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Dot "By J. A. Bennett
Y SUMMARY
v;' A number of tests were made to determine the effect of

service stresses on the impact resistance; :the X-ray diffrac-
tion patterns, 'and the microstructure of 255 aluminum alloy.
The average impact resistance was found to be unimpaired even
in material cut from specimens previously broken by repeated
stréss. The X-ray diffraction patterns showed no structural
change resulting from the fatigue-stressing of the alloy.

Two structural conditions known as slip-plane precipitation

and veining were observed. "Veining" in the structure could
be made to disappear and reappear by alternate solution heat
treatment and age-hardening. It was concluded that the fa-

tigue~stressing was not responsibls for these  structural
features and the endurance limit was not reduced by it.

In attempts to detect and evaluate damage resulting
from fatigue- stre531ng brior to the start. of cracks, the im-
pact behavior of normalized SAE X 4130 steel was determined
after a variety of repeated stress treatments. The results
are valuable in showing the effect of fatigue cracks on im—
pact resistance, but they do not give any indication ofidam—
age occurring before the cracks had fbrmed o

Damage o thls kind was evaluated bv determlnlng tha
decrease in endurance due to stressing above the fatlgu%,<
limit. Tn' a large proportion of the tests made, a defleew
tion method was used to detect crack formation, so that the
damage measurement could be definitely limited to the pre-
_‘crack stage. The results showed that the apparent rate of
ldamage depends on the stress history. If the prestress is
higher than the test stress the damage occurs rapidly at
first, then more slowly. The reverse is.true if the damage
is inflicted at a stress ldower than:that used to measure it.
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INTRODUCTION

Fatigue is one of the most important factors contribut-
ing to mechanical failure in service of highly stressed
structural members of aircraft. It is apparent that the
metal is being damaged throughout the period of faticue-
stressing; but the damage cannot be detected until viegible
cracks have formed, and when this occurs the life remaining
before failure is short. For several years a research proj-
ect at the National Bureau of Standards has been directed
toward learning more about the damage occurring in the pre-
crack stage of fatisue of metals. This is the final report
on the project and includes both previously published mate-
rial and new results. Part I is a recapitulation of data of
reference 1, and in part II-A the previously published data
of reference 2 are reconsidered in light of the new data on

the same material which are presented in part II-B.

This study was conducted at the réquest of and with

" financial assistance from the National Adv1sory Committee

for Aeronautics, -

I. EFFECT OF SERVICE STRESSES.OH:ZSS ALUMINUM ALLOY

A, Bffect éf.Repeated Stress on;fmpact Resistance

Loss in resistance to impact has already been used by
Honda and Oshiba (references 3 and 4) to measure fatigue
damage. Oshibda showed a close correlation between the growth
af ‘fatigue cracks and the decrease of impact resistance in -
annealed carbon steels. Davidenkow and Schewandin (reference
&) found a decrease in the strength -0f annealed carbon steel
at”low temperature following repeated; stress above the fa-
tigue limit. Their work is of special interest because they
found immediate 1owering of the breaking strength during
very early stages of the fatigue process before any fatigue
crack could be discovered on the faces of the fractures

From consideration. of such results-lt seemed worth while
examining the effects of repeated stress on the. impact re-
sistance of aluminum alloy. 25S-T, particularly at.a low tem-

perature. Prelimlnarv notched . bar tests on material as re- % g

ceived, showed that the impact resistance increased as the
temperature was decreased down to.—78° C.
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Haigh axiél'ioading machines were nsed for the fatigue-
stressing. "The reduced sections of. the specimens were - cylin-

‘drical so as to provide material as nearly homogeneous" in

stress history as could be arranged. - Substandard Charpy and

"Luerssen-Green torsion 1mnact'qne01mens were: machined from
"thé reduced sectlons in such a way as to contain no visible

fatlghe cracks.

The various repeated stress treatments prior to impact
tests are described in table I. The results of the impact
tests are summarized in table II. Detailed results of one
of the Ffiwve isets ‘of testis are shown 1n £igure ‘.

Tt was concluded that for .material not containing a fa-
tigue crack located so as to be involved in the impact frac-
ture, the' 1mpact resistance of alloy 255-T was unimpaired by
repeated stresses below or above the fatigue limit.

B. Effect Of'Répeated'Stress on X—Ray Diffraction Patterns

The advanuages of . nondestructlveness and applicabillty
to.localized surface elements continue to make X- ray diffrac-
tion studies of fatigue attractive; although their competency
in ‘foretelling fatigue failure has been questloned particu—
‘larly by C. S. Barrett. (See reference 6.

The immediate purpose, L0f .this investigation- was to de-
termine ‘what clange H any, could be detected in the X.-ray
‘diffractlon patterns of ajlov 258 T- as a result of repeated

‘strees. "Iron and molvbdenum radiations were used to examine
. Xrouse cantilever rotating beam and: Haigh axial 1oadlng
- specimens at intervals, during the course- of fatigue-stress-

ing. Table III gives the record of ene of the Falgh speci-~

mens which may be con s1dered tvulcal of the rest.

In figure 2 the phetograms b, c, and d were all obtained
by exposing thé ‘same spot to the X-rey beam, 'an attempt being
made to icek the ~“P01'”n in the seauma pogivion Tor sach '‘ex-

spoFaRe . AT tive ,J‘La s of figure .3 were .obtaiced from

o

areag several centimetsziry from the point whnere a faiizue
crack ultimately appeazei. These panterns showsd no sefinite

change: as a Teﬁilt oz repeated stre;‘ above: the fatigue 1limit.
' They were the szne in gencral appealance as many’ otners taken

on unse cve sed m;uerlal . o fo

It is evident that the X-ray diffraction patberns did
not indicate whether or not the alloy 25S5-T had been damaged
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by repeated stres§. If a series of patterns had been ob-
tained at-“various stages of the fatigue process by directing
the beam'at ‘the exact spot where a fatigue crack eventually
occurred, then-‘a different result might have been obtained.
Such technique ‘is in common use on test specimens, but for
the inspection "6f large service members hundreds of diff;ac—
tion patterns would be needed to make sure that every likely
spot had been examined. Such a procedure does not seem
‘practical. il R ;

o ¥

C. Effectof Repéated Stress on the Microstructure

The terms "slip-plane precipitation” and "veining" con-
note quite unrelated structural conditions in aluminum alloy
255-T. Although there was no a priori reason for regarding
these structural features with suspicion, the fact that they
were prominent in the microstructure of failed propeller
blades prompted a study of their origin and probable signif-
icance, especially in relation to fatigue-stressing.

The appearance of slip-plane precipitation in a propel-
ler blade:-of 255-T aluminum alloy is shown in figure 3.
Many of the individual grains are crossed by intersecting
families 0of parallel lines. The micrograph of figure: 4
shows that each individual line consists of a series of dis-
crete particles.

Identification: of the crystallographic planes bearing
these: particles was made on several large crystals found in
sections through a propeller blade. Photomicrographs of the
polished and etched sections were used to establish the di-
rections of the rows of precipitated particles with respect
to reference scratches. The crystal orientations were then
determined. from back reflection'X-ray patterns.* 1In‘all
cases, intercepts of octahedral planes on the plane of polish
were found to line up with the rows?® of particles. This,
coupled with the fact that no more than four directions of
the rows of particles were found in any one of the large num-
ber of grains examined, indicates clearly that the precipita-
tion had occurred on octahedral planes.

The question immediately arising 18 whether or not the
slip-plane precipitation is a result of service stresses and

*The valuable assistance of H. C. Vacher, Metallurgist,
National Bureau of Standards, is acknowledged in this phase
of the work. :

v
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whether the condition is detrimental to the material, partic-
ularly in its resistance to repeated stress. In a study of
the fatigue characteristics of lead cable sheath, Townsend
(reference 7) concluded that structural changes occurred in
an antimony-lead alloy as a result of the service conditions,
 primarily of the stresses, and that these changes had an im-
portant bearing on the subseguent behavior of the metal as a

"whole In that case, the change which consisted essentially

of the precipitation from solid solution of- the antimony was
confined principally to the grain boundaries. The possibil-
'itv of a similar occurrence in the Dresent case was examined.

Manv different attempts to producé slip-plane precipita-
~§fon in 258-0, 258-W, and 25S-T alloys by deformation and
hrepeated stresses failed Likewise, - deformation of the 25S- 0,
“or annealed alloy, followed by aging at elevated temperatures
failed to produce slip-plane precipitation 3

It was found that if the solution heat treated alloy
- (258-W) was plastically deformed by moderate amounts in any.
ef a large number of ways and then aged-at an elevated tem-
perature - for example, 143° C for a sufficient time, usually
about 17 hours - the . alloy then contained copious amounts of.
slip- blane pre01n1tat10n Fatigue specimens of 255-W stressed
to failure.showed no evidence of slip-plane precipitation
unt 1 aftér aging at elevated temperatures. Solution heat
treatment followed by age-hardening in the usual manner was
sufficient to produce the effect, without other stress treat-
ment s, partlcularly near rcorners :and. edges where quencr1ng
stresSes were expected to be the greatest
The' r esults of determlnations of fatigue str envrhs of
258-~T samples containing little and much slip- -piand ; recipi-
tation revealed no marked, difference between the t?oj sl 5 1% 4
anything a slight suneriorltv of the materlal contavulng much
slip-plane prec1pitat10n :

It was cbncladed therefore,.fhat the existence of this
structural condltion in the material was not an indication

of fatigue: damage. 2

Xed,

Experiments on velning such as shown in flgure 8. 1n
alloey 258 were sufficient to show that this condftion could
be suppressed and restored repeatedly by solut'ion heat treat-
ment ‘and age—hardening. respeotively, and that' the condltion
offers fi'oc promise of being useful as an indication of fatigue
damage,

g
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IT. EFFECT OF SERVICE STRESSING ON Cr-Mo STEEL

A, Effect of Fatigue-Stressing on Impact Resistance
; .ot 8 s

'As a possible means of detecting and(évaluating damage
in steel resdlting from fatigue- stre351ng, the impact resist-
ance of the stressed metal was determlned in supplementary
tests of specimens which had been fatlgue ~stressed short of
fracture. The impact behavior of normalized SAE X 4130 steel
was studied following fatigue-stressing under a variety of

.gonditions of stress amplitude, mean sfress, stress concen-

tration, stress distribution, and temperature during stress-

-idg. Comparative data were secured for a variety of impact
testing temperatures ranging from room temperature to -78° C.

Tests made with Krouse rotating cantilever specimens
stressed below the fatigue 1imit and subsequently broken in
transverse impact showed no loss of impact resistance as com-
pared to specimens in the as-received condition either at
room temperature or -78° C. Similarly, negative results were
obtained with smooth specimens fatigue-stressed by axial

loading (Haigh- machine) when tésted in tensile impact ‘at room

temperature and with smooth‘$§pecimens fatigue-stressed trans~

" versely as rotating beams (R. R. Moore machine) ‘when they

were tested in tensile impact at room temperaturé and -830 C

None of the svec1mens stressed above the fatigue limlt
by equal tensile and compressive axial loading showed any
loss in impact resistance unless surface cracks were present
The tests leading to this conclusion were as follows:

Notched specimens having a nominal fatlgue limit of. oA
26,000 psi were stressed as rotating cantilever beams for’f
various numbers of cycles at +40,000 psi, then tested in "
transverse impact at room temverature, --20o €, and -78° A
The fact that a specimen had received a specific number’ of
cycles of a given overstress was of small importance com-
Dared to the presence or absence of fatigue cracks. ks

Tensile impact tests of unnotched specimens which had
been stressed as rotating beams or stressed in equal tension
and compression by axial loading gave no indication of any
loss in elongation’ or impact energy until surface fatigue
cracks were present. Such cracks were not always found in
advance of the impact test.

With both the above groups of specimens, tests were
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made at room temperature and at one or more lower tempera-
ﬁﬁres. In all cases, the presence of cracks could be de-
tected as easily at room temperature as at “low tgmperatures.
For the notched specimens it was shown that, for a specific
percentage loss of impact energy, a deeper crack can be
tolerated at room temperature than at -20° or —789’0.

.. .Specimens which were overstressed by superimppsing‘fa-
.tigue stresses on mean tensile stresses varying frém 17,400
to 77,000 psi extended plastically during the first few .
thousand cycles of stress, after which no furtlier extension
took place during the precrack stage of fatigue. Sméll;de—
creases in elongation and tensile impact .energy accompanjed
this initial extension, but these losses were also restricted
to the first few thousand cycles of stress. No further
change in elongation or impact energy took place until_tpe
advent of fatigue -eracks. '

The number of cracks formed during fatigue-stressing
was in some cases dependent on the fineness of the surface
finish, as shown by the following results. Specimens
stressed either by axial loading or transversely as rotating
beams! for which the mean tensile stress during the fatigue
test was zero, developed not more than five cracks in any
one specimen regardless of the finish-used. Haigh specimens
subjected to mean ténsilétstfé§sqsfbetween'17,400 and 50,000
psi during fatigueistfeééiqg'dévéloped many‘more cracks if
the surface was finished @1ﬁmfA%dxite thar~#f it had the ..
finer 4/0 polish. Haigh specimens subjectied to a mean ten-
sile stress of 77,000 psi during fatigue-stressing developed
large numbers of fatigue cracks (maximum about 200) regard-
less of the finish used. :

Svecimens which had been fatigue-stressed by axial .load-
ing and had deveéloped cracks were used to study the relation-
ship between track dimensions and tensile impact behavior,
The cracks were méasured with a traveling microscope focused
on the fracture.’7 Figure 6 shows the relationship for impact
tests made at rioom’ temperature and -33° ¢ between average
tensile impact ‘energy and the product of crack length times
crack depth. Even the smallest cracks measured produced
significant losses in impact energy and elongation., For.
specimens containing éracks smaller than a certaiﬁjcﬁitical
size .the average impact energy was the same at rodm temper,- -
ature and at -33° C. For a specimen containing a eracl ™.

_?1in the succeeding diScuééibn_thesé types of specimens, .
are designated as "Haigh" and "R. R. Moore", respectively.
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larger than the critical size, the impact energy was less at
-33% C than at room temperature.

2h number of specimens fatigue-stressed by axial loading
sufficiently to produce cracks were machined to remove the
surface, layer containing the cracks. In each case, the ten-
sile impact resistance of the remaining "core" specimen was
slightly less than for similer specimens not fatigue-stressed.
This difference was attributed mainly or wholly to the plas-
19 (e extens1on rec91ved durlng the repeated stre381ng

Speclmens fa+1gue stressed bv flexure at -400 to —450 C

showed no evidence of lowered impact resistance at either
room or.low temperatures, provided no detectable cracks were
present in the metal.

From all of the above results it was evident that damage
of the metal produced in the precrack stage of fatigue-stress-
ing was not detected with impact tests.

:B,_Effoct of Fatigue-Stressing on the Fatigue Strength
of the Uncracked Steel Wk

Since the measurements described in the preceding sec-
tions -gave no promise of evaluating:fatigue damage incurred
during the precrack stage, it was degided to concentrate on
a study -of damage of the material as measured by the decrease
in its fatigue strength. Such a study would be expected to
yleld information concerning the rate at .which damage pro-
gresses et varying degrees of overstress. A considerable
amount of work of this type . has been done, particularly by
Kommers (reference 8), but the majority of investigators have
used the decrease in fatigue 1limit as a measure of damage:

It was thought that tests based on :the loss .of endurance at
stresses above the fatigue limit would give a more sensitive
measurement of damage amnd would have the advantage of giving
results more appllpable to service conditions. Accordingly,
most of the tests deecribed in this .section were conducted in
the latter way. . . g | £ el

1. Material and Test Methods.- The material used in all
of these tests was chromium—molyhdcnumqsteeiL-SAE X 4130
(now 4130). Material from two different heats was used, that
designated as M356 being used for the Haigh and unnotched
R. R, Meore specimens, while M390 was used for the notched
R. R, Moore specimens.  Results of chemical analyses of the
two heats are given:
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M356 f i SIS IO Y
- . ; (percent) - (percent)
¢ el 0.30
‘Mn i ; i o FABD 50
. iy i a i L 015 .007
' A AT sRERE0 .011
81 T ol - .19
o b e y e R e .89
7 L U BRI s R e i

S o A i b g gt ol e .10

The mater1a1 was normalized prior to machinlng by’ air
cooling from 1625° F. .The average mechanical properties of
several specimens of material M390 are given below. The
tensile specimens were of conventional design with a reduced

section 0.313 inch in diameter.

Yield strength (o.z_percent sEfEet) . pel. ., ub s GREEED
Ultimate tensile strength, psi PR R TN L TRE e 104,200

Blomeaiilions in: 12 dnebiilperestte s atd <o . . oo apfe? e 27
Roduodiion wf efeais phibleent 9. T oL oL B N 5%
Handnese=Roclowel 1eBailigh Ei% . #alien oot . .'.“1‘} & 90

The smooth (unnotched) specimens used in both the rotat-
ing beam and axial leading tests had minimum sections 0.200-
inch diameter with an outline sweep radius of 9% inches. The
notched specimens had a cylindrical test section 0.35-inch
diameter, into which was cut a semicircular circumferential
notch 0.05 inch deep and 0.05-inch radius. .The stresses
listed for the notched specimens were calculated on the min-
imum diameter of 0.25 inch without regard to stress concen-:
tration. The smooth specimens were polished by hand with - :-uv
Aloxite paper, the direction of polishing being parallel te:'
the axis of the specimen. The notches in other specimens
were finished with a copper wiré, slightly smaller in diam-
eter than the notch, charged with.a .elunry:of No. 302 emery: -
in water.  The specimens were rotated slowlv in a lathe
while the wire, held at right angles i, - the axis -0of the spec-
imen was rotated rapidly. In thls-way f%e fine pollshing b -
scratches at the bottom of the groove’ were substantlally par~
allel to the axis of the. specimen. '’ - ks ¥4y

A

The Haigh testing machines used in conducting the tests
for which the specimens: were:stressed: by axial loading vere. ;.
operated at a frequency: of 2400 cyCIes per mlnute, the meapn, .
stress belng held -constant &t:10; 000" psi tension .The smooth
specimens were tested in Moore: rotating beam machines at o

A
v O Sl
b ERT ) 8
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1750 rpm; whereas the companion notched specimens were tested
at 3600 rpm, most of them in a machine with which great care
had been taken to minimize vibration. X

In all cases of a group of results obtained under iden-
tical conditions, the median value was taken as representative
of the endurance of the group. This was thought to be a more
representative value than the average, as it is less affected
by an occasional excessively divergent value, and: it may be
determined in cases where some elements of the group cannot
be expressed numerically, but are known to lie in a certain
range. FYor example, if in determining the endurance at a
given stress, only one specimen d4id not fail, the average en-
durance of the group would be infinite; whereas the median
value would be finite

'2 Unnotched specimens stressed by axial. loading.- The
endurance of unnotched specimens was determined at 83,000 psi
stress range (31,500 psi compression to 51,500 pei tension)
and at 84,000 psi stress range (32,000 psi. compression to

52,000 psi tension). Specimens. were then stressed. fpr vari-
ous cycle ratios® at one of these values of, stress range and A
tested to failure at the other. The damage wa.s measured by e

the change of endurance from that of the specimens whieh had
not been prestressed, a negative value of the damage indicat-
ing that the endurance was greater after prestressing. The
results are shown in figures 7 and 8 and in table nEATE

In the table, the column headed SIQ is the semi-inter-
quartile range® of each group of results. Both the damage
an@ 'the semi-interquartile range are expressed as percent of
the ‘eriginal endurance at-the test stress. The latter is a
measure’ of.the dispersion ®f the 1ndividua1 values which ex-
pressesithe same limits réldtive to the median as the proba-
ble error. expresses relative to the average. The SIQ ranges
for the results of the ak%ial leading tests are large; so it
is not surprising that the points. bf ficgures 7 and’ 8 ane
widely scattered. It is.difficult to draw conclusions from
these results, but it appears that there was improvemént in

*The tern, cycle. ratio, ag used here, designates the
ratio of the number of: cycles run at the ' prestress to the i
total number of cvcies whlch would gause failure at thls

stiegg.” e iy T e ; _ |

zThe middle number of a series arranged in order of mag-
nitude is. the median, The middle one of the numbers that lie
below the median’ is the lower quartile, the middle one of y
those above is the upper quartile, Half the difference be- ‘

tween the upper and . lower quartiles is the semi- 1nterquartile
range.
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the endurance at 84,000 psi due to prior stressing at 83,000
psi stress range. It is evident that very many more speci-
mens would have. been required to obta1n rellable approxima-
tions to the true damage curves.,

3. Unnotched specimens stressed as rotating beams.- 4
testing program similar to that presented in the preceding
section was conducted with R. R, Moore rotating beam machines.
The fatigue limit was =49,500 psi, and the two stresses chosen
for prestressing and testing were *55,000 psi and #65,000 psi.
The results dre shown in figures 9 and 10 and table V.,

It will be noted from the tables that- the dispersion in"
these tests, as measured by the SIQ range was much less than
in the axial loading tests, and the results may be expected
to be correspondingly more reliable. Figure 9 shows defi-
nitely that when the prestress was hlgher than'the test stress
the damage occurred more rapidly at first. < The epposite tend-
encyrid sidlndiifeaitied” in" £1zuret i 0, ! Tin this case the . prestress
was lower than the test stress. The marked improvement ob-
tained in these tests is surprising and the results are open .
to some question because of the small number of specimens :
used to establish the points. An attempt to verify-this im-
provement with a few specimens of a different heat of the
same steel was unsuccessful. The stresses used& were the same,
and the value obtained is represented by the point labeled U
on figure 10,

In addition to the above tests in which damage was meas-
ured by the decrease in endurance by prestressing at .stress
values above the fatigue limit, a group of spec¢imens was also
run to determine the damage as measured by the decrease in
the fatigue limit due to prestressing at +65,000 psi. :The
results of these tests are listed in table VI and plotted 1n
figure 9 :

4. Notched: specimens stressed as rotatlng beamg.— The
tests described in the preceding sections resulted. in several
conclusions regarding the requirements for satisfactory meth-
ods for evaluating fatigue damage. TFirst, it is obvious that
the axial load tests resulted in so much scatter that satis-
factory precision could not be obtained with any reasonable
number of specimens. Second, even with the smaller dlsper31on
'obtained 'in the rotating beam tests, an average of ‘about eight
spe01mens would be required to . give significant .results. for
each condltion mhird the evaludtion of damage 'by running

tests to fracture is 11m1ted tio. cvcle rativs- sufficiently

small so- that the chance of crack formation during prestressing
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is. negligible; otherwise some specimens,would be includéd ' in
which the damage was dependent only on the size of. an initial
fatigue crack rather than on'the:effeect of prestressihg.

The methods followed in the final stage of the study of
fatigue damage weére chosen:in light.of these contlusions.
In order to guard against cracking during prestress it was
necessary - to have a means of--detecting fatigue cracks at an
early stage without stopping the test. Such a method was de-
veloped, based on the. fact that the deflection of a rotating
beam sPecizmen under constant load increases when a crack .
forms. The apparatus and tecknigque used to detect and meas-

.ure this deflection have already been described. indetail.
1£Seesreferences9« ) - The method used was essentially as fol-

lows: -.0One-of. a pair of contacts,was.fastened to the specimen
end of a.bearing rhousing on the R. R. Moore machine, the
other contact being carried on a micrometer screw mounted on
the. bed . pfythe machine. -The contacts operated a signaling’
deviece through a tube circuit, so the position of the upper
contact could be determined by raising the lower contact and
noting.-the reading:of the micrometer screw when the circuit
was closed.

In order to.get the best results with this apparatus:it
was necessary to mourt the fatigue testing machine on springs
tominimize wibrations from extraneous sources. . Adsontnol
specimen was used which caused excessive vibration . when the
machine was running. With these precautions it was possible
to set the contacts 0.001 to 0.002 mm apart, so. that a de-
flection of this amount would opsrate the signal. The de--
flectiibon ds:a.fTunctionseof the sdze’ of #crack . band thelcrites
rien of fallure  -chosen was:a deflection .of 0,005 mm. As
shown in reference 9, this .cerresponds to a crack area about
12 percent of the original cross section. The specimens were
actually run until the deflection had increased to 0.0l mm in
order to make certain that the deflection was due to a crack,
but the ,data in the next section are based on-the number of
cycles run before the specimen deflected 0.005 mm. This num-
ber is referred to as N,.

Tests were conducted in the conventional manner on a
group of notched specimens to determine the S-N-curve and the
fatigue limit (tests to fracture). Four stresses between the
fatigue limit and the yield strength of .the steel were chosgen
to be used in the investigatdions | lhe flatigue Limdt of@tihe
notched specimens was found to be 39,000 psi .and the four
stresses chosen were 42,000, 48,000, 54,000. and 60,000 psi.
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Tests were then made to determine N, at each of the
4 chosen stresses. At least 10 specimens were tested at each
stress, and the median of each group was used as the value of
endurance at that stress.

Since the scatter of the results was.not uniform in the
4 .groups, it was necessary to test more specimens in some
cases.than in others in order to obtain approximately the
same precision for:each value of Ne... The number of tests
in each group ranged from 11 to 17 for this reason.

Thé-values of Ng (the number of cycles to form a,crack
of definite size) for each selected stress are listed below:

+42,000 psi for 963 x 10° cycles

£48,000 psi for 264 x 10% cycles i
+54;,000 psi for 93 x 10% cycles : : e
-£60, 000 psi for 44 x 10% eycles : %

In the next stage of the investigation each specimen was
firststressed for a predetermined number of cycles at one of
the four chosen stresses; then the stress was changed as
given below and the number of cycles to failure' determined.
Comparison of this value with the!above median values gave a
measure of the damage caused by the prestressing. Four dif-
ferent combinations of prestress and test stress were used
as follows: ' pas » .

Prestress i ' Test stress

£42,000 psk | : '~ +48,000 psi
+54,000 psi : : : '
+48,000 psi +54,000 psi
£60,000 psi : ' e

Thus, there was one prestress higher and one lower than
each test stress. For each: of the above combinations, tests
were made with' the prestressing carried to 10, 25, 50, 75,
and 90 percent of the median wvalue of ;Nc.- The number of

tests made for each amount of prestress was between 6 and 10
depending on the scatter of the indivigual values. The me-
dian was again used''as the value representative of each group
and the values .are listed in table VII, The variation of
damage with percent prestress is shown graphically in figures
©11 and 12 for a test stress of +48,000 psi, and in figures 13
and 14 for a test stress of 54,000 psi. 1In the graphs the
broken lines join the upper and lower quartile points of each
group of values and thus give an indication of :the scatter of
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the data. The curves from figures 11 to 14 are combined in
figure 15 for comparison.

In the test groups in which prestressing was carried to
75 and 90 percent of the endurance, some specimens failed be-
forethe prestressing was completed - that is, the damage was
greater than 100 percent. This caused no di fficulty "invde-
termining the median, although it did make the comparison of
precision between the groups more uncertain.

While the results of the damage tests as shown in figure
15 are not directly comparable with those obtained with
smooth specimens), there are certain similarities. The tend-
ency with both types of specimen was for the curve represent-
ing a prestress above the test.stress to lie above the 45°
line. The opposite tendency was noted when the magnitude of
the prestress was below that of the test stress. (The 450
line may be considered as the damage curve for a prestress
equal to the test stress.) . ’

In order to provide_a basis of comparison with the re-
sults on fatigue damage reported by others (usually based on
the fatigue 1limit), some tests of this type were conducted
with two values of prestress, +42,000 and 60,000 psi. The
effect of various amounts of prestressing on the fatigue
limit subsequently determined by fracture tests is shown in
figure 16 and table VIII. The number of cycles of prestress
used for the 75-and 90-percent cycle ratios was the same as
the number used in the previous phase of the investigation,
but a correction was made in determining thefby%lézrgtios
represented by these ameunts of prestressing.h_The'mpthod ol
making this correction will be shown for the case of the
highest cycle ratio at +42,000 psi. The median B oflor

this stress was 963 x 103, When it was desired to prestress
a group of specimens to 90 percent of this value, or

864 x 202 cycles, some of the specimens failed before pre-
stressing was completed. Only those which did not fail in
prestressing could be used.for the determination of fatigue
limit; so this determination was not truly representative.
Therefore, in the original series of values of N., the me-

dian of all values greater than 867 x 102 was taken as be-
ing representative of the specimens which were used to de-
termine the fatigue limit after prestressing. The cycle
ratio as plotted in figure 16 is based on.this second median
(1057 x lOsvcycles), and is consequentlyfleés than 90 percent.
A similar correction was made for the 75-percent prestress at
+42,000 psi, and for the 90-percent value at £610 10008 pic AN
The corrected values of cycle ratio at *42,000 psi were 68,
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and. 80 percsnt; at *60,000 ﬁgi, the highest value was 77 per-
cent. o ey 5 :

The apparent repair of damage ‘during stressing at
+42,000 psi is surprising, ‘and “should be verified by addi-
tional work. Since each point of figure 16 represents only
five specimens, the rise in the fatigue ‘limit may possibly
be duejto;variatioanin the specimens,

In order to make the data on the effect of prestressing
on endurance (N¢)(fig. 15) more directly comparable with
those on the effect of prestressing on fatigue limit (fig.
16), an attempt was made to.determine the fatigue limit of
cracked specimens. The accurate calculation of stress on a
specimen containing a fatigue crack is virtually impossible
because of the irregular and unpredictable shape of the crack.
A rough estimate of the inecrease in stress with spreading of
the crack was made by assuming the stress inversely propor-
tional to the ratio of uncracked area to original area.

The specimens used for this determination had deflected
0.010 mm in the fatigue test. his corresponded to a crack
area eaqual to 17 percent of the original minimum section and
the fatigue 1limit of the cracked specimen was found to be
23,500 psi. 1In figure 17 the data of figure 16 have been
replotted with the damage expressed as percentage of the dam-
age caused by a crack of this area ratio. The straight line
drawn through the data points for 60,000 psi was determined
by the method of least squares.

Figure 18 shows the S-N curves for specimens with three
types of stress concentration: smooth (zero concentration),
notched, and cracked (maximum concentration). The points
marked X or + in figure 18 are the results from cracked spec-
imens having crack areas other than 17 percent. It will be
noted that the value for a specimen having an area ratio of
50 percent lies very far above the l7-percent ratio curves
while the values for specimens having a l2-percent ratio are
in the same range or lower. This suggests that the stress
concentration.at high stresses is less for large eracks: tthan
for small cracks. Much more experimental work would be re-
guired before any general statemsnt could be made with cer-
tainty.

In tablé IX are shown the va}ues of stress concentration
factors given by the ratios of the fatigue limits of the
specimens under three conditions of stress concentration.
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.-Almen (reference 10) -has shown that the slope of the falling

part of the S-~-N curve increases with increasing stress con-
centration, If the slope of the falling part of the S-N
curve is a measure of effective stress concentration, then
the ratios of the slopes of-the three 1lines of figure 18
should give the same values for these factors. The slopes
and ratios are given in table IX, and the agreement with the
factors determined from the fatigue limite is satisfactory.
The value of theoretical stress concentration factor given
in the table for the notched: snecimen was calculated from a
formula given in reference 11. o 3

CONCLUSIONS

1. The possible deleterious.-effect of long-continued
fatigue- stressing short of failure was studied on two metals
used in aircraft construction. - These were 255 aluminum alloy
and X4130 chromium-molybdenum steel.

N oneg,, % 5

2. Prolonged fatigue: stressing prior to the formation of
cracks did not cause'embrittlement (as measured by resistance
to impact) in either metal. ‘After cracks had formed, the
loss in impact resistance was a function of the size of the*
cracks. : -9 R S TS ERES

4 3. In the case of ¥4130 'steél it was found that the em-
brittling effect of fatigue cracks: 'was greater at Iow temper-
ature than at room temperature

4. Study of X—rav diffractlon patterns and microstruc-
tural features of 255 aluminum alloy showed that these are

-not competent to detect fatigue damage.

W ¥ <o

e Measurement of speciﬂen deflection'iﬂ a rotating beam
fatigue test provides a satigfactory ‘method 'for the earlv de-
tection <o.f 3 fatlgue cracks without stopping the test

The decrease in endurance at stresses ‘above  the fa-
tigue 11m1t was a more sensitive measure of latigue damage i
than was the decrease in fatigue limit'. He

7. The apparent rate of damage by fatigue-stressing
short of crack formation was dependent on the relationshlp
between the stress at whlcb the damage was done and that used
to measure it.
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8. If the prestress was greater than the test stress,
the damage occurred rapidly during the first part of the
test, then more slowly. The reverse was true if the pre-
stress was less than the test stress. Thus, in a machine
which must endure overstress, it would be beneficial to
avoid relatively high stresses during the early part of its
life, >t

9. The damage as measured by reduction of the fatigue
limit occurred at a uniform rate when the stress was far
above itHe -fatigue limit. When the ‘stress was only slightly
above the -fatigue limit, little damage occurred up to 80
percent of ‘the precrack endurance.

10. Because the scatter of fatigue test results is in-
herently large, it is necessary to run a sufficiently large
number of-tests under each set of conditioéns so that the
dispersion will'not be lérger than the effect of changing
conditions. This consideration has not reoeived sufficient
attention in much fatigue testing, including some of the
work:on .this project. ;

11. The slopes of the falling part of the S-N curves
for the same material in smooth, notched, and cracked spec-
imens showed approximately the same (stress concentration)
ratios as the fatigue limits.

National Bureau of Standards,
Washington, D. C., January 6, 1945,
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Table I - Fatigue Stressing of Specimens 1n Halgh Axial loading
Machine at Room Temperature Prior to Impact Tests.

(The frequency was 2,400 cycles per minute in all cases)

19

Mode Mean Stress Limits Stress
of re- stress | Maxi- Mini- Range Cycles of Remarks
peated | (1b/sq.|mum mum (lb%sq. Stress
stress-| 1in). (1b/sq. | (1b/sq.| in).
ing tension| in). in )
a---- 3,650 | 10,150| ~2,850| 13,000 | 25,000,000 |Unbroken
b---- 20,900 | 37,600| 4,6 200| 33,400 288,000 do
c-~-- 20,900 | 37,600 Uu4,200| 33,400 153,000 tq Broken
80, 000
d---- 20,900 | 38,200 3,600 34,600 144 000 Unbroken
e-—=- 20,900 | 38,200| 3,600| 34,600 288,000 do
- 20,900 | 3&,200| 3,600| 34,6600 | 192,000 to Broken
276,000
a.Te 0 (o] (o] 0 0 As received
Table II. - Impact Resistance of 25ST Aluminum Alloy Previously
SubjJected to Fatigue Stress.
Impact |No. of |Temper- | Mode Notech | Aver- Average kcatter
test impact |[ature of pre-| depth | age devia- (ft.-1b)
method |speci- |of test | vious (in.) [impact tion
mens (°C) fatigue energ from
broken stress (ft.-1b) | mean
(percent)
gls 25 a.Ts 0.039 6.0 8.3 2.6
20 25 (a) .039 5.7 9.3 2.0
Charpy geo 25 a.r. .005 4.6 5.1 3.4
(14 25 (b) .005 4.7 7.5 4,0
2 5 25 (c) .005 152 TS T
(18 25 a.r. None 54.0 T2 28,0
Torsion| )
(2 25 (a) None 57.0 0 8.0
215 —78 a.Te 0-005 16.7 6.0 5-2
é 8 -78 (a) .005 16.9 10.0 5.4
(4 -78 (e) .005 X5:7 7.6 2.5
Charpy | )
g 3 -78 (£) .005 18.8 3.3 QL&
5 6 ~78 a.F. .039 8.0 15.0 3.5
(6 -78 (a) .039 6.5 21.5 4.3
|

lgee Table I for mode of previous fatigue stress.
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Table III. - Repeated Stress - X-Ray Diffraction Record of a
Specimen of Alloy 25ST.

Specimen Stress Range 4,200 to 37,600 1b/1n° Tension
4H4Y A
Date Stressed Cycles Date of Figure
X-Ray
2/23/38 288&,000 4/27/38 2a
L/28/38 2b
L/29/38 36,000 additional L/29/38 2c
5/26/38 79,200 additional (falled) 6/2/38 2d
Table IV. - Effect of Prestress on Endurance for Unnotched Spec-
imens; SAE X4130 steel, fatigue stressed by axial loading.
No. of Test Prestress| Cycle | Endurance, Damage SI1Q
Specimens | Stress | Range, Ratio | 10° Cycles %
psi psi (a)
13 - 0 156 0 98
r
9 83,000 | 84,000 6 161 -3 Lg
Stress
6 Range < 20 60 62 69
6 Lo 235 13 50
7 \_60 L6 73 S
5 - 6] 125 o) 28
6 84,000 | 83,000 5 157 -25 67
Stress
5 Range 15 2lth ~95 77
g Lg 116 7 £g

(a) 8IQ = Semi-interquartile range
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Table V - Effect of Prestress on Endurance of Specimens of Un-
notched SAE X4130 Steel, fatigue stressed as rotating beams.

No. of Test Prestress | Cycle| Endurance | Damage SIQ*
Specimens| Stress Ratio | 10’ Cycles % %
3 - 0 557 0 77
4 (| 0.8 550 (| i
& % 55,000 b 336 Lo 36
psi ¢ 65,000
g psi { | &.5 331 b1 12
+ 17 296 47 22
i 33 bl 56 7
g L | 67 156 9 17
10 - 0 60 0 25
2 f 18 87 -45 L0
3 + 65,000 9 55 g 10
psi * 55,000<
3 psi 18 &5 ~ii2 62
3 36 103 =72 68
. B 15 75 28

# SIQ = Semi-interquartile range

Table VI - Effect of Prestress * 65,000 psi on fatigue 1imit
of unnotched specimens of SAE X4130 steel stressed as rotating

beams.

Cycle Fatigue Reduction in

Ratio, Limit, Fatigue Limit,
% psi A

0.8 Lg, 500 2

8 49,000 1

33 46,500 6

67 L4 000 11
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Table VII. - Effect of prestress on endurance of notched speci-
mens of SAE X4130 steel stressed as rotating beams.
2 BTN e B T
psi %
17 + 42,000 -- 0 963 0 25
5| o 0 26U 0 13
7 10 198 25.0 12:5
10 25 220 161 18
10 + 42, 000 50 192 s 20
10 + 4,000 75 177 32.9 26
10 90 11 95.8 -
& 10 205 22.3 14
v 25 125 52.6 12
7 + Ug 000 50 7e 72,7 9
7 + 54 000 75 50 21,3 15
8 90 12 95.5 -
R - 0 93 0 26
8 10 87 6.4 23
6 25 73 21.5 10
g + 4g o000 50 59 36.6 16
8 + 54,000 75 27 71 -
g 90 3 96.8 -~
15 10 gl 9.7 21
+ 60,000 25 63 32.2 14
50 31 66.7 10
8 + sl 000 75 15 83.9 12
8 30 3 96.8 --
15 + 60,000 ~—- 0 Ly 0 23

* SIQ = Semi-interquartile range
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Table VIII. - Effect of Prestress on Fatigue Limit of Notched
Specimens of SAE X4130 Steel Stressed as Rotating Beams.

Prestress #* ME.OOO psi

Prestress.* 60,000 psi

Cycle Fatigue Damage, % Cycle Fatigue Damage, %
Ratio, % | Limit, psi of max. Ratio, % | Limit, psi of max.

10 39,500 -3 10 38,000 6

25 39,000 0 25 35,000 26

50 37,000 13 50 31,000 52

68 37,500 10 75 26,500 81

80 38,500 3 77 28,500 68

Table IX. - Stress Concentration Factors in Specimens of SAE
X4130 Steel Stressed as Rotating Beams.

SRICRbIY Theoret
Type of | Fatigue Se s BONS firam Slope of | from Slope | cal S.C.
Specimen | Limit, psl | Fatigue Limit | S-N curve . %
Smaoth 50, 000 150 < 767 150 15,
Notched 39,000 4528 .983 S2r 1.59
Cracked, 23,500 2,13 1.46 1.91 -
17%

* 5.C.F.

= Stress Concentration Factor
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Number of JSpecimens

992 Figs. 1,6

As Heceived

Stressed 288,000 cycles
unbroken

Stressed /44,000 cycles,
unbroken

Failed in Fa Tigue
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Figure 1.- Frequency distribution of impact (Charpy)

tests at -78° C; alloy 25ST, stress range
5,600 to 38,200 pounds per square inch in tension,
special noteh.
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Figure 6.- Variation of tensile-impact energy-with
the product, crack depth x length. Haigh
specimens, normalized SAE X4130 steel.
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NACA TN No. 992 Figs. 2, 3

Fioure 2.—Progressive X-ray diffraction study of surface of alloy 25ST fatigue stressed in

the range 4,200 to 37,600 psi in tension. (a) and (b) 288,000 cycles, different areas being

exposed to the X-ray beam. (¢) 36,000 additional cycles on the same spot as (b). (d)
Same spot 79,200 additional cycles resulting in fatigue failure. The crack formed several
centimeters from the X-rayed spot.

Fraure 3.—Structural features, slip plane precipitation, in a propeller blade of 258T aluminum
alloy. The change in direction of the family of parallel lines at grain boundaries proves
}lilflt the markings are not polishing scratches. Etchant: 249, HNO,, 1%9% HCI, 19,

g X 100.
Sl
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Freure 4.—Same structure as in previous figure, higher magnification. The rows of particles
appeared as lines under low magnifications. Etchant: %9, HF. < 1000.

Freure 5.—Veining in a section of 258T aluminum alloy propeller blade. Etchant: 2% %

HNO;, 149 HC], 19 HF. X 500.
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Figure 7.- Change in endurance at 83,000
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Figure 9.- Change in endurance at + 55,000
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/00

prestressing at * 65,000 psi. Smooth, un-
notched, R. R. Moore specimens.
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Figure 10.- Change in endurance at * 65,000

psi after prestressing at

+ 55,000 psi. Smooth R. R. Moore specimens.
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Figure 17.- Effect of prestress on fatigue limit. L, = fatigue limit
of original specimen. = fatigue limit of prestressed
specimens. L, = fatigue limit of cracked specimen.
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Figure 18.- S-N curves for SAE X4130 steel under three conditions
of stress concentration. Large open points represent

the median values from a group of specimens tested at the same

stress. Small closed points are the results of individual tests.



