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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHEHNICAL MEMORANDUM NO. 743

FATIGUE STRERGTH OF AIRPLANE AND EIGINE MATERIALS*

By Xurt Matthaes
INTRODUCTION

Fatigue fractures occasionally occur in airplane flight,
both in the engines and in the airplanes themselves. Such
fractures cannot always be avoided by the designer, since,
with the many factors affecting the fatigue strength, it is
very difficult to dimension the various structural parts
correctly, even when the magnitude of the stresses can be
determined. Recent researches, however, have brought the
problem of the correct dimensioning of the stressed parts
considerably nearer solution. Since the available data
are only fragmentary and are considerably scattered in the
literature on the subject, I have undertaken to give a
brief summary of the laws governing the fatigue stresses
and of the most important strength coefficients necessary
for the correct dimensioning of the structural members.

I, KINDS OF FATIGUE STRESSES AND THEIR DESIGNATION

IN FATIGUE TESTS

By fatigue stresses is generally meant any kind of
stress regularly alternating between a higher and a lower
limit. Such a stress may be regarded as being produced
by a constant initial tension and a superposed alternating
stress. The changing ratio of the initial tension to the
alternating stress yields various load cases which deter-
mine the behavior of the material. By simple alternating
stress 1s meant the stress which alternates between equal-
ly great positive and negative values, the initial tension

*"Die Dauverfestigkeit der Werkstoffe des Flugzeug- und
FPlugmotorenbanes." Z.F.M., Nov, 4, 1933, pp. 593-598; and
Nov. 28, 1933, pp. 620-626.
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being zero in this case. Hence no permanent deformation i
of the stressed part can occur even at high stresses, be-

cause any plastic yielding of the material under the

stress is eliminated by the succeedins stress in the oppo-

site direction. By original stress is understood a stress
fluctuating between zero and some maximum value, This can

also be understood as an alternating stress superposed on

an equally great static stress. It often happens that a |
small alternating stress is superposed on a relatively

great basic stress. Under this kind of stressing greater
deformations sometimes occur, and the fractures do not al-

ways have the characteristic appearance of fatigue frac-

tures.,

In determining the fatigue strength, one is, of course,
almost always restricted to the most important cases of
stressing., In most cases only the simple reversal strength
is determined, but often also the original strength., The
determination of the fatigue strength under still greater
initial tension can usvally be dispensed with, since such
high total stresses, mostly with respect to the static
strength characteristics (especially the yield point), are
inadmissible in practice.

Fatigue tests are normally made and evalunated as fol-
lowss Several tests are made at different stresses, and
the number of load reversals up to the failure of the test 2
specimen is determined each time. Then, by plotting the
stress against the logarithm of the number of load rever-
sals, one obtains curves of the form shown in figure 1.

It is seen that the different materials behave very differ-
ently, The bending-fatigue curves for steel are almost
straizht end slope rather steeply downward at the begin-
ning. At a certain stress, the curve bends sharply to the
horizontal position and continues parallel to the axis.
Less stressed specimens do not brealk, even at a practical~-
ly infinite number of stress reversals. There is therefore
an actual fatigme-strength limit. The number of reversals
at which this is reached, lies betwecn one and ten million
for all steels. The corresyonding curves for wood are sim-
ilar, but the fatigue 1limit is reached at 2 much smaller
number of reversals (20,000 to 2,000,000). Light-metal al-
loys, on the contrary, show no such bend in the curves,
even at more than 100 million reversals. Ewven in this re-
gion the fatigue strength continues to decrease, though

but very little, as shown by the flatter ecourse of. the
curve., In many other materials, ee.ge., nickel and its al-
loys, the bending~fatigue curve shows a still different be-
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B4 T2 2 W 0 Jo o8 It follows a uniform rectilinear decrease in the
reversal strength throughout its whole length up to sev-
eral ‘hundred million load reverszls.,

ITI. TYPICAL FEACTURES

From the existence of a pronounced fatigue linit, as
in steel, for example, conclusions can often be drawn, in
connection with fractures occurring in practice, regard-
ing the nature of the stresses developed, especially re-
garding -their frequency, but also regarding their magni-
tude., - Further conclusions follow from the form of the
fracture, which is characteristic of fatigue fractures.

The most important characteristics of fatigue fractures

are the lack of deformation and the relative evenness of
the fracture. Moreover, zone lines often show on the gur-
face of the fracture. These are due to interruptions in
the stressing or in operation. The alternate stressing

" produces a certain hardening of the material, which con-
tinuves during pauses in operation and especially during
periods of diminished 'stress. If great alternating stress-
es are then renewed, the fracture passes around the hard-
ened zone. This produces the peculiar relief formation
gencerally seen in fatigue fractures occurring in operation,
but never in fatigue tests where the test specimen is sub-
Jected to alternating stresses without interruption until
the fracture is produced. Figures 2 to 5 show a few typ-
ical fractures. Figure 2 shows fractures of ball studs.

On the left are shown two fatigue fractures, the upper

one having a particularly smooth surface with numerous fine
zone lines. The lower one, which started from both sides
of the stud, has a coarser surface and but few zones. Op~-
posite the two fatigue fractures are shown two static frac-
tures, the upper one being a shear fracture, in which the
surface appears fidbrous, and the lower one a tensile frac-
ture in which the surface has a crystalline or granular ap-
pearance.* (In the fracture shown, the surface is fibrous

*The shear fracture corresponds to the upper limit, the ten-
sile fracture to the lower limit, of the rotch-bar strength,
Quite frequently transitional forms between the two typical
fractures occur, in which there are alternating zones of
shear and tensile fracture. On account of the zonet lTines
such fractures are often erroneously mistaken for fatigue
fractures. Tor the most part, however, the typical frac-
tures can be easily distinguished by the differences in the
surface structure (reference 1).
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4t the beginning of the break.) T"io“ure'lS shows’ the fatigue
fradture of 2 Yight~hetal tute, starting at: & hole. Even
in wood there is a similar difference between fatigue and
static fractures, as shown in figure 4, Figure 5 shows a
torsional-fatigue fracture of a crankshaft., Torsional
fractures often assume a spiral or obligue form, and al-
most always do when there is a notch effect. We also find
longitudinal and transverse fractures. Normal tensile
'.rapthres are almost always transver e.

_ ertvpr conclusions regard*nv”the nature of the stress
can be drawn from the area of the: remaining fracture sur-
fuce, _If, for example, the reﬂa111ng fracture surface is
very ‘small, it follows that the- normal operating ‘stress’
was relatively small in comparlson ‘with the alternating
stresses, The beginning of a 1cture usually occurs - long
before its complotion. Even th1 , however, depends on the
magnityde of the basic stress and the frequency of“ghna -
0verstresscs. This explains why incipient breaks can be
discovered and fractures avoided by carefdl systematic in-
spection’of endangered parts.’ Even the formerly frequent
cranlghaft fractures requiréd, :for tlieir development from
the flrst ‘detectable” beglnning,-qa average of about 50
hours 6f operation, so that it was found possible to avoid .
half of the fractures in operation by inspection during
thé overhauling. -'If, however, the basié‘stress is high,
" the“fracture develdps rapidly. 1In a laiding wheel of mag- 3
‘nesium alloy, a fracture began at the Hub .after 1,700 land-
"ings: - After 170 moere landings the fracdture extended more

than half-way around the hub. L

III. EFFEQTS OF ELASTIC HYSTERESIS

‘Before the magnitude of the fatigue strength of the
'matbvials can be’ considered, a few general principles must
‘be* dzscu. sed. TFigure 6 shows the effect. 6f:'the frequency
‘of the stresses on the fatigue strength’ (refererce g
This-effect is relatiwely small when the frequency does not
"dififer by very great amounts. The effect of the frequency
‘iis ¢onsiderably greater, however, at higher temperatures
and ' with combined static and dynaemic stresses..:This may
be duerto the fact that the plastic deformation:is then no
longe¥vwery small in comparison with the purely-elastic
deformation. - : R
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Even in alternating stresses, the deformations are
not perfectly elastic. The plastic deformations, even
when small, cause energy to be absorbed by the material
and transformed into heat for every stress or load rever-
sal. Below the endurance limit, it is relatively suall,
at least at the room temperature. The damping is consid-
erably greater at higher temperatures. It also depends
on the initial stress and diminishes gradunally at high num-
bers of stress reversals (reference 3). In free vibra-
tions the occurrence of the fatigue fracture is coansider-—
ably retarded by the damping effect of the material. Of
itself, however, this damping effect seldom suffices to
prevent fatigue fractures, since the most highly stressed
regions arc generally very limited and the volume of the
material for absorbing the energy is therefore very small,

Apparently in connection with the plastic deformation,
a certain hardening of the material gradually occurs in
fatigue stressing. Hence the strength is gradually in-
creased by a large number of stresses which do not exceed
the endurance limit. The increase in the fatigue strength
is from O to 30 percent, according to the material and the
magnitude of the initial fatigue stressese. It is there-
fore advantageous, even as regar<s the fatigue strength,
to run in new engines under gradually increasing loadse.
It will be hardly possible, nowever, to make practical use
of this phenomenon, since the initial fatigue stresses can
be only 3 to & percent below the fatigue strength.

IV, EFFECT OF INITIAL TENSION

Relatively few data are available regarding the effect
of the initial tension on the fatigue strength. Figure 7
shows the behavior of a chrome-nickel steel with a strength
of 81 kg/mm?® (115,210 1b./sq.in.) (reference 4). The line
at the right represents the initial tension, while the oth-
er lines represent the sum of the static and dynamic stress-
€Se It is seen that the additional alternating stregs zrad-
ually decreases as the static stress increases. On the con-
trary, the reversal strength is not diminished by the ini-
tial tension due to pressure, as it is by that due to trac-
tion, but is even augmented within certain limits.

'able I (at end of report) gives the results of the
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tests made' by the DVL (Germsn- Experimental Institute for
Aeromautics). . For the: alﬂV‘an 2lloy” tested;lthe reversal
sthenzth ig 13 kg/mM~' 18+ 490 1. / Qe in.), the priginal ten-

sile strength 23 :v‘mrz (02 714 1b./sq.in.), and. the' orig-
inal:compressive. strength 30 A”/mﬂ {42,670 1bs/8g. 1na)%
The zlternating stress of 13 Kv/nm~ borne without initial
ten,lon is-reduced by the initial tensile tension to 11lsb
ﬂnkg/me (45, 857 1%, /sq in.), and raised by the initial com-
pressive tension to 15 kg/mm?® (21,335 1b./sq.ine).. For
eigktron: AZM with a reversal strength of 15 kg/mmz (21,825
1ud/°o ins.), the original tensile strength is 19 kg/mmB.
(27,025 10./sq.in.), and the original compressive strength
is ZO-x</mr2 Fere the alternating stress is greatly re-
duceds by the initial tens lle tension, namely, from 15 to
9.5 kg/ru® (13,512 1b./sq.ine), but is hardly affected at
all by tne initial compressive tension. Steel has corre-
sponding values.: The original bending strength; dsg., the
original-tensile strength, is about 1.7 times the' rever-:
sal strength. The relations are also very similar for:al-
ternating torsional stresses with initial tension.

~When the fatigue strength and original strength are

known, :rthe strength with combined static and dynamic
stresses can be quite accurately estimated, Even if the
original strength of a given material is. roet known, the
foliowing niethod can be employed for estimating the strength
~With combined stresses. One begins with the assumption
that, with initial tension, the additional alternating
stress 1s directly proportional to the share of the stat-
ic strength in excess of the initial tension. For the al-
ternating stress .W  supported with the static stress §,

C.
we then have W = (9 - S)Ué' If, e.g., the static strength

of a given material is Op = 50 kg/mm? (71,118 1b./sq.in.)
and the reversal strength is Oy = %20 rg/mm® (28,447 1b./
ggsind), that is, @W/OB = @4, " “then, 'wibth thelstabic
stress 8§ = 15 kg/mma, the additional alternating stress

W is (50 - 15) 0.4 = +14 kg/mm® {19,913 1b./sq.in.).

The material can therefore withstand a stress which fluec-
tuates between 1 and 29 kg/mm? (1,422 and 41,248 1b./sqg.in.).
.This method of estimation is generally onT¢he safe side,

Allowance is made for the influence of -tHe cross-—
sectional transitions by making the ratio UW/GB smaller
than for a smooth rod. These relations will subsequently
be congidered in more detail,
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V. FATIGUE STRENGTHE AND STATIC STRENGTH

A ~Also with regard to the relations between the fatigue-
strength and the static-strength characteristics, a fairly
conclusive judgment can now be pronounced, There is no
<static-strength characteristic with which the fatigue
strength is absolutely proportional. In particular there
is no relation between the fatigue strength and the limit
of elasticity. There is, however, a general dependence of
the fatigue strength on the static breaking strength, al-

. though the individual values show considerable scattering.
Figures 8 to 13 show this dependence for various materials.,

: Figure 8 shows the values for steel (reference 5).
Here the relationship was first discovered. he ratio of
the fatigue strength to the static tensile strength aver-

-~ ages about 0.5. This applies to cast steel as well as to
forged and drawn steel. It does not, however, apply to
cast iron, due to the notch effect of the graphite scales.
The individual values show a scattering of *20 percent about
the mean value. This scattering is quite large and might
throw doubt on the practical value of such a relationship.
It must be remembered, however, that the fatigue strength
shows a rather large scattering in any case. For example,
in testing different rods of the same lot, dlscrepancies

of 10 percent are often found, These dlscrepancies cannot
be avoided, since it is, of course, quite impossible to de-
termine the fatigue strength of every individual rod before
using it. If, however, this is taken into consideration,
greater importance can be imputed to the static strength,
since, in many cases, it may save the necessity of special
endurance tests.

The bending reversal strength and the torsional rever-
sal strength are both proportional to the static tensile
strength (fig. 9) according to tests by Ludwik, Koore and
Jasper, as well as by the writer. mhe proportionality be-
tween the torsional reversal strength and the static shear-
ing strength is probably still more pronounced, since, for
materials whose static shearing strength is very great din
.comparison with their normal tensile strength (castings,
for example), the torsional reversal strength is also cor-
respondingly great.

Relations very similar to those for steel also exist
for the other materijals., Tigure 10 illustrates this for
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aluninum alToys. %7 Hére Wheé bending reversal strength av- :
erages about 35 percent of the teansile streng he The scat-
tering is somewhat greater here, uowever, due probably to
“the greater .sendgitiveness  of tue light metals .to .the effects
of ‘'workings The values- 1ndlcated in. ix*ure 10 are for ten
million stress reversalsy tiere being here for the most i
pﬁrt ‘wo ;pronounced endurance.iimit, as alteady nentloneu.

i gie . sliowvs how the-reversal strength chad*es at hlbh
dumbers of stress reversals:(reference. u).

g . In ficure-12 %he bending fatigue strength is plotted
inst the static tensile . strength for magnesium alloyé;
¢ording to tests by, Cazawd, Lehr, Ludwik, Lyon, Meissiher,
H, ¥, loore and Jasver, Musatti, Saran, Wagner, and by ‘the
writer.. Chb ~‘eversul strength (as besed on ten million
stregs reversals) averages about 383 rercent of the tensile
strengths . - oy
Aiyery.similar relationship also exist s'for copper. .al-
:1loysi. Hdré the ratio of the fatigue strengih to .the ten-
il strength is about 0,33, thou;a tiere iﬁf ﬁrJ great
tcattering (25 to 30 percent). This is ehr}aa sed by the
: fact® that here also there are alloys coantaiping: relatively
dlarge proportions of other metals (e.bm, fhe.bpasscs),

In figure 13 the fatigue strength is ;Lotted aﬁalnst
the compressive strength of wood according #p, O. Xraemefl, :
( of erfenice 7). Here the compressive strength is decisiye
instead of the tensile strength, probably ‘because the. fbr~
wier is". considerably less. The ratio of tle Teversal strength
4o’ thie compressive strength is 0.59. :

&
"

& SRR, ¥ 0 .
Apparently we are here dealing with a universal law
applicable to all materials. Yet it is only roughly approx-
imate, s showa by .the wide scattering of the values. If,
ox :the other: hand, we consider the individual Proce ses by
which the static strength of +H materials is increased,
we find that,.in tde refinigg of gieccl o Tight metal, as
@l'so in cold working ,.fue reversal strength caunot be in-

—m — L e B e e e e e e i St e e o e e e e e e e e e e e

*4c cording-to: tests by Cazaud, Dorgerloh, :Gibson, Grogan,
Hatfield, 'Joknson aund Oberg, Lehr, Ludwik, R. R. Moore,
“Hdore and Léwis, H. F. Moore aud Jasyer, kusdtti, Rosenhain-
Archbutt-Wells, Saran, Wagner, and the writer, and accord-
ing to the unpublished results of tests by the Metallgesell~
schaft;, Hrankfurt, a.l, : i -
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creased in the same proportion as the static strength. The
ratio OW/OB decreases with greater refining or with cold
drawing. This decrease is manifested especially in the
vicinity of the maximum value attainable by the process.
The effect of the chemical composition, however, is rela-
tively small. In steel the alloy has no perceptible ef-
fect on the fatigue strength for the same tensile strength.
. On_the contrary, the ratio Ow/0p of anncaled steel de-

-.creases with increase in the carbon content (reference 5),

;A)ll: of these effects are not very great, however, so that
the fatigue strength always remains within the range of
scattering shown in figures 8 to 12.

The indicated wvalues are bvased on the alternating bend-
ing stresses. In tensile-compressive stresses the reversal
strength is generally somewhat smaller. Perhaps this is
because secondary bending stresses occur in tensile-compres-
sive.tests, due to slightly eccentric mounting. Values be-

tween 70 and 100 percent of the bending reversal strength
are found. -

Except for castings, the torsional reversal strength
is 50 to 70 percent, or a mean of about 50 percent of thae
bending reversal strength. In all alloy castings the tor-
sional reversal strength is 70 to 90 percent of the bending
reversal strength, In all cases the ratio of the torsional
reversal strength to the static shearing strength is approx-
imately-the same as the ratio of the bending reversal
strength to the static temsile strength.

VI. PARTIALLY FINISHED PRODUCTS

The fatigue strengths given are for flawless speci-
mens machined and. polished on all sides, i.e., according
to the requirements for standard fatigue tests. Thus many
influences are purposely eliminated, which may be of de-
cisive importance for the fatigue strength of structural
members, especially the surface roughness and the effects
of iworking, « As.a.result of. these influences, the fatigue
strength of partially finished products is considerably
lower. Therefore we will first coansider the magnitude of
the individual influences and their effect on the fatigue
strength of partially finished products. The strengths
gre civien. in table.IL.
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l. BEffect of Direction of Gyain

The microscopic inclusions of slag, which are present
in every metal, do not affect the fatigue strength when
the direction of stress poincides witih that of the grain.
When, however, the stress is perrendicular to the grain,
there is usually a marked reductlion in the fatigue strength,
due both to the inclusions and to the unfavorable direction
of the grain. This reduction depends largely on the struc-
ture and is therefore more pronounced in thick forgings,
due to the generally less thorough forging and to the
coarseness of the structure as compared with that of thin
forgings, where it is often vanishingly small. In large
forgings from duralumin, elektron (propellers) and steel
(crankshafts), the reduction in strength is 10 to 30 per-
cent and even more in special cases, according to observa-
tions of fractures and tests by Junger and A, J, Lyon (ref-
ereace 8). Large slag inclusions and holes, which, of
course, would greatly reduce the fatigue strength and lead
to fractures, rarely occur in the carefully selected mate~
rials employed in airplane and engine construction.

2., Effect of Grooves Due to Working

ilost structural parts do not have smooth polished
surfaces, but always have grooves and scratches which con-
siderably reduce their fatigue strength. Even when greater
demandis are made with regard to the finishing, the surfaces
almost always show slight dents, scratches, etc., which may
affect the fatigue strength. It must always be borne in
mind, especially as regards large pieces, that a single
slight defect of any kind may considerably reduce the fa-
tigue strength of a whole structural part. This partially
explains the often-observed smaller fatigue strength of
large structural . parts as compared with that of small test
specimens.

Of the mechanical methods of finishing, the best (next
to polishing), in its effect on the fatigue strength, is
grinding, providing it is done so that the direction of the
grinding grooves coincides with the direction of stressing.
If, on the contrary, the grinding grooves are at right an-
gles to the direction of stressing, there is a noticeable
reduction in the fatigue strength.,. For steel this is 10 to
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15 percent, according to the hardness) anxd sometimes even
more. About the same reductiea in .the fatigue strength
can be assumed for parts.carefully;filed...0n the other
hand the fatigue strength og parts SLholv tu;ned or planed
is con31derablv smaller. Junger's tcsts of steels, having

a-tensile strenoth of 50 to .90 kg/mmz (71,117 to 128,011
./uq 1n ) and a .fatigue streagth of 25 to 45 Lg/mmz

,560 to 64,000 1D, /sq.ln ) .for lonsitudlnally ground
specimens, yielded, with transversely plancd specimens, a
Eatigue strength QE 25N L a0 kg/mm2 (”’ 560 "to, 4z, 870 10;/
sq.in.) (reference 9Y...In contrast with the. fatlgue
" treh&th of .the - LOD"JtUdlndlly ground specngeﬂs, tgat of
‘the Lransversely planed specimens 1ncrease6 but very lit-
tle with the ueHS1le strength .since the strength was h.rea‘t—
1y.reduced by the machining grooves.. From this fact. it
”follow% trat bood surface f1nlsr1nﬂ is desirable for the
harder steels, in order to utilize fully their greater
strength even in parts subjected to alternating stresses.

JU"

1
(

)_5

On the contrary the Qtrenéth of soft steels wis only slighte
ly increased by grinding or pOllSﬂlﬁé and is therefore gen-
erally uneconomical, The great disc repancies between vari-

ous steec els are also partially due to .the fact that their
workableness differs redtly and tﬂ?t taerefore their SWB-
face condition after treatment dlffers correspondingly.
- The reduction in the fatigue strength of_;pnaltudlnallJ
.planed specimens is only about half as great as that of
transversely planed specimens..
For duralumin the effect of surface injuries is less.
The fatigue strength of .filed gpecimens is not over 5 per—
cent less than that of polished specimenss . On the otner
~hand, sharp-edged scratches. are more eas11y produced in
the softer metal than . in hard steel. Hencg.one must alw¢vs
w.allow for a 5 percent loss of strength,. aac to unavoidable
surface. injuries.. -

3. Partially Finished Light-Metal Products

The effect of surface injuries, drawing g COOVES p 1
rolled-in splinters, etc:, in the production of sheets and
geetion metal.is naturally similar to. that of the grooves
produced in finishing. Hence tests of sheet and section
metal with unfinished surfacss often yield Jlower fatizue
stgengtns. -The defects due to drawing and rolling the met-
al (sucn as.high internal tension and surface tears and,
~under some:circumstances, excessive stressing in the pro-
duction of the unfinished naturlals) are still more dan--
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gerous, These defects are, especially pronounced in parts
(suéh:as |H sections and rectangular tubes), the produc-
tion of which is especially difficult =nd liable to be ac-
compahied by excessive stresses. The liability to such
injuries varies greatly with the material used. Relatively
unfavorabls’ in this respect is ‘tlie behavior of the light
metals, the uwnfinished products of which often have very
low ‘fatigue strengths. (See table II.). Thus unfinished
sheet duralumin has a fatigue strength of 10 to 12 kg /mm
(14,220 to 17,070 1b./sq.in.) and tubes and sections 9 to
9.5 kg/mm {12,800 to 13,510 1b./sq.in.). . The fatigue .
stﬁéngth'of'”hydronalium" sections is still lower, obvious-
1y due to the poorer workability of this,material. Sheet
"“elektron has a fatigue strength of about 8 kg/mm (11,380
1b./sq.in.), while tubes and sections of the same material
have a fatigue strength of 5 to 7 kg/mm (7,112 to 9,956
1be/aqaine) . * il

4, Partially Finished Steel Products

Thile light metals are very sensitive to .the process
of finishing, this is seldom the case witia steel, since
excessive stressing of this material can be: readily avoided
by heat treatment. Hence we find in steel ‘sheets and tubes
of low and medium strength only a slight diminution of the
fatigue strength, which can .be entirely acgounted. for by
the surface scratches.**

‘In steel other phenomena also ocdur, which are spe-
cially noticeable in the more highly refined steels and
which may reduce the fatigue strength cohsiderably. These
‘are the hardness stresses and, above all,: the decarboniza-
‘t'ion‘ of the surface layer by the heat treatmeant. In forged,
hot-rolled or tempered parts, the surface layer is decar-
bonized by oxidation during the heat treatment. The sur-
*That we are not here dealing with any form or surface ef-
fect is shown by the fact that, c.g., test specimens from
rectangular tubes likewise yield striltingly low fatigue
strengths, which cannot be raised to normal wvalues even by
removing the surface layer and by polishing, - {(Under "form
effect® it is to be understood that the stressing of the
sections due to cross—sectional variation may be locally
greater than the stress corresponding to the section modulus.
**Brenw $tructural steels show occasional surface imjuries
from rolling, which materially reduce the fatigue strength
(referencs 10), : ‘
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face layer then consists of a considersbly weaker substance,
soft.iron in the limiting - case. .Heance surface  eracks _occur
at relatively low fatigne stresses and continue:inward, due
Lo the-doteh .effects This effect:of:the surface decarboniz-
ation is naturally proportioanal to:tke carbon .content and
to the fineness of the steel. . As shown by figure 14, the
fatigue strength of unfinished forgings increases but 1lit-
tle with the tensile strength.* Rolling:the surface has a
similar effect. For example, various alloyed spring steels,
having a strength of 120 to 140 kg/mm3 (170,680 to 199,130
lb./Sq.iL.) under combined static. and dynemic stressing,
showed a bending fatigue strength of 40 + 20 kg/mm® (56,894
+ 28,447 1b./sq.in.) for specimens with rolled surface, and
40 £ 48 kg/mm?® (56,894 £ 68,273 1b./sq.in.) for specimens:
without rolled surface (reference 12). Even the slight
surface decarbonization in hardening or refining consider-
ably lessens the fatigue strength.’ (See table 1II.) Hence,
€eZesy the fatigue strength of sheet 'steel one millimeter
(0,04 in.) thick refined to. a strength . of 180 to 170 kg/mm2
227,575 to 241,800 1b./sq.in.) is.only 16 to 25 perceat
of the static tensile strength. ' The properties of wires
are naturally similar to those of gheet ‘metal. Thus, ac-
cording to Hankins and Becker (refecrence 13), the bending
reversal strength of refined stecel wires is reduced by 25
to 40 percent and the original strength by 20 to 30 per-
cent, if the surface layer, decarbonized in the process of
hardening, is not removed o¥ the decarbonization itself is
not prevented (e.g., by heat treatment in neutral gases or
cyanide baths). It is therefore necessary to remove the
surface layer and to polish, when -especially high fatigue
strength is desired. Tests by Swan, Sutton, and Douglas
(reference 14) on the fatigue strength of valve-sprin
wires under combined static and dynamic .torsional stresses
showed, e.g., an upper limit of 44 to 63 kg/mm2® (62,583 to
89,608 lb./sq.in.) as delivered, the fatigue stress being
60 percent of the static stress. 4 maximum strength of 96
kz/mm® (136,546 1b./sq.in.) was obtained by removing the
decarbonized surface layer. Ground and polished wires
such as are now used for the valve springs of:aircraft en-
gines, are rather expensive. Very good.results: c¢an be ob~
tained, however, by using cold-drawn wire, sinece the effect
of the surface decarbonization is at least partially offset
by the cold hardening. In practice the extreme 1limit to
which very good valve springs can be stressed is about 80

*In addition to the surface decarbonization,-it is also
necessitated in this case by the rougher surface of the
forged specimens (according to tests by Hankins and Beck-
er). (See also reference 11,)
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the "upper" ami et
ng stress is 40 per-

kg/mm? (113,788 1b./sq.in.), th
at the very fatigue 1lim-

tension for the case wh
cent of the static stress :

ity however, and all suapp ary stresscs must therefore
be taken into comsideration, 1Imn wvalve springs, however,
the actual fatigue stress is often twice as great as the
stress determined from the valve 1ift, since free vibra-
tions of the spring windings occur.

5. Surface Hardening

¥hile the fatiguve strength of the whole piece is re-~

duced when the surface layer has a low fatigue strength,
the effect of surface injuries is reduced by hardening the
surJ .ce, and under some circumstances the fatigue strength
of the whole piece can be considerabdly increased. In ni-
trided steels (reference 15), for example, the fracture
always begins underneath the nitridcd layer 2nd even when
small sharp notches, corrosion scars, or similar surfa
injuries are present, provided, of course, that these sur-
face injuries do not penetrate through the nitrided layer.
Thus we always have a fatigue strength corresponding to
that of the inside materiazl in the ideal condition, i.e.,
free from any surface injuries. ' In parts subjected to

bending or torsional stresses, we find, moreover, corre-
sponding to the thickness of the nitrided layer, a slight
increase in the fatigue strength of the part as compared
with that of the inside material. Results similar to
those of nitrogen hardening can a2lso be obtained by case-
hardening arnd, though in a lesser degree, by cold harden-
ing of the surface by pressure polishing, rolling, com-
pression, etc,

6. Bffect of Corrosion

Corrosion produces a greater or smaller notch effect
through the formation of scars which considerably diminish
the fatigue strength. Tests were made in the DVL with
steel sheets of 1 mm (0,04 in,) thickness, which had been
exposed to salt-water spray for a month or two before the
fatigue test., The fatigue tests yielded the same resvlts,
whethier the process of corrosion had been continuned for @ne
month or for two months. The reversal strength of a Cr-Ni-
if (ch‘omc—nicxol—+u1 sten) steel, refined to a atrength of
160 kg/mm2 (227,575 1b, /sq.lp ), was reduced to 25 ke mm2
(25859 1b. /sq.ln.). The effect of corrosion may be almost
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as great in the case of corrosion~resisting steels. The

14 percent chrome steel V3i, with a streagth of 170 l:g/mm2
(241,800 1b./sq.in.) has, uncorroded, a reversal strength
of 43 kg/mm?® (61,161 1b./sq.in.), but only 27 kg/mm2(38,403
1b./sq.in.) after being corroded. If the resistance to
corrosion is still greater, as in the more highly alloyed
steecls V5M and V2A, there is gencrally no reduction in the
fatigue strength. In original gstressing the redvetion in
the static strongth from corrosion is generally less than
in the alternate stressing. The static strength of Cr-
Ni-W steel, e.g., falls from 48 kg/mm?® (68,273 1b./sq.in,)
(refined, but not worked) to 40 kg/mm2 (56,895 1b./sq.in.)
(corroded), while that of the corrosion-recisting chrome
steel V3l falls from 53 to 50 kg/mm2 (75,385 to 71,118 1b./
sq.in.). For duralumin the fatigue strength of corroded
specimens 1is 8 kg/mmz 11,979 lb./sq.in.), as compared with
12 to 14 kg/mm® (17,068 to 19,913 1b./sq.in.) for uncorrod-
ed specimens. The decrease in the fatigue strength is con-
siderably greater, especially for steel, when corrosion and
fatigue stressing occur simultaneously. In this case the
conditions are quite complicated, since the corrosion time
is affected by the frequency of the stresses and by the
total number of load reversals. For exanple, with ten mil-
lion load reversals in 55 hours and simultaneous corro-
sion, the fatigue strength of duralumin 5312 and 681ZB is

7 to 8 kg/mm® (9,956 to 11,379 1t./sq.in.); of elektron
AZii, 3.5 kg/mm? (4,978 1b./sq.in.); and of all steels with
a strength of 30 to 160 kg/mm2 (42,670 to 227,575 1b./sq.in.),
about 12 kg/mm? (17,068 1b./sqg.in.).

VII. EFFECT OF INCREASED TENSION AT

CROSS-SECTIONAL TRANSITIONS

The values thus far given chiefly concern the fatigue
strength of smooth test specimens and of partially finished
products. The fatigue strength of the structural part it~
self, however, is often considerably reduced by stress in-
crements at the unavoidable cross-sectional transitions.

A fatigue fracture is therefore a drittle fracture. There
is no yielding and therefore no offsetting of the loecal
stress increments. Hence such stress increments cannot be
disregarded, as is permissible in static stressing. As an
indication of their magnitude, it was found by Inglis that,
with a notch of depth 4 and a fillet radius r at the
apex, the tension increment under normal stressing is

2/ 3q/r. Strictly speaking, this is valid for an ellintical
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a

holle and for a noteh in the form of a semiellipse on a
plate of 1nf1n1te w1atL, bu*_is‘ rlicable approximately
to: many.notch forms. The “rcrense in tension at. a cross-
séctiqnal.transition can be approximately es timated in
this wey for uniplanar teénsion conditions. In order to
determine the maximum tension at the bottom of the ngtch,
the mean tension must simply te wultiplied by 1 + AV i A
In many cases the values thus estimated arc not very accu-
rate. .The tension of structural parts has often been ac-
curately measured, however, and the results published.
Thé making of such measurements, which are very valuable

for designing structural parts;.cannot however, be here

described in detail. We will only call attention to the
metdod of measuring the elongation, as developed by the
Maybach Engine Company (reference 1&).

Let us consider the behavior of the material in fa-

tigue stressing .with respect to such tension increments.
For the computation it wounld indced be very simple if it
were only necessary to zeastrec or estimate the tension in-
crement and then introduce the fatigue strength of the
smooth test specimen. Apparently, however, the fatigue
strength in most cases is not reduced tec the extent which
the tension increment according to the theory of elasticity
would lead us to expect. This is due in part to a certain
internal notch effect in the terial, resulting from the
directional dependence of the modulus of elasticity in the
individual crystallites, (In many materials the modulus
of elasticity in the crystal varies about as 1:2 according
to the location with respect to the azes.) . It is also due
to the ever-present small inclusions of slag. The phenom-
enon may also be due to the fact that the fatigue strength
is not the same in the 3-dimensional tension field as in
the uniaxial field. Unfortunately very little is known
concerning the laws here applicable.

The quevtion now is, as to how much the reduction in

the fatigue ‘étrength depends on the tension increment ,/ d/r
‘ﬂccordlng to the theory of elasticity (provided this rela-

tionship is applicable to the form of the specimen). Tests,
which were made in the DVL ‘on bending-fatigue specimens
with a middle collar of constant magnitude but varyimg ra-
dius of fillet, showed the éffect of the 'laf't'er on tihhe ef-
fective increase in tension, as plotted 'in figure 15,
From this it is obvious that the reductidn “in“the fatig
strength, i.e., the practicaLLJ ef;ecu’ve tengion increment
is not proportlonal GO A\ l/r, but increascs leg's raplély.
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In order to determine what relation exists between
the effective tonsion increment end ,/d, the bendin
fatigue tests, which Ludwik (rcfereince 17) hed made with
test bars having notches of various depths, were repre-
sented in this manner., As shown Yty figure 16, the rela-
tionship is here rectilinear, The actual tension incre-
ment is 0.45+d/T, i.e., considerably smaller than
Bl A s s

With very small notches the absolute magnitude of the
noteh also apparcently has an effect. This is particularly
important in. connection with the small surface injuries
produced: :in working the material. Tests by N. Thomas
(reference 18) with a 0.33C stecl showed that with notches
of.about 0.02 mm (00,0008 in,) depth, the tension increment
is only 0.164 d/r instead of 2w/ d/r. With notches of
Oel to 007 mm {0,004 to 0.028 in.) depth the notch factor
was: Ow465+ The diminumtion, of, the noteh Sfactior, dn this field
of very.small surface notches or scratches is chiefly at-
“tributed to the internal notch effect. o answer has been
found, however, tc the question as to whether, in large
erosis—sectional transitions, the neotich: factor issaffected
by the absolute magnitude. ;

) Fronm all thds it is obwioms that. the aetnal relation
between tliec effective tension increment and "the tension
increnent according to the theory of elasticity could not
yet be determined. So long, however, as this matter is
not scttled, the danger of fatigue fractures cannot be de-
ternized directly from tension measurements., This danger
nmust therefore be determined for tihc present from fatigue
tests of the structural elements themselves or of whole
structural parts.,

It nust also be remenbered that the effect of the
tension increnent depends on the material used, so that
even the results of fatigue tests cannot be transferred di-
reectly fron one material to another. The sensitiveness to
noteches is proportional in steels, e.g., to the tensile
strength, as shown in figure 17 (reference 19).

The notch effect is less in torsional alfernating
stresses than in bending alternating stresses or in alter-
nating tensile-compressive stresses, The percentage reduc-
tion in strength is proportional to the ratio of the tor-
sional reversal strength to the bending reversal strength
(reference 17). TFor Ty = 0.5 Oy, we thus obtain



18 N.A,C.A, Technicel Memorandunr Jo. 743

ar - % O = &
5 0L 10 T 1 e w-l
uE_T__-s = 0.6 M —TE,

in*whidhv‘TW' and Oy represent'the reversal strength
without ‘moteh; Tyy .and Ofg, with notch, Table III

hows the effect of a.small notch and of a collar on the
bending and +or&uonal reversal streugths of several mate-
rials., The notch sensitiveness is the greatest in hard
steels.and in magne31um'alloys, but very small in light-
"metal castings and in wood. The notch effect in combined
static- and dynamic stressing is consideradly smaller than
in purefalternato stressing (fig. 18) (reference 12).
Very- few numericael data are available in this connection,
‘however. When no corresponding values are at hand, one
may start, in esStimating the fatigue strength, with the
assumption that the notch effect is operative only in con-
nection with-the dynamiec ‘sharie of "the stress. I, " len.ae
the original stremgtl of a steel is 60 kg/um® (85,340 1b./
8qein.) and if a notch is present by which the reversal
strength is reduced 50 percent, then, with an initial
stress of 30 kg/mm® (42,670 1b. /Sdnlh.), the alternating
stress is changed by 15 kg/mm?® (£21,335 1b./sq.in.).
Such an estimate, however, is rather inaccurate, the re-
sulting values not being on the safe side.

VIII. FATIGUE STREIGTE OF STRUCTIURAL PARTS

1, ‘BEffeect of Hol es

The 1ucnce of various notch effects on structural
parts is icated in table IV. A very common form of not
notch is a 1ﬂvle hole., Tihe reduction in the fatigue

strength is thhen duc not alone to the hole itself but also

|_:. ;.:

nf
ndi
8

to the grooves in %the hole and sometimes to the burr on the
the edge of the hole. The results of a whole series of
experiments regarding the effect of holes on the fatigue

strength are available. In bending fatigue tests (refer-

ence 20), steel rods of various strengtns with trans-

verse perforations were found teo have 50 to 60 percent of

the reversal strengilL of specimens witkout holes. Tests

of tubes and gsections with holes are more important for

their bearing om airplane construetion. - Table I contains .
the data for ordinary carbon-steecl tubes. The ratio be-
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tween the fatigue strength of the pPerforated tube and that
of the smooth tube-is 0.47 with alteéeruating stresses and
0+50 with initial tensile stresses. Since ‘the initial

! compressive strength is considerably greater, the fatigue
strength of a structural part can sowmetime§ be comnsidera-
bly increased by shifting the connections to the pressure
side. Cr-Mo steel tubes, which had a considerably higher
fatigue strength, yielded, when perforateg, no higher val-
ues than the carbon-steel tube. The ratio of the rever-
sal strength with hole to that without hole was very un-
fevorable, being only 0«32 A corr051on—res1st1rg chrome
steel with a strength of 170 kg/mm® (241,800 1b./sq.in.)
Yielded better results. A riveted tube of th'is material
yielded, with hole, a reversal strength of 23 kg/mm?
(32,714 1b./8q.in.), while the reversal strength of a
-~:gmooth test strip (Jlthout Hole) was about 43 kg/mm?
671,161 18, /sq.ln ). TFor duralumin and elektron tubes the
ratlo of the reversal strength with hole to that without
hole 'is about 0.44 (according to tests by hertel at the
DVL)

Under alternating torsional stresses, fractures often
start at the holes. The formerly frequent crankshaft
fractures often began at the oil hole. In order to ascer-
tain the effect of the hole and to be able to estimate
the strength of crankshafts, torsional fatigue tests with
crankshaft models were made several years ago at the DVL o
These tests showed d torsional reversal strength of th
model of 22 kg/mm?® (31,290 1b./sq.in.) as compared wvth a

strength of 37 W:g/mm2 (52,627 1b./sq.in.) without hole.
PThe orisinsl strength of the model was 30 kg/mm3 (42,070
1) /sq in.). TFigure 19 shows the fracture, which proceeds
from the inner edge of the o0il hole, as is always the case
in fractures during operation. This is due to the fact
that the burr is not removed on the inner end of the holwe,
resulting in a considerably greater stress at this point,
This example also shows clearly the need of careful sur=

*The model was a two-throw crank corresponding in dimen-
sions (on the scale of 1:5) to a shaft which had often
broken in operation. The crank-pin diameter of the model
was 12 mm (0,472 in.,), the length of the crank jo it 12 mm,
tne diameter of the inside hole 4.8 mm (0.189 in,), and

the diameter of the oil hole 0.8 mm (0.031 in.). The mate-
rial was Cr-Ni-W steel, with o strength of 120 kg/mm2 °
(170,680 1b./sq.in.).
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face finishing, especially for such highly refined steels.
Sbtness reversal tests of large .crankshafts in Operation
show, moreover, that in these the fracture may occur at a
considerably lower stress than in.the models.®* It has not
yet been determined wiiether this involves the influence of
the absolute magnitude on tlie danger of local increases
in.the tension.

%
2. Strength Reduction in Xeyed Joints

Fatigue fractures often, ocecupr in keyed joinblsg, 6«
betwecen the shalt and propeller hub., The points are es-
pecially dangerous where there is seizing of the parts.
Hence, for example, tlie torsional reversal strength is re-
duced by a power-transmitting, keyed connection consider-
ably more than would correspond to the notch effect of the
keyway alone., Even when the key rests on a flattening of
the shaft, i.e., when there is no appreciable notch ef-
fect, there is a reduction of about 35 percent in the tor-
sional reversal strength,.

3« Fatigue Strength of Screwed, Bolted a2nd Riveted Joints

The fatigue strength of screwed and bolted joints is
especially “important. In this comneection it . is pemarkable
that the notch effect of a gscrew thread is less than that
of a single notch of the same form. A rather important
role is played by the fillet radius, whidi often deviates
consideradbly from standard values. Tests at the DVL with
commercial 14 mm (0.55 in.,) screws yielded, for bright
screws of screw-machine steel and of arnealed carbon steel,
a reversal strength of 17 to 22 kg/mrn2 (24,180 to. 21,250
1b./sq.in.). The reversal streagth of subsequently heat-
treated screws was the same, since tae effect of the great-
er strength (0g = 71 rg/mm® (100,987 1b./sq.in.) instead

of 55 kg/mm® (78,229 1b./squin.)) is' offset by the effect
of the surface decarbonization (reference 21). Previous
tests with rather poor 8 mw (0.315 ian.) screws of screw-

machine steel showved a reversal strength of only 11 kg/mmz

*The difference is considerably greater tnan the strength
reduction due to the stroager influence of the fibrous
structure.



TeA.0.A. Technical Memorandum.No.. 743 21

(15, 646 1ba/sq.in.). “Moreover, tusts . wére made regarding
.the effect of heat treatment on the strength of 10 mm (0.39
.in.) threads on'a Cr-Ni-W steel. With a refining to O, =
150 kg/mm® (213,350 1b./sq.in.), a reversal strength of

31 kg/mm® (44,093 1b./sq.in.) was obtained in the thread,
when the thread was  cut after heat treating the material.
(If, however, the thread was heat-treated after finishing,
the resulting reversal’ strength was ouly 15 kg/mm2 (21,335
lb./sq.in.))i Still greater strength can be obtained by a
special thread with a larger fillet radius and by surface
‘hardeningv TFor example, a reversal strength of 42 kg/mm?
(59,739 1b./sq.in.) was obtained with %/8-inch screws of
nitrided steel with O = 72 kg/mm® (102,409 1b./sq.in.);
wihile tlie reversal strength of the same strews before ni-
triding wds only 26 kg/mm2 (36,980 1b./sq.in.) (reference
22).. Theése methods for increasing the strength are im-
portant because it is often necessary in practice to re-
place broken screws or bolfs by others of the greatest
possible fatigue strength.

In this connection, attention must be called to the
fact that the stresses to which screws are subjected are
often not pure tensile stresses as commonly assumed in
construction. On the contrary, bending stresses of con-
siderable magnitude are often present, due to unequal
suvpport of the ihead of the screw or deformation of the
supporting surface. Furthermore, i= designing, insuffi-=
“eient allowance is often made for the fact that, in joints
with several screws, they are not all equally stressed and
can easily be overstressed.

While fatigue breaks occur quite often in screws
subjected to tensile stresses, they very seldom occur in
screwcd or bolted joints stressed in shear. On the other
hand, fractures often occur in the parts joined, begin-
ning at the holes. The same is true of riveted joints.
Here also a fatigue fracture of the rivets almost never
occurs, but the fatigue strength of the riveted joint as a
whole is considerably reduced. Tests of the fatigue
strength of riveted joints yielded about 30 to 60 percent
of that of the uninjured material, or 70 to 100 percent of
that of the perforated piece. Figure 20 shows the condi-
tions obtaining in this kind of joint. If. the riveted
joint is subjected to initial tensile stress, then the
edges of the holes are subjected to the normal stresscs
and to the bearing pressure. The fatigue strength in this
case is therefore lower than that of a single perforated
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‘plece."mhé comdition ﬂe'quite G¢ifferent in the case of
g rinitral Comp‘eﬂpr st:qs‘ The "forces are then trans-
mlttea_qg the rivet direct Ly .%o t 1¢ opposite cross sectionm,

tauws eliminating the stress. 1ﬂcvemert .on the wall of the

H6lé due to the normal tensioan., In this case, therefore,
a greater fatigue strength is to te expected than that .of =

‘single perforated piece. . Accordingly the conditions in
the alternatelv stressed riveted joint are such that the
1nnrcage in tension at .the edge of the .hole is CfJGCulve
only dLrlrg the tensile stressing and. that therefore the
effegt. of an original stress is felt. Heunce, even in this
case,. t.iere may sometimes be a smaller notch effect than
what would correscvond to the simple hole. It is also true
that, in this region of low stresses, the transmission of
force by friction between the strips becomes very pro-
nounced and the rivets may be comsideradbly relieved Ly the
diSt“iEntion of the forces throughout the whole riveted
cross seéction. Of course the strength of the joint as a
whole is still further increased by butt straps (with sev-
al rows of rivets), or by splicing.

4, Fatigue Strength of Welds

Q“it“ different conditions exist in welded 'oinu“.'
Here there is less of a notch effedt’ thlan at the points
of ‘transmission in the other ki;ws of 101nts thus far con-
‘gidered. There is, however, b \tween the ndrts Joined, a
zone of ~etal in the condition of 4" cdsting and next to
the letter a zone of annealed metal, Moreover, it often
happens that the chemical composition “of the matter in the
weld zone is considerably altered from thHdt of the parts
welded; for ‘example, it may be gtronglJ‘dﬂdarbonized All
these concurrent influences vary greatly according to the
material and thec nature of the weld. . Hence. the fatigue
strength of’ the welds has greatly differing yalues, rang-
ing between 50 and 90 percent of that of thcﬂunwcldcd met-
ale, NYaturally, the higher values are f01nu_1n the. soft
steels, It is expedient to’ base the Pa+1gve 81 rengtﬂ, as’
well a2s thc static strength, not on the ori iginal material
but on that annealeéd by the welding. ' Then the differences
are considerably smaller., The fatigue. strength of welded
carbon-steel tubes, as used in ﬂ‘rDld“e construction (w1uh
unsmoothed weids) is 14 to 18 &g’mme (194938 Wp' 25,600 1b. /
sqeine).s (See tables I and IV,) " COr- Mo~ teel tubes yield.
somewhat higher values (reference 23). Apparently b orig-
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inal strength of welded tubes is relatively high (table I).
Of course the values given are valid only when the weld
itself is perfect. Otherwise they may be considerabdly
smaller,

IX., CONCLUSIOKS

The fatigue strength of a structural part is affect-
ed by very many factors which do not affect the static
strength and are therefore disregarded in connection with
the latter, All these conditions must be comnsidered in
fatigue tests. From the viewpoint of the designer there
is, therefore, no fatigue strength to be based simply
on the material. The structural form (increased tension
at the cross-sectional transitions) and the character of
the surface of the member must always be considered in
judging the actual fatigue strength. . The object of this
work was to indicate the magnitude of these influences
in the individual cases and to facilitate their estima-
tion. ‘In determining the fatigue strength with regard
to these influences, it must be borne in mind, however,
that the influences of the same order of magnitude, e.g.,
all those due to the nature of the surface, cannot be
added according to their nature and have but 1little mutu-
ally strengthening effect on one another. On the other
hand, the fatigue strength is reduced by large notches and
cross-sectional transitions; for example, in addition to
the influence of the surface. Hence, insofar as the effect
of both influences is not determined in common, the reduec+
tion factors estimated for both influences are to be added
algebraically, in order to determine the total reduction
in the fatigue strength. 1In this way, with consideration
of the known fatigue strengths, the most important of
which for airplane and engine materials are included in this
paper, the fatigue strength of the structural parts can at
least be approximately estimated.

SUPPLEMENT

While this article was in press, a work by R, E. Peter-
son appeared (reference 24), which contains experimental
results on the influence of the absolute magnitude on the
fatigue strength of smooth and notched specimens. These
data make it possible to estimate numerically the depend-
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.ehce of the notch effect on its absolvte magnitude. Due
to the great importance of these data in determining the
fatiguwe. strength of structural parts, they will be given
brietly.

In smooth rods (without cross-sectional transition),
the size of the specimen has no appreciable effect on the
fatigue strength. The tests were made with specimen rods
ol (L% tio 50,8 mm (0,05 to 2.0 in,) dismeter and with
gteels iofl 020,024, 044" and 0% b7 carboncontents

" In.test specimens with cross-sectional transitions,

homeycr,_the absolute magnitude has a very considerable
ect on:the fatigue strength. Figure 21 shows the rela-

tlonD foy specimens with a transverse hole. For two se-
ries of tests. a carbon steel containing 0.45 C, 0.79 M
0.18 5i%:0,032,8, and 0,012 P was used, with 0,,, = aw.v
kg/mm? (82357 1%./8q.in.), Oy = 53.4 kg/mm2 (75,953 1b./
sq.in.) elongation (2 in.) = 32 percent, reduction of
area = 50 percent, and Op = 23.2 kg/mm® (33,000 1b./sq.in.),
the specimens having diameters of 1.27 to 50.8 mm (0.05 to
2 in.). A heat-treated 0.57 carbon steel was used for the
third series of tests (strength data not given in the re-
port). While the notch fatigue strength is 70 to 90 per-
cent of the normal fatigue strength for very small speci-
mens, it is only 40 to 60 percent for very large speci-
mens., The relations are similar for other notch forus,

According to these tests and to theoretical consider-
ations, it may be assumed that the notch effect in very
large cross scctions tends toward the value according to
the theory of elasticity as the limit. Opposed to this,
however, are the facts that, in plotting Og/Opx against

the logarithm of the diameter of the specimen, the test
points lie approximately on a straight line, and especial-
ly that the greater notch sensitiveness of the 0.57 carbon

teel is just as pronounced in the large specimens as in
the small ones, (With increasing approximation to the
theoretical notch effect, the differences in the notch
sensitiveness should gradually diminish.) Further research-
es will be necessary for clarifying these relations. It is
certain, however, that, in estimating the notch effect, the
influence of the absolute size of the structural members
cannot be disregarded,
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TABLE I

adum Noe 743

Effect of Initial Tension on the Fatigue Strength

Mie b r i oa il

Alumiaum alloy¥*
Ougg Si, 4,28 Cu, 0054 Mn

Magnesium alloy**
Ohd2. 8iy 0«28 Zn, 6,30 Al
C-steel tube 28 by 1, smooth-drawn

C-steel tube, smooth drawn with
3 mm hole

C-steel tube, welded

Corrosion-resisting Cr-steel 1 mm
o

Mot Bala €. 137 gnd 58 Seliveled
Lt heat-treated

Stainless austenite steel
1 mm strip, hard-rolled

#7153 = 24 kg/mme, g = 9.5 kg/mmz,
**TB = 17 i Ty = 7.5 ]

(kg/mm® X 1422.35 = 1b./sq.in.)

Strength (kg/mm2)

3b 1 1.8 23 30

34 | 15 19 30

54 | 22 39 =

54 | LO«Bl 195 29

46 | 15 29 -

Zoull A3 b7 -
170 | 43 ~03 -
116 | 42 il o) -

U SN M. <6 )

Ty = 15 kg/mm?
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TABER IX
Fatigue Strength of all Fl“lq .ed Oroducts, etc.’
e T R R I el i i b
1
oz o ot f5
v€/mmz ks/mmz W W
(<21 o
48 Bte (crankshafts) 0.7-0.9
0.3 a) M
® =8 g v
o )
<@ b 8
o2 @ Duralumin (forging) 0.9
~ O @O wm
[+ I = JS ]
oo L B
o] N 5
£ 2 Elektron (propeller) 058
i N
Q
: Steel
q -
e arlnding grooves 4lonbltud1nal 140
e 2 ttransverse** |50-90 0.8-0.9
g o
[
G © . 3 0 185~02 95
. laning groove iengitucinal ;
s W 2 s transverse*** 150-90 |25-30
o A
O~
“ O Duralunln.
= ile scratch (smooth file) |
trav0ver"e = ON95
Duralumin:
Sheet ~ 40 (10-12
- Tubes and sectiouns 9=945
€ Elektron:
8 Sheet 29 8
W 2 Tubes and sections 5=7
& ASteel:
L C-steel tube, smooth-drawn 54 22
8 Stainless steel (V24), 1 mm
=k strip, as delivered -
@ (smooth-rolled) 118 42
%, Corrosion-resisting steel (V5M),
2 sheet as delivered (pickled) 123 44
3 Corrosion-resisting steel (V3M)
ko Sy 28 delivered, unworied 75 33
R {heat-treated, unworked 170 43
Cr-Ni-W steel
as delivered, unworked 120 39
anes ﬁheat treated, unworked 162 39

* * % * k¥ .
3 ) .

See footnotes,

next page.
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TABLE II (cont.)

FPatigue Strength of Partially Tinished Products, etec.

O3 Oy
kg / mm? kg /mm?
- __*N_T"___w~m~__*“_m_mmmmmmnw__WNMH“__d__*__~_~u
< + Steel (continued):
+> O S %
w3 0.5 C spring-steel wire:
e o worked before heat treatment 72
el worked after heat treatment 43
o
Q4G O . ;
g et Cr-V spring-steel wire:
oy worked before heat treatment 67
g o worked after heat treatment 50
et €SS L R SR S, ST S ST P e [
Freviously corroded by exposure
to salt-water spray for one
month:
Stainless steel (V2A), as de-
livered (smooth-rolled) 118 43
Corrosion-resisting steel (V5M),
as delivered (pickled) 121 48
&
o Corrosion-resisting steel (V3M),
2 heat-treated, pickled 170 27
§
. Cr-Ni-W steel, heat-treated,
o rickled 158 25
o
o) Duralumin ~ 8
G4
4
- Simultaneous corrosion and fatigue
stressing (10 million periods at
50 Eerz)
Steel 30-160 ~ 12
Duralumin 7-8
Elektron Sud
*Op' = reduced fatigue strength; Oy = normal fatigue

strength of polished specimens of full cross section.
**%Also file scratcheu (smooth files)
®#&WLlso lathe grooves,
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TABLE III
Effect of a Notch and of a Collar on the Bending and
Torsional Reversal Strength
Tensile | Bending reverssl Torsional reversal |Accord-
strength| strength (kg/mm?) | strength (kg/mm®) ing
Msterial Smooth|With |With !|Smooth|{With |With to
kg/mm?) | rod notch* icol- | rod |notch*| col-
1ok lar**
C steel (St 48) 5349 26.0 1850 [15:0 1550 S LS Ludwik
Cr-Ni steel
(VexN 35) 108 53,0 | 2850 86,0 | ©0.5 | 28:0 12055 f
Cr-Ni-W steel
(refired) 114 58.0 - [BR**x*| 38.0 - 30***4 DVL
| i
Cr-Ni-W steel i
(air-hardened) | 162 69,0 | 32.0 (800 | 67:.5 | 26.0 - Ludwik
r -
Elektron (AZM) 34.5 158 - 7.3 2.6 - - DVL
i & 31.3 L0 10.0 - 6.5 - - Ludwik
Duralumin 681 B| 46.2 | 15.5 | - 8.0 1 67| = o DVL
s 681 B 40.8 14.C 185 1113 8.0 it o) 7% Ludwik
o 681 ZB 44,7 $7.7 - 11, 10'8_j - - DVL
Silumin (cast) | 19.6 6.0 S0 ] » il | ca " Tudwik
Tood (pine) 14.0 Ry veBy ae - & & DVL
~3.4)
*Fourfold annular notch of 0.2 mm depth and 0.05 mm fillet radius
(with a die for cutting metr. thread of 5 mm diameter).

**Tor form
**xWidth of

*x**Diameter of

=d;
¢ollar =

o = 0.5 mm.
%45° notch of 4 mm depth.

(mm x .03937 = in.)

of collar, see sketch.
collar

£ = 0.1 mm.
1.5 d;

d =

b=24
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TABLE IV
Influence of Notch Effects on the Fatigue Strength
P
TE O O
a
ke /mm@ ¥
Holes: in steel rods 0+85=04b
i i tubes 0.32-0,54
" duralumin tubes ~ 0,44
" elektron tubes ~ 0.44
Keyed joint: effect of working
(without notch effect) 0.65
Screws: commercial with
03 = 55 to 70 kg/mm?, (11} 19«28
of Cr-Ni-W steel (Op = 150 kg/mm? ), 31
Nitrided, 42
Riveted joints 0+35045
Welded joints Qeb5-0,9
C steel sheets and tubes 14-18
Cr-Mo steel tube ~ 21
e L. o (O R S e e

Translation by Dwight M. Miner,
National Advisory Committee
for Aeronautics.
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Figure 6.-Reversal strength plotted against vibration frequency.
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Fractures

Fatigue Static

Bending f Shear
fatigue fracture
fracture (fibrous) g

starting from
one side.”

fracture W05
Bending (grenvlar)
fatigue ot
fracture

starting from
both sides.

Figure 2.-Fractures of ball studs,

Figure 5,-Torsional fatigue frac-
ture of a crankshaft.

Figure 4.-Static (a) and Figure 19,.-Torsional fatigue of
fatigue (D) & crankshaft model,
fractures of ash wood. beginning at inner edge of oil hole.
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