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THE EFFECT OF SURFACE ROUGHNESS UPON 25 ST
ALUMINUM ALLOY SUBJECTED TO REPEATED
TENSILE STEESSES

ABOVE THE PROPORTIONAL LIMIT

SUMMARY

Utilizing the Repeated Load Hydreulic Testing Machine at the
Daniel Guggenheim Aeronautical Laboratory, California Institute of
Technology, Pasadena, California, the anther, ia collaboration with
Lt, Comdr, D. J. Hardy, U. S. Navy, investigated the effects of surface
roughness upon the cyclic 1ife of 25 ST sluminum alloy when subjected
t0 repeated congtant tensile stresses in the region above the propor-
tional limit,

The stress impulses are of such low frequency as to allow con-
sideration of single impulses. The rate of bulld-up of the impulse,
and the duration of the impulsive load are such as %o create an e-
guivalent siatic load of substantially the same magnitude as the pesk
of the impulse loeding.

It was found that surface roughness has some effect upon the cy-
clie life. In the lower stress regions, the greater the degree of
surface roughness, the shorter the life appears to be. However, for
the range of roughness investigated, ?ﬁLtO QOQ/L, the effect 1is not

80 pronounced as 1s usually found below the proportional limit.



Where the applied stresses reached far up into the plastic
range the effect of surface roughness does not seenm to folliow
gquite as specific a pattern. Since the loading impulse featured
8 0,33 second duration of maximum load, the effects of creep
may well have taken over in shaping the life eycle curve with

little regard for gurface roughness,
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THE EFFECT OF SURFACE ROUGENESS UPON 25 ST
ALUMINUM ALLOY SUBJECTED TC EEPEATED
TENSILE STRESSES

ABOVE THEE PRCPORTIORAL LIMIT
I. INTRODUCTICN

This investigation seeks to carry further, in a definite di-
rection, the immense task of compleiely determining the effects of
repeated tensile stresses upon sluminum alloy materisl.

Certain structural members, more commonly found ir the alrereft
industry, are subjected to tensile stresses spplied many times dur-
ing the desired life of the part, but which members are commonly de-
signed to operate within the proportional limit, If definite criteris
could be built up such that the member can be designed very close to
the proporiicnal, or fatigue 1limit, as circumstznces werrant, with
the knowledge that a definite number of oversiresses of given magni-
tade above the proportional limit can be accepted wiithout failure or
undue permanent defourmation, then the savings in welght and cost are
cbvious, The first step, carried out here, is to investigate the re-
gion abeve the proporiicnal 1limit for 25 ST aluminum &liley subjected
to repeated tensile lozds of constant msgnitudes, The varisble is
surface roughness in the range of 5L %o ZOQAL. The extensions of
this investigetion must proceed in several directions., At least one
ctlhier aluminum alloy should be studied before a genersl statement

might be considered safe. Then the problem of varying the magnitudes
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of the stresses on a single specimen must be investigated. Finally,
other types of stressing must be brought in, such as combined bend-
ing end tension.

The first of & series of steps toward amassing useful datz on
thig subject was the design of a testing machine. This work was car-
ried out by Lieut. Cowmdrs., Edward G. Bull and Robert L. Mastin, U.S.
Navy, and reported on in their thesis "Repeated Loads Above the Pro-
vorticnal Limit on 24 ST Aluminum Alloy," C.I.T. 1947,

The work was carried forward by Captain Conrazd N. Nelson, U.S.
Lir Force, as reported in his thesis, of the same title, C.I.T. 1948,
The results showed that permsnent deformation caused by oversiressing
could not be used for forecasting the life expectancy. It was also
found by Nelson that Yrest periods® during cyclic load application
hzd an effect on the life cycle, as did initial stresses and magni-
tudes of overstresses applied. However, quantitative results could
not be derived in the time availsble,

The results of the presently reported investigstion showed that
surface roughness wss a factor in the life expectancy of similar spec-
imensz at the same loading, at least in the region just above the pro-
portionsl limit,

Since even the slightest amount of bending coupled with the pure
tension causes a pronounced drop in the cyclic life, these results
are applicable only t¢ members with freely hinged ends.

A11 work wes carried out by the asnther, working with Lt. Comdr.

D. J. Hardy, U.S. Navy, as partial fulfiilment of the requirements



for the Degree of Aeronsutical Engineer, at the Daniel Guggenheim
Aeronauntical Leboratory, California Institute of Technology, Pasa-

dena, California, during the Academic Year, 1948-1949,
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II. EQUIPMENT

Test Specimens

The materiel used for all tests came from a 25 ST forging, with
the following propertiest

Yield Strength -- 39,400 - 41,250 pes.i.

Tensile Strength -- 58,000 - 61,396 pe.s.i.

4 Elongation in 2 inches —- 165 = 17

Chemical Composition %: (Remainder Aluminum)

Cu 31 Mg Fe Mo Zn Cr

4,43 0.67 0.016 0,45 0.73 0.25 0.02

The test specimens were machined to the shape and dimensions shown
in Fig, 1. Note here that upon the recommendations ¢f previous investi-
gators, (Ref, 1), the fillets were made 3/8" radius, instead of the
3f16“ radius used in previocus investigations. Machining and applica-
tion of the surface roughness were carried out in the C.I.T. Machine
Shop. Surface roughness was applied by circumferential grooving to give
& constant mean dizmeter, but with ridges of ?ﬁ" SQ/L, 10Q/L, and ZOQ/L.

A round %col, radius 3/64"% was used on a Pratt & Whitney 13-inch

lathe, Model B, The advance used for the grooving was as follows:

Roughness Advance
5 f* 0.0012 in/rev
50 0.0070 in/rev
100 0,0100 in/rev
200 a 0.0143 in/rev

The roughness was checked on a Profilometer built by Physicists



Regearch Company.

Testing Machine

This machine was designed and built in 1946-47 at C.I.T. by
Lieut. Comdrs. Soli, Bull, and Msstin, and Lieut. Ditch, all of the
U.S. Navy. (Ref. 1), 1% was subsequently modified by Mr. Chinta-
kindi V. JogaRao aznd Ceptain Nelson, U.S. Air Force, to stiffen the
test platform, (Ref. 2). Further modifications which will be indi-
cated herein were made by the author and Lieut. Comdr., D. J. Hardy,
U.S. Navy.

An aircraft hydraulic cylinder applies a tensile load through
e universal joint and load coupon, (Fig. 2), located between its
pigton and the test specimen. The other end of the test specimen
is secured through another universal joint to the frame of the test
platform,

Figs, 3 end 4 are photographs of the testing mechine.

The hydraulic cylinder is actusted periodically by a Vickers
solencid acting on a sleeve valve in the pressure line to the cylin-
der. The solenoid is operated through contact points opened and
closed by a cam driven by = 1/20 HP universal-wound 11C-volt a.c.
electric motor. The same motor operates a mechanical counter which
records the number of cycles of load application. Since there are
two complete working curves cut on the single cam, the recorder, oper-
ating on the cam shaft, will record exactly half the actual stress
cycles applied.

The hydraulic system starts at a reservoir with filler strainer,
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(Figs. 5, 6, 7, 8, 11), which supplies fluid tc a positive displace-
ment gear pump driven through a step-up reduction gear of 3.06 to 1
retio by a § HP 220 volt a.c. electriec motor, rated at 114C RPM, 4n
accumulator, strainer and pressure regulating velve are in the line.
Pressures up t¢ 1000 p.s.i. are claimed by the designers. However,

no cccasion to use more than 500 p.s.i. wes experienced in the present
investigation. A pressure-relief valve is installed and set for 1250
PesSe.di. The effective piston digmeter is 11,5 sq, in. Hence 500 p.s.i.
will apply 5,750 pounds on the specimen, With cross-section ares of
0.0707 sq. in. for the test section of the specimen, this corresponds
to about 81,400 p.s.i.

A Bourdon hydravlic pressure gage is instslled in the line just
ahead of the solencid-operated valve., A one-way valve prevents rapid
drop of pressure from injuring the gage at the instant of lcad appli-
cation. As will be discussed presently, this gage gives the coarse
setting of losd, but is not used for the accurate determination,

Everything from Military Specification Hydraulic 0il to third
rate automobile crankcase oil was used in the system, with no failures
attributable to the type of fluid.

The test platform is essentially a pair of 5" steel H-beams, six
feet long, bolted together, Upon the beams are mounted heavy steel
fittings to anchor the hydraulic cylinder and the fixed ernd of the
test specimen, Obvicusly the length of the entire machine cculd have

been halved by mounting the 0il reservoir and accumlator adjacent to
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the main motor, rather than in line with the hydraulic pump. As in-
dicated in Fig, 5 everything is mounted below the table top except
the specimen, its fittings, the hydraulic cylinder, the electric con-
trols, pressure gage, counter, and micro-switch cui-cut system, All
other hydraulic lines and fittings as well as the mairn motor and its
shaft chain are below the tsble top., This is especially fortunate in
keeping the constant 0il lezks from damaging the electric system as
well as giving a clean space for recording and changing specimens,

The universal joints at either end of the specimen carry counter-
weights to statically balance them. It was found necessary for the
present investigators to install guides for these balances since
there was & definite tendency for them to rotate the universal joints,
resulting in jamming of the system in addition to inadvertently ac-
tuating the cut-out switeh. These guides have been made very loose
to allow movement of the weights both axially and a few degrees of
rotation. This was necessary to allow movement of the universal joints
when changing specimens, However, since the weight will seldom move
from its position vertically above the specimen axis, the guides are

rimerily a safely feature,

Since reworking of the hydraulic system resulted in & get-up
which would hold constant load t¢ a remarkable accuracy, 1t was found
vossible to leave the test in operation for extended periods of time
with assurance thet the losd would not drop off. Hence, the writers

were able t¢ carry out much more testing thar would heve been possible
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had their presence been constantly regnired as in previocus werk,

This feature made necessary the ingtallestion of some sort of cutoff
go that upon fractuvre of the specimen, the metors would stop, es-
pecially the counter-motor. Since the hydrsulic piston is ordinarily
operated with its free end about one inech outside the cylinder, and
since it will be pulled completely back to the cylinder upon release
of the load (i.e., fracture of the specimen), it wes possible to use
this return feature of the piston as the cut-out actuator, Fortu-
nately, the piston has a collar raised about ore-quarter inch from
its circumference, Thus it was possible to install a micro-switch
next to this collar, s¢ that as the piston returned towsrd the cyl-
inder after fracture of the specimen, the collar would strike the
actuating are of ths micro-switch, The micro-switch was modified
from a "aormally closed" to a Y“normally open' type because thers was
none available of the type desired. is miero-gwitch wes in the
circult with the solencid motor and was led toc a three-pole, double-
throw relay. The relay was in turn connected t¢ the counter cireuit,
the solenoid circult, and the main moter cut-off switeche Thus when
the micro-switeh was actusted 1t opened the circuit whieh enerzized the
relay solenoid, thereby dropping the solenoid plunger, opsning all cir-
cuits to shut dowsn =211 operation., The stopping of the counter motor
at the time of fracture left a record which, of course, was the eg-

gsence of the entire tast, Fig. 12 disgrams this electrical circuit.
g &g



Load Measuring Counon

It was mentioned above that the hydraulic pressure gage offersd
a coarse means of setting a definite losd upon the specimen, However,
the means of accurately obtaining readings of the actual load being
applied, was through S5R-4 resistance wirs strain gages. Four of these
gages are mounted at ninety degree spacing on & stesl sleeve, called
the "load coupon', (Fig., 2). This coupon is mounted between the hy-
draunlic plston and the specimen, Knowing the crosgs-sectional area of
the coupon and that of the test specimen, a correspondence can be seb
up betwsen the strain of the coupon and the siress applied to the spec-

imen., This 1s done by comparison as described below,

Load Measuring Equipment

After the strain geges ars cemented onts the coupon and checked,
the coupon is placed in any standard tension testing machine and the
gaze readings recordsd by galvanometer, as known loads are applied,
Thus, knowing the crosgesectional aresa of the coupon, readings on the
galvanometer can be translated directly into load in pounds or inte
PeB.1i. on the test specimen, During the calibration ruz 1% 1s possible
to note that sll goges ars performing correctly and that their read-
ings can be averazed by putbing them in seriss and applying a factor
of four. Thas all effects of bending are taken oud, Table I and
Fig., 15 detall this ecailbration,

Howevar, since & galvancmeter would be useless for measuriaz loads

which revert to zerc 52 times each minubte, a comparison system is usged
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during testing., A control board and amplifying sysiem are provided.
See electrical diagram, Fig., 13, Behind the control bomrd a sslector
can connect to the recording system any one of four sets of rssis-
tances. These four resistances correspond to applying 1000, 2000,
3000, or 4000 pounds to the load coupon. The installation of these
resistances can be made while calibrating the load coupon on & %ension
testing machine, With 1000 pounds applied load, the averasge strain
gage reading is recorded., Then enough resistance is put into the
selector system to give the same identical elecirical reading, Sim-
ilarly the resistances are set up for 2000, 3000, and 4000 pound
loads, Thereafter, during testing, any reading of the load coupon
strain gages can be compared %o these standard values to determins
ite magnituds, in pounds of load.,

The reason for this method is that while the test is in progress
the most feasible system found for reading the strain gages was to use
a Heiland Recording Oscilloscope which makes a photozraphic record of
elsctric resistance against time, using an amplifier to get reasonable
accuracy. Then, by running the known electrical impulses for 1000,
2000, 3000, and 4000 pound loads through the same circul$, the actual
load line can be comparsd tc them by direct measurement, and the actual
load ascertained. Thus the comparison is unaffected by fluchtuations
in supply current or temperature of the amplifying eircuit, since the
strain gage readings and the comparison loads run through the same

cirecult,
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An example of a typical oscillegraph recording is shown in

Fig, 8. From it the following information is obtalned,

Duration of zero load 0.53 sec.
Durgtion of Maximum Load 0,33 sac,
Time = No Load to Full Losd 0.14 sec.
Time - Full Loed to No Load 0.025 sec,
Time for ome complete cycle 1.i25 sec,
Rumber of cycles per minute 52
Meximum Rate of Loading 41,700¢#/ sec.
Maximun Rate of Unloading 184,000%/ ssc.

This information was used in prelinminary analyses as will ap-
pear later herein., However, during actuazl testing only the magnl-

tude of the load was required,
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III, TEST PROCEDRE

In Fige © a typlcal section of film ig¢ shown. The first three
sasctions are the result of passing 1000, 2000, and 3000 pound equiv-
alent electric loads across the screen., The last section, photo-
graphed immediately afterward, 1s the result of passing the actual
electric load on the strain gages scross the seresn. To analyze this
reading, draw base lines and measure with dividers the heighis., In
this case the calibration lines are

1000 <~ 0,32%
2000 «ww (.65
3000 =-= 0,964

Thas it appears that 0.32% closely corresponds to 1000 pounds
load., Accurscy to C.01%" is all that can be expscted dus to widths
of recording lines and the development of the film. This maximum
ascuracy can be best achiseved by uszing at least three calibration
loads as was done here,

The height of the load line is C.84". In actusnl testing, two or
three of these loads would be photographed in sueccession. They would
be found to be of identical height zlmost inverisbly.

Thag, by comparison, the lozd wast

0:84 . vArp o o2 e
ETEE % 1000 = 2625 pounds

2

For specimen se¢ticn of 00,0707 in” the tensile stress is then

2635 _ 77 12n 1
L0707 i PeSete
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A perfect test run would show periodic readings which, although
both calibration and lozd lines varied with temperature, would, for
each reading, caleulats out to 37,130 pe.s.i. tensile stress, Unfort-
unately the hydraunlic system does not keep the load perfectly constant,
Since it is impossible to photograph, develop, dry the film, and read
it, without considerable time ensuing, errcrs in lozd may continue for
long periods of time before corrsction. However, these load varia-

tions are not grest as evidenced from a typleal rscord sheet, Fig. 10,
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IV, DISCUSSION

Although the work herein is conducted in the region of stressas
wrich lies sbove the proportionsl limit, the metal may stlill be con-
sidered an elastic bedy and as such it ig necessary to examine the
testing sequence applied with a view toward determining the effects
of vibrations which mey he sxcited.

Looking first at the breskdown of losd vs time as portrayed by

cscillograph recordings, Flge. 8, it can be seen that the freguency
of load aspplication 1s 52 cycles per minute, or 0,867 cycles per
second.

To conpute the natursl freguency of vibration of the test sece
tion of the %est spesimen, in the longitudinal mode, it can be as-
sumed that the test section acts as though clamped at the ends. RHe-
ferring to Den Hertog's text, Ref, 3, in his Appendix II the natural
frequencies are found from the formulas

f = fundamental natvrel free
quency, cycles/second

E n® = mpss/unii Jal,
= 3% where 0.101/386 #sec?/in®

m'l 1= lengtk 2 in,
E = Mod. of Elasit,
1@,30@,@@@ PoBsloe
10,300,000 (286)
f = 5\ {@.101}(2}2 = 49,800 cycles/%ec.
. . Lo e ope ~5 s
The naturel pericd is then T = i 2.02 x 107" see. Higher modesg

will, of course, glve gnaller periods.
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¥ow, since there is an unloaded tinme of 0463 seconds between
impulses, the system can complete 0.63/2.02 x 10=% = 21,200 natursl
pericds before the next impulse begins. Thus all vibration wiil be
damped ou% between cycles and the system can be considered as sub-
jected to isolated impulses, with no effect due to the periodicity
of the loading.

The effects on simple elastic systems of varicus forme of ime
pulsive losds have been organized in s paper by Dr. J. M. Frankland,
Ref. 4. In order to apply his concliusions to an elastic systen,
several conditions mast be fulfilled, therebty allowing the systen
to be treated as having one degree of freedom. These conditicus
aret

(a) The duration of impact must be sufficiently long so that
there are no complicaticns due to stress wsves and other
vhenomena foreigzn to the systen ¢f onc degree of freedon.
Dr. Franklsand sugeests thet the impulse should last at
least z tenth of the fundamentel natural pericd of the
system. Obviocusly, this condition is fulfilled Uy the
system under consideration herein.

(b) Tre impact load should be distrituted felrly uniformly
over the structure, Since the load is trensmitied t¢ the
test section of the specimen threugh the homogenelty of
the material, z uniform load dlistribution is closely

spproximated here,
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{¢) The fundementzl mode of the structure is uncoupled with
higher modes, In the case under observation, the funds-
mental mode in question is longitudinal and may be con-
sidered uncoupled with higher modes.

For such idealized systems, Dr. Frankland offers approximete, as
well as exact solutions for the equivalent steatic lozd impressed upon
the system., For a tywe of impulse which is of uniform megnitude and
is long in comparison to the natural period, as in this case, the im-
portant paraneter is the rate of build-up of the impulse., Using the
fellowing nomenclature, the relaticn below applies:

8.8.1, = eguivalent static load

€eSele
n = dynamic load factor = impulse peak load

p = cirenlar natural frequency
tg = time recuired for build-up of impulse
2 Plg
Formula: n = 1 + — sin =
ptg 2

In the system under consideration, pt, = 43,500 and thus the
second facter closely aprrosches zerc, Hence, the equivelent statie
load msy be teken as identical to the peak of the impulse loading.

For a grzphicsl method of obteining the equivelent static load
dae to an impulse of any form, a paper by Dr. G. E. Hudson, Ref. &,
is recommended.

From the foregoing anslysis 11 can be concluded that the system
is setuslly subjected %o the stresses set up by the leads as indicated

by reading the strain gege lozds as previcusly described under "Test
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Procedure¥®. However, in any future attempt to compare impulsive load-
ing tests made by different types of impulses, the equivalent static
loading must be carefully computed, since that factor is, after all,
the determining factor for the actual stresses induced. For impulses
of duration close tc the natural period of the system, the equivalent
static lozd mey approach twice the impressed load. Furthermore, it

is obvious that the frequency of applying the impulses must be inves-
tigated for approaching resonance.

One other parameter must be mertioned when dealing with the region
above the proportional limit, H#Creep" is a definite function of time,
In the type of loading spplied here the full magnitude of applied
force endures for an apprecizble periecd. When this time is added for
the relatively lerge numbers of cycles spplied in these tests the de-
formation operates through FPolsson's ratic to reduce the cross-sectional
ares progressively. Thus, for constant leoading the induced stresses
progressively incresse., This factor has not been considered herein,
However, it is agein worthy of mention that the duration of load ap-
plication, as well as rapidity of build-up and relesse of load, must
te weighed when attempting to correlate these results with those ob-
tained for identical magnitudes of lozdings but with different types
of impulses.

It might be worthy of comment that in the foregoing computations
it was not necessary to sirive for grezt accuracy since it was obvious
from the start that the naturel frequency might be considerably dif-

ferent and yet not alter the dynamic load factor from unity.
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V. RESULTS

Tables III through LVI indicate the degree of accurscy achieved
in attempting to hold & constant load during a test, It is believed
that all tests were held to sufficient tolerences to Justify plotting
all results on the appropriate curves. However, many other tests
were started but not completed for a variety of reasons.

Many of the tests involve prolonged periocds betwsen readings
for checking the load. In cases where the reading following the in-
terval showed that the load was as desired, it appeared reasonzable
to mssume that constant losding hed preveiled,

% was thought thet there might be some weskness exemplified
by a fillet bresk, and hence the type of bresk was noted in every
sase, and was gspecified on the plot. However, fillet bresks did not
change appreciably the scatter of the test result points,

Fige, 16, 17, 18, 2nd 19 are the plots of all test resulis for
the roughness factors investigated. TFig., 20 shows the effect of
roughness by comparison of the replotted curves.

Although scatter made it difficult te be too gpecific regarding

the position of & ourve, it is felt that s definite tendency toward

o !

decreasing the 11fe of o specimen is revealed as roughness increases.
Although this result appesrs, from Fig, 20, to be quite general, the
author feels safe only in applying this statement t¢ the relatively

low siress regicn, Jjust above the proportionzl limit,
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Fote that thers is too much scetter in the higher siress re-
gions to permit msking a definite determination of where the curves
lie., The 200/% Roughness tests gave a very good grouplng of points
in & region which overlapped the curves of lsss roughness, as can
be seen from Fig, 19, This apparent reversal of expected results
is another factor which influences the asuthor to refrain from draw-
ing conclusions concerning the effect of roughness in the higher

stress regicns.
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VI. CONCLUSICNS

For 25 87 aluminum elloy, surface roughness affects the 1ife
expectancy of = member subjected to repested btensile stresses of
magnitudes greater than the proportionsl limit., In the renge of
S/u.ta zoo/u, each step of increazsing roughness results in a de-
creese in cyclic life over a range of loadings embracing the pro-
vortional limit and on up to about 42,500 p.s.i. For higher
stresses, the effect ig in genersl the same, but specific state~
ments camot be mede withoud further testing.

The degree of shortening in cyclic life appeare rather small
when compared with similar tests below the proportional limit.
With the scatter as brosd as it appears herein it might be con-
cluded that the expense incident to reducing roughness during fin-
ishing operations on structursl parts is possibly not jJustifiled if
carried out for the purpose of increasing life expectancy above the

proportional limit for this type of loading,
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VII. RECUMMENDATIONS

It is not expected that other aluminum alloy structural mater-
ials will exhibit different results than the 25 87 tested hers. How-
ever, in the interests of completeness, this work might well be ex-
tended to cover thoss meteriasls in common use in Indusivy.

Since few sircraft meambers are subjectad %o such consiant
loadings as were spplied during these tests, the effects of varying
stvesses should be investigeted., Captain Nelson, in Ref, 2, did a
slight amount of work in thig direction. However, some delinite stal-
isticel pattern is mandatory.

In regard to the esgquipment, several points are worthy of mention.
The rate of load application, 32 cycies per minate, could be increased
many fold without incressing the dynamic lozd factor, Morsover, it
would eppear that if the lozding was comparsd on a baslis of eguivaleny
stetie loading, the results should be irrespective of the manner of

s

achieving this losd. That is, if the load of a definlte megnitude is

applied directiy, or if helf that load is applied in such a manuer as

-

to give & dynamic load factor of two, the stresses incurred shonld be

dentical, Hence, redesign of the machine to increazse greatly the

pis

ecyeles per minute seems Justifiable. However, as pointed cut in the
"Discussion® section herein, the duration of load would thereby be
reduced so that a greater ecyellce life might be expected.

Captain Nelgon, Ref, 3, investizated the use of sn Oscillesscops

with retentive screen for losd measursment, and found that a rate of
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loading of at least 800 cycles per minute would be the minimum that
could be so measured, and tha’l even then, the mean load, rather
than peak load weuld come oub. As an slternative method of redue-
ing the sxcessive workload of the present system it is suggested
that precision type pressure-control valves might allow load control
without any resort to strain gages.

At the very least, the present system could be vastly improved
by eliminating the storage batteries., Checking, watering, charging,

and moving of these babtteries occcupies more time than is justified,
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TABLE 1
Calibration of Strain Gages

(Connected in Series)

Reading Load (1bs,) fillivolis
1 100 «310
2 200 618
3 300 «930
4 400 1,22
5 500 1,55
6 600 1,85
7 700 2.15
8 800 2449
9 900 2.78

10 1000 2.10
11 1100 o4l
12 1200 377
13 1300 4,03
14 1400 4,35
15 1500 4,68
16 1600 4,98
17 1700 5.29
18 1800 5.62
19 1900 €.93
20 2000 6.21
21 2100 6.56

22 2200 6.83



Resding
23
24
25

26

28
29
30

2B
TABLE I (Cont'd)
Loed (1bs.)
2300
2400
2500
2600
2700
2800
2900
3000

M1llivolts

7,19
7.50
7.82
8.13
844y
8476
92.09
9.36



Load
1be,

300

600

900
1200
1500
1800
2100
2400
2560
2700
2800
2930
3000

3100

T

TABLE II

gtatic Tensile Test

25 ST 5, Surface Roughness

Throop Hall=—Materials Testing Leb.

Specimen Diameter Q0,3

#79 #19
Gage  Strain
Rdg. Rdge

0 0

2.0 3.05x10™4

5.3 8,082

8.0 12.2
10,4 15,86
13.0 19.825
15,8 24.095
19.€ 29.89
28.2 43.00
42,0 64,05
45.2 68,93
75.0 114,37
85.2 129.93
92.3 140,76
102.9 156.92

#80
Gage
Rdg.
0
2.5
4e5
7.6
10.6
13,3
1€.3
20.0
8.3
42,0
46,0
78,0
86. 6
95.0
98.5

#79 —— 1.525 x 10™* 1n/in/division

#80 —— 1,562 x 10~% in/in/division

#80

Straln

in/in

0

Areas 0,0707 sg. in.

Aversge
Streain

in/in

0

3.905x107% 3. 477510~

7.029
11.871
16.557
20.775
254 460
31,240
44,205
65.604
71.852

121.84
138,39
148.39
153.86

7555
12,035
16,208
20,300
24 TT7
30.565
43,602
644827
70.391

118,11
134.16
144.58

155.39

Stress
PeS.i.

4243

12729
16972
21215
25460
29701
33945
36209
38189
39604
41442
42430
43847
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TABLE III
Test 1 Approx. Gage Setting 200 pe.s.i.
Resding Cycles Load (1bs.)
1 30 2285
2 100 2357
3 1500 2143
4 2000 25T
5 2400 2500
6 2600 2571
7 2800 2500
8 3000 2571
9 4000 2340
10 4500 2270
1 5000 2360
12 5500 2285
13 €900 2350
14 8240 2410
15 10000 2571
16 70000 2350
17 74200 2515
18 76200 2570
19 262204 Failure

Roughnesgs - gfo
Break —~ Fillet
Ave, Load = 2350 lbs.

Stress « 33,000 p.S.i.



Test 2

Reading

O ® 3 0 W W M)

Roughness ~ 54
Bresk = Fillet
hve, Load = 2700 1bs,.

Stress - 38,200 p.s.i.

Test 3

Readiqg

W~ W

6
Roughnesg - 5m
Break — Fillet

Ave, Load = 2900 1lbs,
Stress = 41,000 p.s.i.

38~

TABLE IV

Approx. Gage Setting 220 p.s.i.

Czples
100

1000
2520
3000
71050
71200
75000
83600
105000

TABLE V

Load (1bs)

2670
2610
2880
2720
2620
2760
2760
No reading

Failure

Approx. Gage Setting 240 p.s.i,

CXcles
40

3000

8000
12400
16900
56008

Load (1bs.)

2960
2950
2970
750
2850

Failure



Test 4

Reading

® N OO0 W W N | et

Roughness = 5 u
Break - Normal

Ave, Load - 3100 lbs.

Stress - 43'800 p.S.i.

Test 24

Readir_xg
1

® ~ O o\ MW n

Roughness - 5 »
Break — Fillet
Ave, Load = 3250 l1bs.

Stress - 46”000 p.S.i.

-29~
TABLE VI
Approx. Gage Setting 260 p.s.i.

Cycles Load (1lbs.)
40 3110

2500 3160

7600 2960
11760 No reeading
13800 3170
20850 3100
21720 3020
22972 Failure
TABLE VII

Approx. Gage Setting 260 p.s.i.

Oycles Load (1bs.)
3000 3240
7900 3280
7920 3250

13100 3250

13200 3250

18000 3330

18060 3270

18374 Failure
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TABLE VIII
Test 26 ; Approx. Gege Setting 270 p.s.i.
Reading Cycles Load (1bs.)
1 3000 3480
2 7680 3500
3 7700 3470
4 9900 3500
5 9920 3500
6 21002 Faillure
Roughness - 5 > o
Break = Fillet
Ave. Load - 3485 1lbs.
Stress = 49,300 p.s.1.
TABLE IX
Test 5 Approx., Gage Setting 220 p.s.i.
Reading Cycles Load (1bs.)
1 10 3240
2 7780 No reading
3 7812 3420
4 9220 3390
5 11600 No reading
6 11660 3360
7 17660 3380
8 Machine broke down

Roughness =~ 5.



)

TABLE X

Test 6 Approx. Gage Setting 280 p.s.i.
Reading Cycles Load (1bs.)

1 20 3260

2 1060 3470

3 1120 3560

4 1620 3520

5 1650 3440

6 Machine broke down at 4000 cycles
Roughnegs =« 5 v

TABLE XI

Test 22 Approx. Gage Setting 280 p.s.i.
Reading Cycles Loed (1bs.)

1 30 3260

2 1930 3560

3 5420 3500

4 9820 3620

5 13020 3560

6 16280 3580

7 18870 Failure

Roughness - 5/»
Break = Fillet
Ave, Loed = 3360 lbs.

Stress = 47,500 p.s.i.
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TABLE XII

Test 13 Approx. Gage Setting 280 p.s.i.
Reading Cycles Load (1bs.)
1 20 3460
2 7540 3390
3 75€0 3570
4 9400 3570
5 9440 3500
6 13460 3570
7 13490 3570

8 14564 Failure

Roughness < ﬁ/b
Break = Normal
Ave, Load ~ 3520 lbs.

Stress « 49,780 p.s.i.



Test 25
Reading

1

N~ W

A SN ¢ <SR B & RN

Roughness = th
Break = Normel
Ave, Load = 3560 lbs.

Stress = 50,300 pes.i.

3%

TABLE XIII

Approx, Gage Setting 290 pe.s.i.

Gzcles
20

€00
3420
7500
10340
10540
11240
11260
13700

Load (1bs.)

No reading
3550
3590
3580

No reading

No reading
3510
3590

Fallure



G

TABLE X1V
Test 7 Approx. Gage Setting 300 pes.i.
Resding Cycles Load (1bs,)
1 10 3440
2 3280 354C
& 3320 3540
4 3400 3540
& 10750 3660
6 10800 3730
7 12780 ¥o resding
8 1z800C Fe reading
9 12880 No reading
10 13430 3670
11 18326 FPailure

Roughness - &u
Bresk ~ Normal
Ave, Load - 38$C lbs,

Stress - 50,700 pesei.



TABLE XV

Test 23 Approx. Gage Setiing 3200 pesei.
Rezding Cycles Lozd (1bs.)

1 2000 3640

2 7300 3830

3 8580 3450

4 2600 3€L0

5 13832 Failure

Roughness = &,
Bresk - Normsl
Ave, Load - 3630 1lbs,

5'&1‘633 had 51;300 pQSeio



Test 9

Reafling

~3 [0 N W 48]

Roughness « Q/A
Bresak = Neormal
Ave, Load - 3760 1bs.

Stress had 53.100 p.SOio

Test 10
Reading
1
2
3
4
Roughness - 5
Break - Normal
Ave, Load = 4020 lbs.

Stress el 56'800 p-s.i.

BB -
TABLE XVI

Approx., Gage Setting 320 p.s.i.

Cycles Load (1lbs.)
10 No reading
50 3630
6740 3680
6760 No reading
7000 3870
7060 3870
9316 Fellure
TABLE XVII

Approx. Gage Setting 340 p.s.i.

Cycles Load (1bs,)
30 3920
1080 4015
2080 4120
3240 Failure



B

TABLE XVIII

Test 11 Approx. Gage Setting 360 p.s.i.
sdin Cycles Load (1bs.)
1l 50 4450
2 100 4510
3 400 4390
4 550 Failure

Roughness - §/¢
Break <« Normal
Ave, Load ~ 4450 1bs.

Stress ~ 63,000 p.s.i.

TABLE XIX
Test 8 Approx, Gage Setting 220 p.s.i.
Reading Cycles Load (1bs,)
1 10 2670
R 4650 2620
3 4800 2730
4 5400 2800
5 9320 2690
6 13400 2710
7 17200 2630
8 77380 Fallure

Roughness - 50 «
Break = Fillet
Ave, Load = 2700 lbs.

Stress - 38,200 p.s.i.



TABLE XX
Test 28 Approx. Gage Setting 230 p.s.1i.
Reading Cycles Load (1bs.)
1 , 10 No reading
2 4260 No reading
3 4500 No reading
4 6420 2700
5 6440 2870
6 8072 2930
7 8080 2880
8 9460 2890
9 16180 2970
10 16200 2730
11 21860 3000
12 21800 2950
13 23660 2870
14 48892 Failure

Roughness = 50 n
Break « Fillet
Ave, Load = 2380 1lbs,

Stress ~ 40,700 p.s.i.



TABLE XXI

Test 12 Approx. Gage Setting 240 p.s.i.
Reading Cycles Load (1bs,)
1 5 3000
2 30 3000
3 650 2780
4 680 3050
5 1600 3090
6 1630 3170
7 7000 3000
8 11200 3050
9 16830 2950
10 36840 Pailure

Roughness = 50
Bresk - Normal
Ave, Load - 3000 1lbs,

Stress - 42,400 p.s.i.
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TABLE XXII
Test 27 Approx, Gage Setting 250 peseis
Reading Cycles Load (1bs,)
1 2980 3120
2 7540 3160
3 7560 3280
4 9560 3180
5 9600 3090
6 10650 3140
7 10670 3170
8 16200 3010
9 23740 Failure

Roughness - 50«
Break -~ Fillet
Ave, Load - 3140 1bs,

Stress - 44,400 pes.i.



Test 15
Reading
1l

2

Roughness - 50 u
Break -~ Fillet
Ave, load - 3350 1lbs,

Stress - 47,400 p.s.i.

wd ]

TABLE XXIII

Approx, Gage Setting 260 p.s.i.

Cycles
10

176
5010
11100
14600
17400

20534

Load glbs,2

3300
3470
3350
3460
3350
3290

Failure
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TABLE XXIV
Test 29 Approx. Gage Setiing 270 p.s.i.
Beading Cycles Load (1bse)
1 3810 3570
2 3830 3570
3 7280 3440
4 7300 2470
5 9710 3450
6 9730 3390
7 19300 3290
8 19310 3290
9 20970 3450
10 21000 8410
11 27370 Failure

Boughness - 5Q/~
Break « Normal
Ave, Lozad - 3430 1lbs,

Stress - 48,500 p.sSeis



Test 14
Beading
1

2

8
BRoughness - 504
Break - Normal
Ave, Load -~ 3470 1bs,

Stress - 49’000 PoSoio

3

4
Roughness - 50 «
Break - Fillet
Ave, Load -~ 3600 lbs,

Stress - 50,900 psi

43—

TABLE XXV

Approx. Gage Setting 280 pesei.

Cyvelesg
10

40
3760
4000
8840

12860
20280

24612

TABLE XXVI

Load (1bs,)
3410

3410
3390
3560
3540
3430
3570

Failure

Approx. Gage Setbting 300 pes.i.

Cycles

3280
8320

11832

Load (1bs,)
3630

3520
3650

Failure



b

TABLE XXVII

Test 19 Approx., Gage Setting 320 p.s.i.
Readingz ‘ Cycles Load (1bs,)

1 10 3860

2 200 3860

3 1020 3860

4 2497 Failure
Roughness - 5Q/4
Break -~ Normal
Ave, Load - 3860 1bs.
Stress - 54,600 p.s.i.

TABLE XXVIII

Tagt 18 Approx. Gege Setting 340 p.s.i.
Resding Cycles Losd (1bs,)

1 10 4170

2 100 4170

3 850 4170

4 880 4170

15 1900 4080

6 2218 Failure

Roughness - 50
Break = Normal
Ave, Load - 4150 1bs,

Stress - 58,600 PeSoio



Tegt 17

Heading
1

2

Boughness - 5Q/~
Bresk - Normal
Ave, Load - 4160 1bs.

Stress = 58,800 pesei.

wd

TABLE XXIX

Approx, Gage Setting 360 p.s.i.

Cyeles Load (lbs
10 4180
18 Failure



wodl G

TABLE XXX
Test 38 Approx, Gage Setting 210 pesei.
Resding Cycles Load (1bs,)
1 44 2630
2 ~ 72 2570
3 550 2600
4 870 25850
5 2980 2550
6 3000 2680
7 3650 2550
8 3660 2550
9 7250 2640
10 7260 2550
11 11200 2440
12 14600 2520
13 21450 2610
14 56830 2520
18 56840 2630
18 60125 2670
17 64300 2550
18 64310 2620
19 68080 2600
20 68100 2600
21 73890 2660
22 73300 2660
23 81090 2500
24 | 81100 2500
25 91378 Failure
Roughness - 100 u Ave, Load -~ 2580 1lbs,

Break - Normal Stress -~ 26,500 p.s.i.
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TABLE XXXI

Tegt 35 Approx, Gage Setting 230 pe.s.i.
Reading Cycles Load (1bs,)

1 868 2780

2 3140 2810

3 4320 2790

4 8100 2760

5 11200 2670

6 14100 2760

7 18500 2850

8 22650 2710

9 23945 Failure

Roughness - 100«
Break - Fillet
Ave, Load = 2760 1lbs.

Stress = 39,000 p.s.i.
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TABLE XXXII
Test 34 Approx. Gage Setting 250 p.s.i.
Reading Cycles Load (1bse)
1 1670 3020
2 3380 3000
3 8190 3000
4 10260 3000
5 10800 3070
6 10820 3090
7 14710 3070
8 18640 3090
9 18680 3150
10 20100 3180
11 23060 3070
12 23080 3130
13 25100 3180
14 27492 Failure

Roughness = 100 m
Break = Fillset
Ave, Load -~ 3080 1bs,

Stress - 43,600 pes.i.



Qe

TABLE XXXIII
Test 30 Approx, Gage Setting 260 p.se.i.
Reading Cycles Load (1bs,)
1 1780 3305
2 4590 3370
3 4600 3300
4 7930 3320
5 11360 3270
6 13200 ' 3350
7 16800 3290
8 22338 Failure

Roughness - 1004
Break « Fillet
Ave, Load - 3300 lbsg,

Stress = 46,700 peseis
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TABLE XXXIV

Test 32 Approx. Gage Setting 280 p.s.i.

Reading Cyeles Load (1bs,)
1 1720 3420
2 4510 3610
3 4530 3530
4 5570 3440
5 5590 3310
6 11430 3440
7 11450 3370
8 12754 Pailure

Roughness ~ 1004
Break «~ Normal
Avs, Load - 3420 lbs,

Stress = 48,300 Pesele



Test 3L
Regding
1

2

?
Roughness - 100m
Break = Fillet
Ave, Load - 3505 lbs,

Stress - 49,500 pes.i.

Past 33

Reading

5
Roughness -~ 100 &
Break = Fillet
Ave, Load -~ 3630 lbs,

Stress - 51,300 pesel,

~51=
TABLE XXXV

Approx. Gage Setting 300 pe.sei.

Cycles Load (1bs,)
80 3330

110 3350
3850 3540
3880 3720
8570 3460
85600 3640
8680 Failure

TPABLE XXXVI

Approx, Gage Setting 310 pesei.

Cycles Load (1bs,)
80 3660
100 3600
3906 38630
4000 No reading
4924 Failure



TABLE XXXVII
Tegt 20 Approx. Gage Setting 320 p.s.i.
Readine Cycles load (1bs,)
1 66 3720
2 500 3890
3 7700 3950
4 8310 Failure
Roughness - 100w
Break - Fille$
Ave. Load - 3850 lbs,
Stress - 54,500 p.se.i.
TABLE XXXVIII
Test 37 » Approx, Gage Setting 320 p.sei.
Headinz Cycles Load (1bs
1 30 3680
2 50 3680
3 1620 3940
4 2640 4060
5 2916 Failure

Roughness = 100
Break = Normal
Ave, Load - 3840 lbs,

Strezs - 54,300 pmese.i.
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TABLE XXXIX
Test 21 Approx. Gage Setting 340 pes.i.

Yo readings. Machine broke down after 20 cycles,

Roughness - IOQ/A

TABLE XL

Test 36 Approx. Gage Setting 340 pes.i.
Reading Cycles Load (1bs,)

1 30 3820

2 140 3880

3 200 3940

4 540 4100

5 560 4120

8 724 Failure

Roughness - 100w
Break -~ Normal
Ave, Load - 3370 lbs.

Stress - 56,100 pes.i.



«54=

TABLE XLI
Test 51 Approxe Gage Setting 210 peseie
Reeding Cycles Load (1bse)
1 20 2520
2 1390 2600
3 3790 2540
4 5060 2600
5 5260 2720
6 8300 2650
7 11700 2500
8 17400 2520
9 24250 2630
10 29600 2520
11 34850 2500
12 42096 Failure

Roughness = 200/««
Breek = Fillet
Avee load ~ 2580 lbse

Stress = 36,500 peSeie
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TABLE XLII

Test 45 Approxe. Gage Setting 220 peSeie
Reading Cyeles Load (1lbse)

1 70 2460

2 700 2570

3 3400 2660

4 6750 2670

5 10610 2690

6 12030 2670

7 15790 2720

8 18250 2700

9 22800 2720

10 30140 2720

11 37662 Failure

Roughness = 200 u
Break = Fille$
Ave. Load = 2660 lbse

Stress = 37,600 peSeie
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TABLE XLIII
Test 48 Approxe Gage Setting 240 pesels
Reading Cyeles Load (1bss)

1 40 2820

2 1180 2910

3 3220 2330

4 6420 2880

5 8310 2880

6 11450 2910

7 14160 2930

8 17700 3010

9 20200 2980

10 23430 2920
11 26432 Failure

Roughness = 200 m
Break - Fillet
hve. Ioad - 2920 lbse

Stress - hlgBQO poSoio
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TABLE XLIV

Test 54 Approx. Gage Setting 250 pesels
Resding Cycles Load (1bse)

1 230 2950

2 5216 3000

3 7220 2950

4 7530 2390

5 12480 3010

6 16270 3030

7 19450 3080

8 22840 3070

9 25972 Failure

Roughness = 200 u«
Bresk - Normal
Aves Load -~ 3010 lbse

Stress = 42,600 peseie
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TABLE XLV

Test 42 Approx. Cage Setting 260 peSeie

Reading Cycles Load (1bse)
1 40 3400
2 1160 3470
3 3180 3100
b 4170 3200
5 5220 3160
6 7350 3220
7 8160 3290
8 9250 3230
9 10100 3230
10 11374 Failure

Roughness - 200
Break - Fillet
Ave. Load = 3255 lbse

Stress = 16,000 peseie
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TABLE XLVI

Test 41 Approxe Cage Setting 280 peSels

No readingse Machine broke down

Roughness - 200 u

TABLE XLVII

Test 49 Approxe Cage Setting 280 peseie
Reading Cycles . Load (ibse)

1 Lo 3540

2 2520 ‘ 3420

3 goso 3440

4 6940 3440

5 8210 3420

6 10810 3530

7 10830 3460

8 12550 3450

9 14476 Failure

Roughness « 200 u
Break - Fi llet
Ave. Load - 23460 1bss

Stress = 49.000 p.s»ic
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TABLE XLVIII
Test 44 Approx, Gage Setting 290 p.s.i.
Reading Cycles Load (1bs,)
1 40 3830
2 2010 3630
3 4360 3650
4 6820 3590
5 8150 3630
6 9058 Failure
Roughness - 200 w«
Break - Normal
Ave, Load ~ 3625 1bs,
Stress = 51,200 p.s.i.
TABLE ZLIX
Test 39 Approx. Gage Setting 300 P.Se.i.
Reading Cycles Load (ibs.)
1 40 3312
2 500 ¥o reading
3 Machine falled

Roughness - 200
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TABLE L
Test 46 Approxe. CGage Setting 300 peSeie
Reading Cycles Ioad (1bs.)
1 46 3580
2 7680 No reading
3 2640 No reading
4 3690 No reading
5 Electrical failure

Roughness = 20Q,4
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TABLE LI
Test 43 Approx. Gage Setting 310 peseie
Reading Cycles Loed (1bse)
1 10 3500
2 36 3660
3 50 3690
4 720 3770
5 730 3710
é 1230 3790
7 1250 3670
8 1770 3730
9 1800 3730
10 2680 3640
1 2700 3690
12 3150 3810
13 4670 3810
1 5390 3690
15 6280 3690
16 7850 Failure

Roughness = 200 u
Bresk < Normal
Ave. Load - 3705 lbse

Stress = 52,400 peseie.



TABLE 113
Test 4O Approxe Gage Setting 310 pesei.
Reading Cyeles Lload (1bse)
1 30 3610
2 4o 3640
3 810 3710
4 820 3740
5 1120 3740
6 1140 3710
7 2380 3640
8 2400 3700
9 3150 3710
10 3170 3710
1 3710 3660
12 3720 3800
13 5000 3620
14 5010 3570
15 6440 3590
16 6940 Pailure

Roughness = 200 u«
Break -~ Fillet
Aves Losd = 3680 lbse

Stress - 52.000 PeSeie
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TABLE LIII

Test 47 Approxe Gage Setting 320 peSeie
Reading Cyeles 1oad (lbse)

1 88 3550

2 100 3670

3 640 3790

I 650 3820

5 2420 3770

6 2450 3820

7 4140 3810

8 5270 3810

9 7556 Failure

Roughness = 200 u
Bresk -~ Fillet
Ave. Load = 3755 lhse

Stress - 53;100 PeBele
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TABLE LIV
Test 52 Approxe Gege Setting 320 peseis
Reading Cyeles Lo Se
1 30 3650
2 390 3610
3 800 3720
L 820 3550
5 1260 3570
6 1280 3540
7 2050 3740
8 2870 3740
9 3200 3830
10 3420 3830
11 4960 3850
12 6210 3730
13 7234 Failure

Roughness - 200 1t
Break = Fillet
Ave. Load - 3710 lbse.

Stress = 52,500 peSele



Test 53
Reading

b & W N

Roughness - 200 u
Break - Normel
Ave. Load - 3845 1lbs.

Stress = 54,300 pesSsie

Test 50

Reading

& W

Roughness = 200 u«
Bresk = Normal
Ave. Load = 3730 lbs.

Stress = 52,750 peSeie

=B0e

TABLE LV
Approxe Gage Setting 330 peseis
Cycles Lo 1lbs
24 3830
Lo 3870
540 3830
780 3850
1016 Failure
TABLE LV1
Approxe Geage Setting 340 peSeie
Cycles Load (1bse)
20 3660
75 3725
150 3800
300 Failure



-6 1-

SIE

NIWIO3dS 1S3l

o
.

—

o[©

e d

Qv3YHL 3NIHOVW "
W01108 ONNOY '4dlS




¢ 9ld

NOdNOD ONIYNSY3IW avOl

— B .
3

\

N3IWID3IdS 1531



ﬁea_

Fig., 3

General View of Machine
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Sample Test
Date
G.A.L.C.I.T,
Structures Laboratory
Gage
Roughness
Reading ¥o, Electric Cyecles Height Actual Tensile
Load Inches Load 1bs. load p.s.i.
1l 1000 4 0.27
2 2000 4 0.55
3 3000 4 0.81
4 4000 4 1,08
Ave. 0,27
5 4 0.70 2590 36600
6 4 0.70 2590 36600
7 0.70 25690 36600
8 | 2000 4000 0,60
9 3000 4000 0.9
10 4000 4000 1.19
Ave, 0,30
11 4000 0.78 2600 36800
12 4000 0.78 2600 36800
13 4000 0,78 2600 36800
14 1000 8000 0.20
15 2000 8000 0.40
16 3000 8000 0.61
Ave, 0.20
17 8000 0.52 2590 36600
18 8000 0.52 2590 36600

19 8000 0.51 2550 36000
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Reading No. Electric Cycles Height Actual Tensile
Load Inches Load lbs. Load Pesoi.
61 2000 76000 0.44
62 3000 76000 0.67
63 4000 76000 0.80
Ave, 0,22
64 76000 0.57 2590 36600
65 76000 0.57 2590 36600
66 76000 - 0,57 2590 36600
Failure 77380 Fillet Break
Fig. 10

Typical Data Sheet
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