 255-T,

3, The tensile yield strength of X76S5S-T ig very high
in relatiom to its ultimate strength (approximately 0.9 of
the ultimate); whereas, for other aluminum alloys, it is a
much lower pronort~on of the ultimate strength (about 0.6
for the ‘case of 2585-T).

4, Ten51on impact tests of notched and unnotched spec-
imens at =40° F and tests of Cha arpy notched bar bending
specimens at temperatures down to 70 F indicated that the
ductility and the energy-absorbing properties of the metal
were not materially affected by a large drop in the temper~
ature of testing below room temperature.

5% ¢ inloitehigeswith 0401 sineh raaiusnat the root caused
large dccreases in clongation in 2 inches and in the energy
required for rupture in the tension impact tests

6, The flexural fatigue endurance limits of polished
(unnotched) specimens when subjected to completely reversed
stress cycles were found to vary as the shape of cross sec-
tion of the specimen was changed. Tests of rectangular
specimens gave an endurance limit about 30 percent lecss than
that obtained for round specimens tested in the same machine.

7« Tests of polished rotating-beam specimens in two
different machines gave endurance ‘limits of 21,000 and
22,000 pounds per squarc inch, respectively, whon based. on
500 million cycles of stress. Thege values are somcwhat
higher than the endurance limits of most other aluminum
alloyss :

8% - Toete of pollshed sD secimens on three different na-—
chines operating at dlIIerent speeds gave endurance limits
ranging from 22,000 to 24,000 pounds per square inch at
100 million cycles of stress. Hence there was no appreci-
able c“enge in the endurance limit under these test condi-
tions as the speed of testing was varied from 1,750 to
E85000 rpms

9% Bhe Fatreduebion ofvw Y=neobeh In the test seetion
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decreased the fatigue strength of the alloy for completely
reversed cycles of ‘stress to only 31 to 41 percent of the
strength of polished round specimens, depending somewhat
on the shape of the member tested.

10, As the mean or steady stress at the notch was de-
crensed from a tensile (+) stress to a compressive (-)
stress, tho total alternating range of stress that could be
rcsisted by the notched specimens without causing failure
gradually increased from a range of 9,000 pounds per squarc
inch for a tensile mecan stress of 14,500 pounds per squaro
inch to a range of 17,000 pounds pér square inch for a com-
pressive mean stress of 8,500 pounds per squarc inch.

11, The notched specimens tested with an alternating
stress superimposed on a steady compressive stress offered
a greater factor of safety against complete fracture than
for the other stress cycles investigated. The endurance
linits for the specimens tested in the compressive ranges
were based only on a microscopic cracking as a criterion of
failure, and the specimens did not fracture even though
stresses considerably above these cendurance limits were re-
peated a large number of times,

Department of Theorctical and Applied lHechanics,
Uniwversity ‘of T1lXinolse,
Urbana, Iilianeis, July 26, °1941.
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TABLE I - STATIC TENSION TESTS OF X76S-T ALLOY

L‘é-in.-diameter unnotched specimens in fig. l(a)]

YTield strength

Elongation Modulus Ratio yield
Ultimate Reduction of strength
Specimen 0.05% offset O.Q% offset| strength |in 2 in. |in 6 in. | of area elasticity (0.0S% offset)
to tensile
(a) (1b/sq in.)| (percent)|(percent)| (percent)| (1b/sq in.)| strength
1 62,300 66,000 71,100 18.0 10.7 5.6 0.75 % 307 0,826
E2 64,500 67,400 72,100 17.0 11.8 39.3 9e72 % 10° .895
E3 63,600 67,200 72,600 19.5 114 h6.1 9.93 x 10° .876
T1 67,000 69,300 74,400 20.0 EN— 3545 9.60 x 10€ .900
T2 62,000 64,600 71,400 20,0 o 37.8 9.57 x 10° .868
73 65,500 68,500 73,500 20.5 s 39.5 9.58 x 10° .956
b
Average 644200 67,200 72,500 19,2 114 40.6. 9469 % 10 .887

E sgpecimens tested with a 6-in,
T specimens tested with a 2=ine

gage length.
gage length.

The average modulus of elasticity for the three specimens tested with the 6-ing gage length was
9,790,000 1b/sq in.

SG8 °*ON 930l TBOTUYORT VQVH
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TABLE II ~ STATIC TENSILE TESTS OF NOTCHED SPECIMENS

[Gage length 2 in. on -in.-dismeter notched specimens shown in fig. 1(b) ]

Ratio of yicld Ratio of ten- Ratio of Ratio of
strength at sile strength elongation | yield
ront of notch to at root of of notched | strength
Specimen|Yield strengthi y ield strongth| Ultimate |notch to ten-|Elonga- |specimens | for 0.05%
; (1b/ ) of unnotched strength | sile strength| tion in |to elonga-| offset to
T specimons of unnotched | 2 in, tion of tensile
- i tched | strength
|c.05% [ 0.2% 0.05% 0.2% specimens unnot
offset | offset| offset offset : SRR B (notghed
(1b/sq in.) (percent) specimens)
13 85,600 | 93,000| 1.32 1.38 97,700 1.34 2.0 0.10 0.876
MYy 86,800 | 94,000 1.34 1.39 97,700 1.34 20 s 1) .890
N15 82,800 | 90,600( 1,28 1.34 94,700 1.30 1.5 .07 875
Average |85,066 | 92,530] 1.31 1.37 96,700 1.33 1483 .09 .830
Struc-
tural
gheel |-e~—~= 51,800| ——-- 1.16 82,100 1.38 10.0 241 .632
(a)
a

Specimens of same type

was used at the root

as those in fig. 1(b), except that a very small radius (sharp corner)

of the notch.

0oe

040N TROTUUPOT VOVN
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TABLE III - STATIC TORSION TESTS OF X765-T ALLOY

[Gage length 2 in. on 0.56-in.—diam. specimen
shown in fig. 1(c)]

Yield "Modulus Modulis Ratio of yield
Specimen st;ength of of strength
0.05% offset rupture elasticity to modulus
(1b/sq in.) (1b/sq in.) | (1b/sq in.)| of rupture
s1 39,800 63,800 4,02 x 108 0.623
S2 38,900 62,000 3.97 % 10P 627
S3 39,800 65,000 B.38 % 197 .613
Average 39,600 63,600 1,06 x 10° .621




TABLE IV - TENSION IMPACT TESTS AT 71° F
YR 3 | % | 5 6 | 1 g 9
e Energy to rupture | Energy Elongation in Elongation | Reduction of
P 1 (f4=1b) ratio 2 in. (percent) ratio area, (percent)
Unnotched| Notched | Unnotched| Notched Unnotched | Notched Unnotched
(a) (v) (e) (@)
Py N7 172 o S ST 9.0 2.0 | esdaml B 38.0
9 Ng 9049 57 il 13.0 7 R NG TECIEN 30,2
12 N9 9L.8 8ol | ——mmmm (e) 1 R 37.8
0 N R 757 |==mmm= | —mmm 12,00 |~ | e 35.8
Al | 7362 |=mm—mmm | = 12,0 | e | e 38.6
e ———— D e i (TS RN G, S S W8
Average g0.2 8.9 0.111 11k 148 0.158 36.3
Struc- o
tural £ f
steel 107.5 2543 0.235 31,5 ] 4.5 1 ST S GRS (S

@Unnotched specimens are thoge without abrupt change in section as shown in fig. 2(a).

by _notch specimen as shown in fig., 2(b).
CRatio of energy to rupture notched specimens to energy to rupture unnotched specimens,
dratio of elongation of notched specimen to elongation of unnotched specimen,
€Specimen broke at end of gage length.

fSpecimens of steel were 0.200-in.-diam. instead of the 0.250-in.,-diam. specimens used for X76S-T.

ae

‘O 930N TBOTUYOe] YTOVN
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TABLE V - TENSION IMPACT TESTS AT -40° T

—. ool B 5 ", 9
e o SRR T
Unnotched | Notched | Unnotched| Notched Unnotched | Notched Unnotched
(a) (b) (e) (a)
8 N10 ©38.1 763 | ————= i T 15 | -——e- 36,2
10 N1l g S TN S _ S T R— 38,0 -
11 N12 9kl Te3 | —=m=m- 14.0 O 3747
) B 80,9 | —mmmmmm| mmmmee 12,0 | mmmmmmm | e 37.3
Bl | =emmme- 7567 | =mmmmce] commee N R e 36.4
T Bl § spssiv] arb 0 e SRR . S 3t
Average 419 g2 | 0,121 | 12.1 1.8 0.1%49 3%l

81Unnotched specimens are those without abrupt change in section as shown in fig. 2(a).

bY¥-notch specimen as shown in fig. 2(b).

CRatio of energy to rupture notched specimens to energy to rupture unnotched specimens.

dRatio of elongation of notched specimen to elongation of unnotched specimen.
eSpecimen broke at end of gage length. '

iOmitting specimens & and 10, which broke near shouldered ends of specimen, this average encrgy
becomes 82.9 ft-1b. :

“ON 930K TBOTUYDL FOVH
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TABLE VI - CHARPY BENDING TESTS

[Using notched bar specimens shown in fig. 2(e)]

Temperature

Encrgy absorbed

Specimen of test
(°m) (£f£=1b)
A7 T 2l
A8 72 9.6
AS 2 846
Average (i) Sl
Al2 30 8%
B7 30 N8
310 30 946
Average 30 Gl
B8 -40 13 .4
Bil -40 - ok
AR -40 12.9
Average -0 AL S
B9 -70 846
B2 =70 9.1
Al10 =70 86
Average -70 8.8
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TABLE VII - ENDURANCE LIMITS OF UNNOTCHED SPECIMENS

COMPLETELY REVERSED STRESS CYCLE

[Specimons, without abrupt change in scction, of types shown in fig. 3(a),

3(b), and 4{1) ]

Shape of Dopth of
spccimen specimen

Fndurance limits, (1b/sq in.)

Machine at test at test for for for
section goction
(in.) |10° cycles|10” cycles|10® cycles
Rotating canti-
lover beam Round 0.26 33,000 26,500 22,000
DO. ————— “"'"d-Oo"" .l)'l' 30’000 2u)500 22’500
Vibratory bending --do.-- .26 72,500 27,500 24,000
Doy=mmmm Roctan-  «2U 24,000 18,500 16,500
gular
3 [, PR Squarc .25 24,000 20,000 18,500
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TABLE VIII - EFFECT OF RANGE OF STRESS ON ENDURANCE LIMITS

OF NOTCHED SPECIMENS

[Bascd on 100 million cycles of stress,
positive stresscs arc tonsion; negative, compression ]

Typc of stress variation

Maximum
stress in
cycle, Smax

(1v/sq in.)

Minimunm
stress in
cycle Smin

(1b/sq in.)

Mean stress
- cyele

(1v/sq in.)

Total
altcrnating
stress
rangc
Smax FY Smin
(1v/sq in.)

Zero to mex. in compres-
sion

+4,000 1b/sg in. to mox.
in compression

Completely reversed
Zero to max. in tension

+5,000 1b/sq ine to max.
in tension

+10,000 1b/sq in. to max.
in tension

+4,000
+7,500

+13,000

+16,500

+19,000

-17,000

-12,000
“7»500

0

+5,000

+10,000

0

+6,500

+10,750

+14,500

17,000

16,000
15,000

13,000

11,500

9,000




FIG. 1.- SPECIMENS FOR STATIC TESTS.
FIG. 2.- SPECIMENS FOR IMPACT TESTS.
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FIG. 3.- SPECIMENS FOR ROTATING-BEAM
FATIGUE MACHINES.
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(a) Unnotched specimen
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(b) Small, unnotched specimen
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(c) Notched specimen

FIG. 4 .- SPECIMENS FOR

VIBRATORY BENDING FATIGUE MACHINES.
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(c) Rectangular, notched specimen
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Figure 5.- Krouse rotating cantilever beam fatigue
testing machine.




Figure 6.- Small high-spegd
cantilever beam
fatigue testing machine.

Figure 14.- Fractured vibratory
bending test specimens
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FIG. 8.- STATIC TENSILE TESTS — X76S-T ALLOY.
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FIG. 9.-JENSILE . TEST — X765-T ALLOY.
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FIG. 13.-
VIBRATORY BENDING FATIGUE TESTS OF X765-T ALLOY.
Completely .Reversed Stress Cycle
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FIG.10.- STATIC TENSILE TESTS OF NOTCHED SPECIMENS
X76S-T LOY.
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FIG. 11.- STATIC TORSION TESTS - X76S5-T ALLOY.

SPECIMENS: 2 IN.GAGE LENGTH; 0.56 IN. DIAMETER
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FIG. 12.- ROTATING-BEAM FATIGUE TESTS OF

UNNOTCHED X765-T ALLOY SPECIMENS. ROTATlNglgi-:A% _FATIGUE
Couplaiely SRyaBen. Dirgss - Cycle TESTS OF NOTCHED X765T ALLOY SPECIMENS.
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FIG. 16.- VIBRATORY BENDING FATIGUE TESTS

OF NOTCHED SPECIMENS.
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Figure 17a to c.- Cracks formed at root of notch in specimens
tested in compressive stress cycles.
(Mag. 40X).
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Figure 18a to d.- Cracks at end of notch in specimens tested
in compressive stress cycles.
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A FIG. 20.- EFFECT OF MEAN STRESS
: e ON ALTERNATING STRESS RANGE.
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