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NATIQONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO, 889

EFFECTS OF PRIOR FATIGUE-STRESSING ON THE IMPACT RESISTANCE
OF CHROMIUM-MOLYBDENUM AIRCRAFT STEEL

By J. A. Kies and W. L. Holshoussr

SUMMARY -

Fatigus continues to be an important cause o6f serv—_
‘ice failures in highly stressed structural members of
airecraft. Fatigue cracks of detectable dimensions
usually cannot be found until after & rplativnly 1ong ©
pariod during which suitable prnparation for such cracks
is made by continued stresssing. Once such a craeck is
started, howaver; completes failure may be anticipated =~ =~
wlthin a short time, often 10 percent or less of the
total service life. Detection of fatigue cracks, ~ven
of visible dimensions, is often difficult and is usually_
practically impossible during operation. There is urgent
nerd for some means of detecting and evaluating ths dete—
rioration brought on by fatigum-stressing before cracks ~
appear and of evaluating the damage caused by fatigun'“
cracks after t hey have reachead dptoctahle size. '
In attempts to detect and evaluate damage of this
kind, the impact hehavior of normalizesd SAT X4130 steel
was studind after & variety of repeated stress treat—
ments. PFatigue specimens of several types ware used a@nd
the effects of surface finish, reast periods, stress ampli-"
tude, mean stress, stress concentration, and temperature
during repeated stress received consideratlon. Compara—
tive impact—test results were obtained for several tem— o
peratures -ranging from room temperature to, —78° G.

s ==

The results serve to emphasize the seriousness of
fatigue cracks, particularly at low temperatures, but are
reassuring in the cases in which fatigue cracks are ab-
sent or havp not developed to a size permitting detec~
tien. :
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I. INTRODUCTION

Practical Importance of Fatigue Failures

A large portion of service fallures in load-brarilng
members of hlgh—speed machines are fatiguese fallures.
This situation, which is especially trus cof aircraft,
seems unavoidable for two genefal reasons: First, it is
far more difflicult to determine the strength of a cempli-—

cated structure- under vibratory stresses than under static

loading; and, second, it is often difficult or impcssible
to predict what the dynamic loading conditions will be,
rarticularly durlng resonance vibhrations, The second
difficulty is often aggravatpd by faulte in design and a
variety of surface conditions difficult to aesess, such
as infarior machining, corrosion, erosion, and abrasion,
Any of thees irrsgularities maey result in concentrations
of stress for which it 1s difficult to make ample allow-—
ance in the design. Despite these difficulties, the
actual numbar of fatigue falluree in gaircraft is very
small. The increasing dependability of alrcraft 1s
attalnabdle only by promptly detwscting and replacing dam—
aged parts as well as by maintaining high standards for
initial quality of materials, design, and workmanship.

An excallent reviaw of the prevention of fatigue failures
has been prepared by the staff of Battelle Memorial
Institute .(referance 1)}.

A fatigus fracturs often occurs suddenly after a
long and apparently satisfactory service without vieible
daformation or deterioration., Once a fatlgue crack has
prograssed to a detectable size, however, it 1is usually
propagated at an ever increasing rate and total failure
of the part may be expected withip a time that is a small
percentage of the service 1ifms. Detection of fatigue
damage 1s sure only after a crack has dsveloped, and 1t
ig often difficult or aven impossible to discover the
trouble in time to prevant failure of the member,
Although great progress had been made in the technique of
crack detmction, there 1s urgent nered for a nondestruc-—
tive method of detpcting fatigus damage bafora a crack
starts. C

Internal Progressive Changese Due to Failure
It is assumed by many that an obscure progressive

change occurs within the metal preceding the formation of
a fatigue crack. The often repesated observation that, for
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a given amplitude .0f stress in the unsafe range, a fatigue
crack appears after a fairly definite number of sitrain
cycles has been imposed and that the higher the amplitude
- of the strain eycle the smaller the number of cycles
required to start the crack for a given material and type

of loading may be recalled in support of this assumption,

Many attempts have been made %o determine the nature
of the differences in the metal before and after it had
been fatiguer—damaged, short of cracking, These attempts
are of two kinds: (1) relatively fundamental studies that
include microscopic studies of slip and analyses of X-—ray
diffraction patterns and (2) empirical studias of the
influence of fatigue stress onyvarious mechanical and
rhysical properties, such as hardness, internal friction,
impact rasistance, magnetic properties, strength under
static bending leads, and endurance in a second stage of
repeated stressing. :

Microstructure and X—ray diffraction patterns.— Much
valuabls information has bern ohtainad concerning tha

internel changes that result from fatigus—siressing, Gecugh

(reference 2) showed that, for large single crystals, tha
fatigue strength of various metals could be &xpregsed in
terms of  maximum resolved shear stress on the slip planes
and that slip on these planas always precaded the opening
of a fatigue crack. ©Qther studies of tHe microstructure
of m tals hefere and after fatiguer—stressing have shown
that slip lines and .deformaticn bands may bes develcped by
Hoth safe and unsafe ranges of fatigue stress, at least
in polycrystallins samples of soft irom and probably in
.seme other metals as noted in references.3 and 4 and thn
discussion by -6reninger of raferance 5,

The presence of daformaticn bhands in the micrcstruc—
tures of a metallic crystal indicates that " the strain
in the crystal has not bern homogenesus during plastic
deformation: that is, in'certain regions the deformation
took place alnng combinations of slip plan~s &nd slip
directions differant from the combinations in other regicns.

In generagl, plasgtic dnformatlon as shown bv Sllp 1 ines
regulting from gcyclic stress is not in 1tsnlf an indication_
2f weakness 1n the material. On the contrary, ‘inereasss in
hardnerss, tensile strangth, and fatigue limit often accom—
pany the development of slip lines. Thus there may be two
o>pposing processes at work during repeatesd stress: general
strpngthpnlng by strain hardening and the dnvnlopmnnt of
local "sora spots" where oracks may open. If the amplitude
of thes vibratory stress is below the fatigus 1limit, the
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strengthening by straln hardening appears to be predominant,
but, if the stress is in the unsafe range, a sore spot
often glves rise to & fatlgue crack in spite of the general
strengthening effects. 'Metals differ greatly in this re-—
spect. The fatigue limit of some metals may be thus raised
or lowered by repeated understress or éven raised by re—
peated overstress if the number of cycles is sufficiently
llmited.

In the study., by X-ray diffraction, of the structural
changes that occur during the fatigue of a metal, the
desirability of focusing the beam on a sore spot wher-~-a
crack is expected to open is apparent, If the spot is a
great deal smaller in cross section than the X~ray beam,
the indications of damage will be greatly restricted and
also masked by reflections from relatively undamaged
material, This fact may accnount for the Tailure of numer—
ous X-ray investigations of fatiguer to show decisively a
critical difference between fatigue—damaged and ~undamaged
metal., Although the ecreation of deformation bands during
stressing is not in itself an indication of damage, the
fact -is well ~rstablished that any fatigue cracks which may
be formed as a result of continued stressing have their
origin within regions of slip (referasnce 2),

A valusble contridbution to the knowledgs of the nature
of internal changes in metal ‘during fatigue stress has
been made by Wood and Thorpe (reference 6), whoses conclu—
slons covering only annealed brass are summarlzed as
follows: Slip and the primitive yiesld are suppressed and
the yield point 1s permanently rais~d by rapid cyclic
stressing in egqual tension and compression at stressece
well above the primitive static yirld point, The dispersal
of the grains into widely oriented crystallites is inhibit=
ed, and internal lattice strains are introduced by rapid
crellc stresses in the unscfe range, No attempt was made
to distinguish between the fffecte of safe end unsafe
ranges of strese — that is, stresses below and above the
fatigue 1limit; however, some effects of repeated stress in
the unsafe range were clesrly shown to be different in kind
from the affects of cold work as accomplished by static
loading above the primitive yield point.. The use of
lattice—parameter mesasurements to deteet fatigue damage
has been neglected; yet, according to Wood and Thorpe,

this feature appears to be more characteristic of fatigue_m_

than the usual qualitative estimates of spot ‘diffusion.
One difficulty is the low precision with which rasidual
stregs can be measured by X—rays.

L
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Despite the extensive studies made, the exact nature
of the changes leading to the opening of a fatigue crack
is still very obscure and it may well be that the volume
of metel involved in the eriticael changes is so limited
in dimeneions that avallable X~ray techniques are not

f'ine ~nough. It thus appeare that studies of microstruc—

ture and X-ray diffraction patterns 4o not immediately
offer a means of detercting fatiguer damage; a marked re—
finement in the tnchniqun of such studierg is necessary.

__ginnﬂnlng_and_mﬂnhanlnal_pnapsnhias.- Aside from a
.fundamental approach to the problem, there are a number

of possibilities for studying the resultant effects of
fatigue by supplemental tests of various physical and
merchanical Properties.' Such studies cannot be expected to
reveal what fatigue is, but they are important for the im-
medigte purpose of dptnrminlng to what extent the varlous
mechanical properties may have been impairsd .and for the ~

ultimate purpose of forestalling fatigue failure by noting

impairments and replacing defective parts.

"The situation in regard to the use of supplementgl
- trats is esscntiglly as follows:

Hardnese tests offer thre advantagrs of being quick,
inexpensive, and frequently nondestructive. The change
in hardness resulting from repeated overstrese, hovever,
ie usually a very small increase which cannot be exnressad
in terms of damage to the metal. 4&lso, the indenter used
in the testing device may not hanpen to strike g Usore
spot" where the damage is greatest and, even if it aid,
the spot might be too small to affect apnrnciably thP
result. .

Damping studies have not proved. adegquate for measur—
ing fatigue damage 1iIn service, Such measur~ments are
gsensitive to cold work and a number of other factors, all
of which tend to obscure any small ~ffrcts on the damping
characteristiceg that may accompany fatigue damage.

Hany studies of internal friction have beren reported
‘in the literature. In & few instances the investigators
" were able to show progressive changes that sermed to fol-
-low the course of fatigue in the pre—crack stags. These
changes occéurred in samples.of Fairly pure metals care=
fully annealed 8%t -the start. Apparently no one has been

-able to obtain similar positive -indications on other mate—

rials, " Fewer studies.of magnetic property changes have
been made, but otherwise the situation is about the same,
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s

Magnetic measurements on steel fatigue specimens by
Fischer (refeérence 7) have fmiled to distinguish between
safe and unsafe ranges of stress. Fischer showed_that
the magnetic changes observed were such as would be
caused by partial reliefor redistribution of initial
regidual stresses and that the magnetic. changes produced
by understressing and by overstreseing differed only in
magnltude.

The static bending strength of notched specimens
fatigue~stresgad at low trpmperaturres was used by Davidenkow
and Scherwandin (reference 8) -to dertect fatigue damage , 'and
losses in bending strength in the pre—crack stagr af
fatigue ‘were reportsd. Their method of creck detnction
appears-to have beeh insensitive.and apparontly no attempt
has been made to confirm their results.:

Endurancp in a second sftage of fatigue—stréssing has
been used to establish "demage lines" and curves of equal
damage (references 9 to'1l3). "Second stagr" daslgnates a
second or supplementary run in a fatigue machine at a
sultable stress, usually different from the first, Such
tests are time—consuming and are not suitable as a routine
method of detecting damage 1n seryicé parts. The belief
that detecting or estimating the degree of damege in the
pre—crack -stage is possible is, however, glven strong sup—
port, In a few of the second-stage trste, new fatigun
limits were determinéd following fatigue—stressing as the
first stage. In the search for methods of detecting fa-—
tigur damage, an important and obvious fact may be over—
look~d — that a pisce of metal dahagerd in one sense may
not be damaged at all in other regpects. Specifically,
the "damage linrs'" previously mentioned clesrly demonstrate
that & metal may be g0 damaged by cycles of unsafe stress
that its subsequent endurance at the ssme stress 1s reduced
considerably, although the fatigue 1imit has not been low—
ered. According t0 the "damage line" definition of damage
by French (reference, 9), no damagé has been done in spite
of the fact that the rpsistance to a certain wvalue of over—
stress has been reduced.

Impact testing has been used.in attempts to evaluate
fatigue damage, thé energy required to bresk a specimen
" by repid loading being the quantity measured, This quan—
tity 1s commonly called impact resistance or impact en— '
ergy. Oshiba (refefrénges 14 and 15), experimenting with
annealed carbon steels, reported Josses in impact resigt—
ance following repeated s8tresses both below ahld .above the
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fatigue limit. No attempt was made to detect fatigue
damage in high—strength materials, and, although some ™  — 7
decreases in impact resistance were associated with the
appearance of cracks, the lowered impact valuss for
fatigur specimens in the prr—crack stage actually indi-
cated fatigue damage, The work is inconclu31VP, howpvar,
regarding ths utility- ‘of this procedure "to the study of
fatigue in airecraft materials in tHe pre—crack stage.
Kirs and Quick (reference 16) found no loss in notched—
bar impact resistance 6f 258-T aluminum alloy resulting
from reperated stresgés berlow or above the fatigue limit.,
The impact specimens wéré cut from specimens of uniform
circular cross section in the reduced portion that had
been fatigue—stressed by 'axial loading-in the Haigh ma—
chine, The material throiughout the impact specimens had
the important esdvantage of highly uniform stress history;
however, the surface layers of the fatigue specimend had =~
been machined away in meking the impact specinens and the
most severely damaged portions of the fatlgup spercimens
could not therefore influence the impact—tesst resulfs.
Furthermore, the introduction  of a machined notch may be
exprcted to have a profound effect on the impact rnslst—
anc~ and thereby mesgk any effect of fatigue.

Experiments by Portevin (reference 17) on notched
bars cut from crankshaft steel previously stressed as a
rotating cantilaver beam could nét be expected %o 'yield
nmuch informastion, both becsuse of the introduction of a
machined notch and because notched rectangular bars ma— -
chined from rotating beram fatigue specimens contaln mate—
rial that is ‘decidedly nonuniform as to stress history
and do not contain the rmateriagl nearest the surface where
fatigue damage 1s greatest.

From the foregoing considersgtions, it seems that in
no case has inpact testing as a nerans of evaluating fatigur
darage beren tried on a high—strnngth aircreft matnrlal
under the most favorable conditions, = .

The fact that aircraft are frequently operated at

‘temperatures of —55° C and occasionally st temperatures of

~65° C also has important bearing oh the choice of a test
procedur~ for damsge detection. Such service conditions
are particularly exacting on parts required to withstand
shock loading. It is well known that steels, espeeclally
ferritic steerls in the form of notched bars, genereally
sxhibit very low impact resistance at teaperatures below
some critical value, The teuperature range in which and
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below which excessive Brittleness under impact is to be
rxpected dappnds on a number of factors, one of which is
the snvnrlty of any stress rgiser such as a notch (ref—
eprence .18). In the case of unnotched spnclmnns of nor—
malized SA®E X4130 steel not subjected to reperated strerss,
no diffnrnncn has be~n found between the - impact resigtancers
at room temperatures and at —33° €, This material is
widely used for tubular—~frame construction in asircraft.
The average, impact resistance of notched bars of this ma—
terial — for example, Charpy impact specimeans — steadily
decrerases when the test temperature is progressively low—
ered from 20° to —-78° C (reference 19), TFatigus cracks,
bercause of their extremely sharp roots, may be expected
to causes much mora drastic embrittiement than the Charypy
notch of comparable depth in this.temperature interval,
It 1is important therefore, that the range: of tnsting tnm—
,pnratures include the opnrating range.

From the foregoing review, iupact testing appears a
good cholce for further study of fatigue damage gmong the
approaches thus far attempted becauses ilmmediate results of
practical interest are obtainadle,

"

IT. MATERIAL, T3STING MACHINES, AND SPECIMENS

Heat Trpatmnntfadd:Rnéulting Trnsile Propertirs

The material conslstmd of 1/2 inch square bars of

SAE X4130 chromium—molyhdnnum strAl of thres different
heats., The greln sizes and compositions as determined dy
the manufacturer's analysesg of the thres heats are given
in table I. Banding in varying but usually slight degree
was found in the structure of the material as received for
all three heats.
¥ine batches were normalized separately. The normal-—
lzing treatment consisted of heolding the steel 1in lengths

of 12 to 18 inches for 60.to 100 minutes at 1600° F (871° C)
in a proteciive atmosphere, removing it from the furnace,
and cooling in air to the tnmporaturn of "the room, The
slight scaling of the surface was of no conseguence because
the specimens were invarigbly 0.250 tnch or smaller in
Glameter at the test section and all speci.éns were ma—
.chined from the centers of the bars. Structural bending
was much lése in evidende afterr normalization.
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Tensilo propertiecs (table II) of each-of. the nine.

batechrs wrre detarmined with an Amsler - machine and rpcordnd

on a Baldwin Southwark autographlc recorder,

¥otched Krouse Fatigue~ Specimens — Trahsvnrsp Impacf

Both notchad and unnotched fatigue sprclmens were
used, The notched sprcimens. were cyllndnrs 0.250 inch'in
diamrter outside the notch and either 1§ 6r 3 inches long,
depending on’which of two Krous~. roftating cantilaver ma=
chines was usdd. . It was ascertained that this differenée
in length made no significant.difference in the measured
impact resistanc~: The encircling notchers had slecping
sides forming an angl~ of 45°, The notch roots were of"
circular contour ground, thnn pollshpd successively with
wet strings impregnated with emery powders, aluminam *

- oxlde; and rouge. Differr~nt depths.of notches and 4iffer-—
rnt radii of root contour were used as noted in the tables
of reslults to be discussed. - - ST

Transverse impact tests of the notched specimens were
made with either a 30~fvot—pound Charpymachine or a 7-
foot—pound Amsler machine, depending on the’ range required.
Comparisons were restricted to tests made in the same ma—
- chine. The notched specimens broken in: impact at —-200 C
and at'?89°C were coo0led in a l: 1 mixture of cardbon tet—
rachloride and. chloroform to which bits of dry ice were
added as reguired., '

-~ - C e ma s~ -

Unnotchnd Moore and Haigh Snncimnns - Tnnsiln Impact

Smooth (unnotchnd) gprcimens of two kinds were used!
rotating—-beram spercimens for the R. R, Moore machine and
axial—loading sprcimens for thHe Haigh machine} Ths ovefF—
"all lengths of- the specimens. wera -4 inches and 4% inches,
rrgpectively, Both tymes of svscimen had & minimum diam—
ster of 0.200 inch at the center. Details of the Moore
and Haigh smecimens are given.in references 20 and 21
rnspnctivnlv.

Two surfaco finiShns of sllghtly diffnrnnt dngrpns of
finpnnss were ugsed on the smooth (unnotched) fatigue spec—
imens. - The finishing operations were carriad out 'as fol-
lows ¢ Gnn iand of the specimen was “held in %the collet of a
bench latha gnd turned. slowly by -hand whil- longitudinal
strokrs with the polishing pasper. ware applierd with finger

pressur~., For the coarser finish designated in this report
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as aloxite, two polishing papers were used, first 1 G
smery made by Norton Company, and then No. 400A Aloxite
mads by The Cgrborundum Company. ZFor tha finer polish
designated 4/0, the previous treatment was followd by
similar applicetions of 2/0, 3/0, and 4/0 AmMAr gy Papers
(Behr—-Manning); '

Tengile impact trsts of "the unnotchrd specimens were
made with & Cherpy impact machine of 225—-foot—pound.ca-—
pacity, Sprcial precautions were tsken to minimize beand—
ing during the tensile impact; this effect is more pro-—
nounced the greater the eslongation during impact. Tlonga-—
tion under impact was determined on a 2—inch gager: length
and is expressed in inches of total extension for the 2-
inch length, .

In conducting the impact test a2t low tampersture, the
tensile impact specimen was cooled to t he desired temper-—
atures by immersing the tup of the Charpy machine, with
specimen and crosspioce attached, in a tank containing a
1:1 mixture of water and ethylene glycol to which dry 1lce
was added as needed, The time required to remove the
agsembly from the bath and to bregsk the speclimen was from
%3 to 5 seconds. The rise in temperature during this 1in—
terval was determined by a thermogcouple perened into a
practice specimen. The tesmperature at the instant of 1im—
pact was thus determined to be from —-32° to —-340 C,

III, EVALUATION OF FATIGUE DAMAGE BY SUPPLEMENTARY TESTS

In order to study the onset of damage and the effecte
of fatigue cracks on impact resistance, it is necessary to
congider the results of many 'individual tests as well as
the regults as a whole, For this purpose & varisty of
specimen shaprs, fatigue machines, and test conditions werm
used,

BFFPECTS OF REPEATED.STRESSING AT ROOM TEMPERATURE

Specimens Stressed below the Fatigue Limit

. Txperiments wers performed to dertermine whether cyclic
stressing below the fatigue limit is detrimental to impact
registance. Several types of specimen were used under a
varisty of conditione as follows:
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Notched specimens stressed as rotating cantilever
beams in g Krouse machine weres tested under a variety of
conditions (table III). -No loss in impact resistance was
detected regardless . of the different notches, testing
temperatures, or stress treatments. No cracks were found
before or after the impact test. ZExamination were made
with a2 hand lens and a binncular microscope.

Smooth (unnotched) specimens ware subjected to about
20,000,000 stress cycles in the fatigue limit range (R. R.
Moorn machinn) and then broken in tensile impact rither
at room temperaturs or at —Z30 G (table IV), ©No decreasa
in impact resistance or eflongation was found at either
temperature and there was no ervidence of cracks before: oF
after the impact te~sts. Examinations by use of abinocular
microscope were made both with and without a wet magnaflux
treatment of the specimen,

Specimens that. had been stroassesd by axial loading
in a Haigh machins below the fatigu~ limit were broken in
tensile impact. Table V shows the stress treégtments and
the results, No 31gn1f1cant Iossers in impact rpslstancﬂ
werne noted. e e

Spncimnns Strnssnd above the Fatigue Limit

Yotghed fatipgue 'specimens broke n_in_t._a.n&y_x:s____imp_a.u.
at_room temperature;, at =20° C and at —78% C.~ There are
a feow advantages in the use of notched sprcimens which
apply mainly to the study of the effects of overstreseing.
These edvantages are as follows!: The notch simulates con—
ditions of stress concentration often found in service
parts. The position of the fatigue crack is Testricted,
which makes crack deterction less time~consuming. Impact
tests at a number of ‘low temperaturcs can be made relatively
~asily, A disadvantage is that the permanent deformatidn
due to impact cannot be meassured ;accurately.. )

A group sf 100 notched pncimons (bateh 4) with a
notch 0.040 inch-deep and a root radius of 0,01 .inch was
usrd, A frw spercimens were broken in impact In the un-—
streresed condition, but the mgjority were first fatigue—
stresserd 2s rotating cantilever beams in & Krouse machine
for various numbers of cyclrs of the samr~ nominal stress,
#40,000 pounds per square- -inch; based on the diameter at
the root of the notch with no. allowance for strnss cofceA—
tration,.
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Twelve of the notched specimens werr allowed to fail
in the fatiguer machines, Thelr endurances were failfly
sveanly scattrred from 310,000 cycles to 10,000,300 cycles.

The gverage impact - resistences dntrrmlnnd for speci-
meng at various stages of fatigue are .plotted against. tha
temperature of impact test in figure 1. The averggr impact
regsistancers after 400,000, 500,000, and 600,000 cycles
wora weighted to allow for tho sprcimsns that had zero
impact resistance as s result of fatigue fallures. (Snn
anperndix A.) Comparisons of the_ average impact resistances
brfore and after stressing arer given in tadble VI, The
table shows greater percentage logses abt low temperatureos
than at room tnmpnraturn for the spercimens run 200,000
cycles or more,

The notched specimens of batches 1 and 2 previously
tested (tables VII and VIII) were not studied in such de—~
tail as the notched sprcimens of batch 4. All the results
are,.however, in good agreement insofar as the completene,ss
of the data permits the fecllowing .conclusions to be drawn:

1. Fatigue damage as shown by a lowered impact re—
sistance began in the sames range of strees cycles whether
merasured at room temperature, at —20° C, or at ~78° C,

2. The onset of lowered impact resistance was accom—
panied by the appearance of surfage cracks, Low impact
values were very rarely found without - detectable cracks.

%3, Fatigue cracks were far more detrimental in impact
tests at low temperatures than at room temporature,

Studiers of average valuers of—impact—test resulisw of
fatigue—stressed notched svercimens were. of 1littles us~ un-—
"1sss correlated with the examination and results of the
"individual specimens..- The variation in behavisr of indi-__
vidual specimrns was very marked and the fact that speci-
mens had received a certain number of cycles of siress
above the fatigur limit was of slight importance in com-
parison with the gquestion of- whnthpr cracks had started,.
Some notes on individual specimens are given in appendix B,

Unpotched fatigue specimens brokepn 3in topnglle impact
at room temperaturr~ and at —33° C.-—- There are certain ad—

vantages in the use of unnotched sgprcimens in studyling the
ons~t of fatigue damage and the influence of cracks on the
impact resistance of steel. Thess advantages, which avply
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‘impact tests of notched specimens. The permanent elonga—

'flgurp 2.
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mainly to the study of the sffects of overstressing are
as follows: Better eantrol of dismeter of the specimen
and its surface finish is possible during machining and
a larger volume of metal with-a greater area of the sur—
face layer is stressed at or very near the maximum fiber
stress. The deitection of damage in individual fatigue
gspercimens is more certain since thea scatter in the re—.
sults of tensile impact tests of unnoiched specimens is
slight in comparison with the results of transverse : nT

tion of the specimens under tensile impact can be measired
with satisfactory drecision in most casers. -The interpre—
tation of the tensile impact results for damaged spFci—
mens, °spnc1ally at lower temperatures, 1is gimplifis~d be—
cause of the narrowness of the scatter as " compared with
machiner—notched specimens, .

Two different surface finishes were used in most of
the experimernts with smooth (unnotched)-specimens stressed
above the foatigue limit because of the generally rscog-—
nized importance of this variable in the formation of
fatigue c¢racks. The two surface finishes usnd .were do—
seribed in dotail in a precerding.section. T

Thp Moore specimens were all stressed &t iBO 000
pounds- per square inch in the R, B. Moocre machlnp. The
fatiguer 1limit of the material was £59,000.to 62,000 pounds
PpEr square inch. Supplementary tnn51le impact - tpsts wera ~ ]
made at rcom temperature and-at —83° C. The impact energy
and the elongation ara givenh in-figures 2 and 3, respee— =~~~
tively; the results obtained with-the 4/0 and aloxite sur—
face finishes are shown. separately. All specimens showing
impact resistance less than 47 feet—pounds (fig. 2.) were

‘found to.contaln unmistakable surface cracks after the

impact test.- No specimen showed moers than two cracks, and
onr spercimen, which showed an impact energy of 48,1 foot—
pounds at —3%C G, had a visible crack. All specimens
showing lass than O,130~inch ~longation (fig. 3) had vis—
ible cracks, This effect was also true of the specimen
having an impact resistance of 48,1 feot—pounds -affer
75,000 cyclos of fatigue stress not shown as damagnd in

All the-specimens were pxgmined with and without the
wet magnaflux treatmant, under a magnification as high as
100 diamerters, immediately after the repeated stress treat-—
ment and again after the tensile impact test. _—

The following summarizing statements ara supported by
the results shown in figures 2 and 3: '
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1, No significant differences in the endurance limit,
the impsct energy, or the elongation during impact could
be attridbuted to the two different polishes used on smerc—
imens tested in fatigue by transverse loading in the R, R,
Moore machine,

2. Two was the mgximum number of fatigue cracks found
on any svpecimen regardless of the surface Finish,

3. Ne difference was detected botweran ths tensile im—
pact resistance at —33° C and at reom temperature fer the
3teel In the pre—crack stage of fatigu=,

"The average elongation of the steerl in tha pre-—
crack stagn of fatigum during impact was slightly less at
—33° C than at reom temperature. .

5. Damage of sterl fatigue—stresserd for about the
same number of c¢cyclés was detected n%ually well by impact
tests at roem tnmpnraturn and at -—-33"

6. Th= detection of fatigue damagese by measur~mrnt of
inpsct resistance or of ~longation was not achisved until
after cracks had been developrd in the material.

Supplementary tensile impact tests of axisl—loading
fatigur specimrmrns were made in a Haigh machine with vari—
able ratios of tension to compression. The results ar-
grouped ‘in order of increasing mean tensile stress. In
thage experiments, the tensile stressrs during fatigua
were in somr cases sufficient to cause appr-ciable prrma—
nent sertg., Theé maximum total extension was 0.0%5 inch.

In order to interpret thoge results, Lt is nrcessary
to knowp the relationship between extonslon during reprstvid
stressing and the results of the lmpact tests — that is,
impact energy and elongation.

Txtensions during fatigue vere sccordingly measured
for s number of specimens of bPatch 9 and these megsuremente
were plotted againet tensile lmpact energy and ~longation
during impact. No cracks were Fohnd either Wnfore or after
the impact test, Z¥xaminations were made with a hand lens
and a binocular microscope., The results are shown in fig-—
uvre 4, All impact frectures were. ductile and maximum
lossers in Plongation and impact rpslstancp were considnrnd
small, -
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In general, the greater the previous exteneion the
grerater wers the losses in erlongation and impact energy.
The scatter was less obscuring in the case of elongation
than in the case of impact »nergy, -

A number of specimens (batch 9) were fatigue—sgtrasse

d

in ~qual t=nsion and comnrassion (mean stresg = O} by axial

loading with the stress amplitudes ranging from £48,000
to £52,000 pounds. per square inch., Aloxite finish #ag
us~d on all the specirens of this group. TExaminations
with a binocular microscope were made after repeatag
stressing and again after the tensile impact tests. The
maximum number of cracks found in any one sprcimen wss
feur. Impact tests weres made at room temperature and at

-3%3% C. The impact—test results and a report of the in-—

sprctions are given in table IX. The following statement
summarize thr findings:

8

1. There was no loss in impact resistance unless sur—

face cracks weres opaned up by the tensils impact test.
Such cracks could not always be dptectea .in advance of th
impact tast

2. In gen@ral there was no loss in plongatlon wvith—
out .the simultaneous appearance of cracks, A rnlatlvply
-unimportant axcpption wgs found in specimen HI 34c.

3, Five of the spacimens, which showed only minu¥e
surface cracks after the tensile’ impact’ tasts, showeéd no
losses in impact resistance or elongation. This situatio
was unusual since, in all other groeups of tests, fatigue
cracks were always accomvanied by losses in impacﬁ energy
and where clongations were firasured losses were likewisge
detected. ' ' '

e

n._

A group of Haigh spnclmans of batch 1 wprn subjected

to‘rppnatAd axial stressing in the range from -28,800 to

+63,600 pounds per square inch at a mean tensile stress of

17,400 pounds per square inch, Aloxite and 4/0 finishes
ware used. Some of the specimens were removed .from the
fatigue machine before fatigur cracks appeared and somes

- after .cracks wrre noticed. Insbﬁctlon for cracks was mad
with s binocular.microscopﬂ follow1ng thn impact tpsts.

The results of the tensile impact tests at room tem—
perature are shown in figure 5. Altheugh the number of
spercimens was not largs, the following indications se-m
cleagr:

=)



18 NACA Technilcal Note No. 889

1. There wds no loes in impact resistance except for
specimens containing fatigues cracks, : o ’

2. The damage as shown by lowered impact -reslstance
was postponerd by the finer 4/0 polish,

%. All the svecimens containing cracks had the aloxlte
polish., The cracks were numerous, there being more than
100 in one specimen, The coarssrpolish evidently contrib—
uted to the formation of numerous surface c¢racks in this
set of specimens. Thie result is in contrast to the pre—
vious findings of ~very few cracks in Haigh specimens and
Moore spercimens at zero mean stress, It is thus 1indicated
that the mean tensiles stress and the .coarser polish to—
gether were responsible for the large number of surface
cracks found in the present set of specimens.

4, Four crack—free specimens not represented in Ligure
5 were broken at =3¢ €. These sprcimeng showrd the same
impact resistance as crack—free specimens broken at room
temprrature, :

Twenty—two Haigh specimens (batch 3) were pubjected to
repeated stress at a mean tensile. stress of 31,000 pounds
per square inch in the range from —15,200 to+77,300 pounds
per square inch, One specimen had the coarser aloxitnr _
finish and the rast had the 4/0 finish., After they were
stressed for various numbers cf cycles and then broken in
tensile impact, -10 swrcimens having the finer polish were
found to contain surface cracks when examined with a binoc—
wlar microscope. Of these sprcimpns, five had been broken o
at room temperature and five at —33° ¢, The maximuam nun—
ber of cracks found in any one specimen was five, and two
cracks was the usual number,

On the other hand, the one specimenHI 49 with the B
coarser polish developed at least 25 surface c¢racks. A4n-—
other similar specimen HI 6B from a different batch (batch
9), run at the same stress, d~veloped several hundred surface
cracks after 17,000 cycles,. : - -

It is tharefore again evident that with the aloxite L
. polish many mor» surface oracks formed then with the finsr }
4/0 polish. No loss in impact resistance occurred excopt
in the specimens that developed surface cracks.

A group dﬂ.Haigh spﬁcimnns'(batch 9) was subjecterd to . .
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reperated stress at a mean tensile streas of 50,000 pounds
per square inch in the range from 10,500 to 89,50Q pounds
prr square inch., Aloxite and 4/0 finishes wereo used,

The gpecimens wers removed after various numbers of stress
cycles and the permanent extensions acquired in the _
fatigue machine were measured. The surfaces were examined
for cracks with the aid of a binocular microscope. Ten—
slle impact tests were then made at room temperature and

at =330 C and the sprecimens were reexamined, The impact-—
test data are shown in figures 6 to 9., The following T
deductions were made from a study of the results of these
trsts:

1, Small plastic extensions (up to 0.025 in. total)
were gcquired during the first few thousand cycles of
stress. During this period, the stretch was gradual as
was proved by the fact that the head of the Haigh machine
had to be ralsed slowly t6 keep the alr gaps equalized i1n
the magnetic driving mechanism of the machinr. After the
. first faw thousand cycles, no further adJustment of the
herad was necessary and measurements of the specimerns
showed that specimens run many: thousand cycles had streched
no more than specimens run a few thousand cycles.

2. Small losses in elongation (during tensile impacts)
regulted from the first few thousand cycles, of stress
(figs: 6 and 7) 'in which plastic exbension had gccurred.
After 'this adjustment period there was no further change
in élongation until after fatigues cracks had developed.
"It 'should bs recallad that, In the case ‘of Méore- spncimcns
"(fig. 3), no permanent sets were imposed durlng fatigue
and 'fo .lossss in elongstion occurred as a result of the
first few thousand cyclés of stress;:. This behavior was
interpreted as showing that the initiel small losses 1in
clongation for the Haigh specimens were due to cold work
and thst measurements of. elongation in tenslle impact were
"incapable of ‘detecting any further progressive changers due
to fatigue until after cracks were started. Cracks were’
found en all specimens that showed less than O, 120—1nch
total extension in the tensile impact tests.

3. Losses in elongation could be detected no earlier
at'—33° C than at room temperature. )

“As in the case of the Meore sgecimnnp (fig. 3),
elbngations were’ sllghtly lFSS at —23° G than at room
‘temperature. v oo ST

- S e . o - =
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5. No losses 1n impact energy (figs. 8 and 9) were
evident until after fatigue cracks were started. The
failure, of these results to show an esrly changp due to
cold work stch as. f ound by elongatlion measurements was
attributed to the magnitude of the scatter. This effect
was suggestpd by the results: of figure 4, T

i Gracks were found on all snecimens having an im—
pact’ rh51stanco lese than 47 foot=pounds (figs. 8 and -9).
No differesnee was dntncted in the tensile impact resist—
ance gt —330 ¢ and at room temperature for spetimens not
containing visible cracks. It follows that tha impact
trsts at —330 € and the impact tests at room temperature
were gbout. nqually sensitive in indicatling the beglnning
of cracks. S '

7. As shown in figures 6 %to 9, & few individual
spncimons having the 4/0 polish nndurnd srvAral timeg as
many cyecles of strrsg without--loss in ~longation or impact
rergistance as tthe specimens  with the aloxitwe finish which
were run to failure, This rhsult'was contrary to the case
of .the Moore specimens (figs. 2 and 3). In that égeer the
finer polish was no better. Thé difference was attributed
to the detrimental effect of combining emall plastic ox—
tensions with thp coarser flnlsh

8. On the sprcimnns given the finrr 4/0 polish, thn _
- mgximum number of surfacn cracks was three, On fthe dthnr
hand, the speclmens given the eloxites polish developdd
many cracks, fthe maximum- for ons spnc1mnn bnlng in PXCOSR
of= 25. This situatlon was '‘similar to that found iz prea—:
viously dlSGuSSPd éroups of Haigh’ spnélmnns subgpctnd to
megn tpnsilo StrFSSFS of l? 400 pounds per 3quarn inch or
more, ..

Tnsts Wbrn madp at n mean tpnsiln stregs of 77,000
pounds per. squa?s inch €% check. the prncndlng conclusions
and to extend further the- study dF thaé rnlatidnshins br—
tween mean’ t=n51ln strnssns and the formation of surface’

cracks. Aloxita and 4/0 sutrface fihisheg were userd. The
range of stress applied was from 27,000 to 127,000 pounds
pAr square inck. The spncimnns warn removerd from the

fatigus machine afte=r various numbers of ¢ycles of stress
and then broken in tensile impact at room tempsrature and

—33° C. Impsct energilis and nlongations during the
trnsiln 1mnacts were measur~d., Examinations were’ made
with & binocular microscope before and after f£he imvpact
trsts., Many of the cracks were net found until after the
spercimens weres pulled open in the impact tests,.
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The impact energlies and elongations are plotted as
functions of the numbers of prior stress cycles in fig-
ures 10 to 13. Figure 14 shows the relgtionship between
impact ~nergy and elongation. The outstanding points as
indicgted by the data are as follows:

1. The losses in ~longation (figs. 10 and 11} due to
the first few thousand cycles of stress were akout the same
as noted previously for a mean stress of 50,000 pcunds per
square inch. Theare was-no further change in alongation
until after cracks could ba detected. Regardlegs cf the
temperature at which the impact tests were made, cracks
ware found in all specimens showing less than 0.125-inch
extengion during impact or at impact resistances less than
47 foot—pounds (figs. 12 and 13). It is therafors again
rvident that measurements of alongatlon and tensile 1mpact_
resistance are incepable of detecting progressive changes
dus to fatigue until after cracks are started. '

2, Damage was detected no sooner by impact tests at
—33% C than by te~sts at room temperature.

3. The elongation in tensile impact was slightly
less at —3%3° € than at room temperature. This ~ffect is
rasily seen in figure 14, which gives the relationship
brtween impsgct snergy and elongation for this group of
specimens. The scatter in ~longation was lrast for un—
cracked specimens (high impact regsistance) and for eprci~
ments having very large cracks (low impact resistance),
The scatter in elongation was large for specimens having
intermediate impact resistances. This result was due to
the erratic form of the fracture surfaces and to the dif—
ficulty in fitting together the pieces of some of the
fractured specimens. The over—all limits of precision in
measurements of ~longations were in most cases +0.0056 inch
and never more than +*0,.010 iach,

4, The high mean tensile stresg facilitated the pro-—
duction of numerous surfasce cracks for both surface fin—
ishes. The surfaces became so roughened by strain markings
during repeasted stress that the two initial surface Tin—
ishes were usually indistinguiehable at and near the cen—
“tars of the specimens, evan though necking was not appar-—
ent .,

5, In figures 10 to 1%, it is apparent that somo in-
dividual svecimens with the finer 4/0 polish endured more
cycles of stress than any of the specimens with the aloxite
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finish which were run two failure, This capacity to endure
more cycles of stress was evidently not—possessed by all
spercimens c¢f this. group with the fin~r palish, This fact
may be explained by cccasional impnrfhctions in the finer
polish,

6. Thus far it has appear~d that measure~ments of im—
pact resistance and Alongstion are not satisfactory indi-
cators of fatigue damasge in the pro—crack stage.

Relaticnship between COrack Size and Impact Rqéistanc°
Removal of—Cracks

As pointed out in the introduction, shock loading may
be a common occurance in.th~ service 1lifs of aircraft,
particularly militery aircraft, ¥Wotches aro danger spots
undr~r such conditians.and, brcauss fatigue cracks ar= prob—
ably the sharperst kind of naotches encountered in serviee,
it 1s important to kmow fthe effec¢ts of notch size on im-
vact resistanca., From a mors academic standvoint the fol-
lowing experriments may br considernd as further investiga—
tions to.determina the 1limits of sengitivity of—impact teets
in drtreting fatigu~ damagn e :

Study was, made af—sprcimecns. of .batches 3u & and 9,
wnich had bren fatiguﬂastrnsscd by axial 1oading unbtil
cracks were formed. The spocimens wers all.the same slze
(0.200—4in, minimum diametdér) and nitially had .-thas sane
charsctrristics undsr. téngile impact. -Although it is to
be rexprcted. that notch~d 'spacinens ‘of .dLiffarent batchﬂs
may rrflect very small Gifferesnees .in hrat treatwent, 1t —
was found that the resuits ef .Fh~:trnsils impact. tasts of
the specimens of the thria.batches wer= hardly distinguish—
able., Average values for impact ~nergy and r~longation wnrre
plottnd agalnst gverage sizes:of cracks, The averagers wern
restricted to groupﬁ'of individual t=st resulte falling
within suitablr, intervals of crack size in order to dis-
-4ribute the statistical weights as evenly as practicabdle,

Tach indlvidual test—result snternrd into only one averegn.
Separation ef groups was made according to crack size
only. Unequal ¢lass intervals were used. Ssparatn gnal—
ysis with ~qual class 1ntnrvals gavn the samas resulte dut-
armr not included here,

The crack dimensions (length and maximum dspth). wora
measurnad by a traveling microscops facusesd on the fracture



“NACA Technical Hete Wo. 889 . 21

of the spreimen., Most of the fractures studied showed
only -gne detectable fatigue drack entering directly into
the -fracture produced by impact. In the few impact frac—
tures showing two fatigue cracks, the dimensions of only
the larger crack were usrd sincr its size seemed to be
th= controlling factor. : -

The variation &f average impadét energy with.average
meximum crack -depth in tests condudted at ~33° C and at
Yoom temprratures .is shown in figure.15: ' Values shown
for -specimerns having zero crack depth.were taken from.
$msts-of sgpedimans. not stresse~d in fatigue. Thers wes.
no percaptible difference in the results at -39 C and
at. room-temperatures for_spnciﬁnns-showing_thp smaller
cracks.  For cresc¢ks more.than 0.65 millimeter deep, that
is, for prnrtration of over 13 percent of tpm;migiggm
diameter of the -specimen, the averasge  impact rrsistance
at —330 C was 1less than half the value et room temperature,
This critical depth of crack at whiech the temperature
nffact became important correspondesd to the steepest par
of the combined curve (fig. 15). : _ :

The existence of a critical -crack sizea gt which the
tamperature ~ffeact beagins-to show- itself was more cleaTly
demonstrated when the crack langth was also taken intc
account. Actually, the chord drfined by the ends of the
crack was measured and, for the largest crack measured,
the-crack langth measured slong the surface excereded the
chord. by only 5% percent, At the critical size beydnd
which the Ptehavior at —33° C differerd from that st room:-
temperatura, the arc exceasded the.chord by only €.7.per—
cant. These discrepancies are so much smaller-.than the
range of septter in the results of the impact tests that
the term "erack length" will be used instead of "chord" in
this report.

?igurn 16 shows the variatizn in average impact elergy
with average valuess for ths prsduct of the crack depth by
the length 41, which is approximetesly proportional to the
areg 9f the face O0f the crack. TFor values o0f this product
exceeding 0.70 sguare millimeter, the loss in impact resist—
ance. was mora sarious at —33Y C than at room temperature.
This critical size curresponds to the s8tesspest portiovn sf
the curvese, with the exception 3f the initial drup. The
ayesrage.elongatisn during-impact. (fig. 17) also dscreased
rapidly,as,theﬁprqqupt:_dl.,;nacheguthaévaiue corrasponding
to the divergence of bahavior for the two temperztures used,
The point of divergenca corresponds to.crack areas about 3
percent of the minimum cross section of the. specimen,
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The question remains whether, in sgireraft structures
of normelized SAE X4130 stwel that hgve been ‘subjected to
vibratory stresses, low impact resistance will be encoun—
tered at low temperatures., A partial qualitetive answer
may be deduvced from the foregoing data: no advarse low—
temperature ~fferct seemes probadle unless excesgively
srvere notches or eguivalent constraints to plastic flow
are embodied in the design or unless fatigue cracks of
deteactable size develop. The date on unnotched fatigue
spercimens show that repeated stresses above or helow the
fatigue 1limit do not produce significant degrees of em—
brittlement at tenperatures as low as —33° C, unless excep—
sive pernmanent deformation results or until detectable
fatigue cracks are produced, In a preceding section on
notched rotating cantilever speciiens, it was shown that
no significant embrittlement at —20° C or at —78° ¢ regult—
pd from reprated stressing at room temperature unless
drtectable cracks were forned, Ags shown in figures 15 to
17, very small fatigue cracks 1in unnotched specimens do
feke a considerable difference in. the tensile impect
resistance 8nd in the elongation under impact, It apoerars
logical to assume that the lower the temperature the
smaller will te the critical size of cracks which produce
an adverss low—temperature effect on impact energy and
rlongation. This pnint has not Been investigated, however,

Ldditional exprriments were made tc determine whether
the accurrence of fatigue cracks is accompanisd by detri-—
mental changes throughout the rest of the matal subjecte=d
to the same stress treatment as the metal in the inmedlate
vicinity of~—the cracks. It has been shown thué far "that
impact trsts are incapable of detecting fatigue damege
unless cracks have atarted, Although suall lessgs in
impact Aanergy &nd elongation weres shown to accompany small
plastic extensions acquired during fatigue (fig. 4), this
~affect was identified as a rosult of the plastic daforme—
tion and not of rnpntltlons of strnss.

It is to be ~xpected, thprnfprm; that fatigus eprcimens
from which fatigue cracks have been reuoved will show small

losses in elongsatlon and inpasct—resistance, provided plastic

-extensiens -have benn imposed. Although it was anticipated
from reference 16 and frowm forgoing results that no addi-

tional =»ffect wounld be found in the reasining metal after

erack. removal, it remained to be shown ~xperimentally for

normaliged SAE X4130 8teel whether such was thr case,

Since 1t 1s required that the remaining metal have a

i
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stréss history the same as that of the removed metal, the
condition is best fulfilled by using specimens that have

been stréessed-ln axial loading., Tensile impact trsts

were accordingly made of such specimens, from which sur~

-faée ‘layérs containing fatigue cracks were machined away.
Comparison impact tests were nade on unstressed specimens

and on specimens stretched during fatigue without devel—- . o

eping fatigue cracks.

‘Owing to the limited lnad capacity of the Haigh ma— .-
chine it wes not 'convenient to administer repedterd stress
"as equal tension amd compression, Specimens gbout 0.170
inch in dismeter would have been reguired, and they would
have been tos small for satisfactory use after they were
nachined to remove visidble cracks.

Specimens having 0,200~inch minimum diamstsr were
stressed by axial loading, a2s shown in table X, As soon -
es necking occurred or cracks were detected tha specimens
wers rermoved, machined down, and polished to minimum diam—
ters of 0.170 inch or to 0.150 inch as shown in the table,
after which they were tested under tensile impact,

The condition of the surfaces of two specimens after
removal from the fatigue machine is illustrated by figure
18(a). Besides unmistakable fatigues cracks, the surfaces
contain strain markings that were not visible before the
repeated stress treratment, Figure 18(b) shows the appear—-
ance of the surfaces of theses gpecimerns after the fatigue
cracks had befn removed by machining and the surface had
been repolished in preparation fer the impact tests.

All spncimnns ware gubjectrd to mean tenslle gtresses
sufficiant %o cause soma pnrmanpnt axtensidn. . In twy
cases, HI 13a and HI 19a, slight necking uccurred but
withsut detectable eracking. After being machined dawn to
0.150—inch minimum diameter, thase specimans showad lower
impact resistance than a companion specimen, HI 63, from
which cracks hed been rémoved by machining,i This result
indicates that the slight -diffarences previously noted
can be attributed t. culd working, independently of the
oceccurrence uf cracks in the outer, removed layars, _ —

The last four spnclmnns givan in table X showed minutn
surfaca oracks upnnnd up by- tnnsiln impact of which only
cne was datectad ‘prior to the impact test. In‘ the absence
of knowledge to the contrary, it can be assumed that fall- S —
urs to detect éracks may be attridtuted to -an insufficiently
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seasitive method, Differences in the impact resistance.
of 14 percent or less below the average value.for speci—
mens not stressed in fatigue wers obtained, According :
to the results of speciizens HI 13a and HI 19a, some of v
this differenice may have been dus to the cold-worked con-—

dition of—the metal. :

-~ -

The rasults show that the impact resistance was . =
s8lightly lower feor fatigue—stressed sprcimens which had
bern machined to remove fatigue ¢racks than for specimens
not~ sub jeeted to repeaierd strpss; The differencr, 1if
rral, is conslidered too small to be of enginsering impor-
tance. ' e :

- —

—-am

Effect of Internittent BEmst Periods during Fatigue~Stressing

A theory of fetigum proposed by Orowan {(reference 22)
might indicate—that intermittent TPést periods during _
fat1gun—strnssing would have a beneficial effect on the
endurance of a metal, It would be necessary, however, for
the temperasture to bte sufficiently high fduring resting to
producs a stress annral without simultaneously softening
thas material epnough to lower itsg fatigue strength. Gough
and Wood {(reference 23) stated that, in their experience, .
the ernduresnce of fatiguer specimens is always lncreaseod Yy
rest periocds. Danrves, Gerold, and Schulz (reference 24)
rrported that increzseg in excess of—200 percent far the d
average endurances of two carbon steels were obtained by
immersing rotating—beaz fatigue sprcimens in oil at 140° C
during the rest periods, They also reporied that a 7—
percent increase in averege endurance resulted from rest—
ing at room temperature. Schulz and Pdngel (refearence 25)
found that the mndurance of a carbon steel subjected to
repeated impact mlght be increased or decrerasrd depending
on the scheduls of rest periods at rvoom temperafure, On
the other hand, Boellenrath (reference 26) found that at
room tnmparaturn no benefit accrusd from resting of over—
stressed specimens of—a chroidius—molybdenum steel., Bollen—
raths's data sre very conplete, He c¢ould not, of course,
investigate all nossible variabtles. Fro. a practicel con—
sidsration, thes length of the Test periods coéuld stsnd in-—
vestigation for the empirical reason that such prriods -
commonly vary a great deal in service and for the theoret- ’
ical reason that conditisns pdstulated by Orowan umight, if
gilven enough tiae, be relipvnd by rest pnrioés.

‘ . -

— a

In view of the apparerant uncnrtalnty concnrning thn' h B
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npcnssary conﬁition for the ‘beneficial. AffPCt of intnr— i
mittent ¥est .periods, - the f.ollowing experiment was
undprtaknn.' Slxty—four specimens (bateh B) were fatigue-—
stregsad é&s ‘t¥ansversely leadrd rotating beams in the

R, R, Moorn agchine, Some speclmens were run continuously
and oth¢rs wates run and rested intnrmittnntly ‘at stresses
ahove ané in’ the fatigue limit range as described in

tabls XI., The range .of stress in which ‘both failure and
endurance past: one million cyclns without failure weré ~—
obtained in ‘continuous runs extended from a maximum fiber
stregeg of +60,;000 to +6%,000 pounfs per square inch, It
may ‘be noted partlcularly that, at +64,0C0 pounds per

square inch, the range of endurancs and the average endur-—.
ance weter nearly alike for continuous runs anéd for those
interrupted by rest pnriods. . 0f the varlous schedules of

. regt periods trisd, none snnmnﬁ to possnss any'marknF ad—

vantage. . -

Within the range between +60,000 and £63,000 pounds-
per square inch, the interpretation of the results is
legg dure than before.,  For ,practical purposps,'hownvor
no general improvement was noticnabla and, even .if 1t
rxigted, the amount was too small for practical gsignifi-
cancge. It is obviously'impossibln to say that:. in, indi-
vidual ceses no improvement was produced. The only pos-—
sibln way of measuring general improvpmnnt however, Iis
on & statistical basls and, on this basis, -it ‘must e con—
cluded that no significsnt 1mprovnmpnt rnsultnd from rest
periods at room teuperature., Nor ¢id resting at .60% C and
100° C in the 'individual cases usnd proéuco improvnmnnt of
uspful magnitudn ‘ ' . L=

N _._._. - = T

EFFEGTS OF PATIGUE—STRESSING. AT —40° ©

Specimnns of thn form-shown ‘in figure 19 were mechined
from hatch 8 and were given repratesd stress treatnenst in
- Bahy Reyflex flexural fatigue machine, The specimen wes
. designed to aveid indetermipate stresses resulting from clamp—
“ing and also to have =a spaclmnn suitatle for suhanunnt
transversea—impact -testing, A spnclal losding arm was also
_dereigned ghid'tuned to the, pronnr frnqunncy in the. machine,
" PHe moving assembly.consisting’ of fiexitle support, clamp,
armature, pnciunn and loaﬁing arm is shown in figurn 20
The: dlstriﬁution of 1nnrtla load*ng,-corrpsponﬂlng
bending moments, elastic dnflnction, ‘and stresse,s weRre
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solved graphically using Stbdols's method (referencs:27)
of successive approximatione, This solution is for fres
vibrations and - the disturbing influences of the gutomatic
cut—off contact mepchanism ahd bumpnrs were nnglpctﬁd

" The form of the - dnflnction curve and thn-corrnspond—
ing bending moments for 80 cycles per second are plotted.
fér an arbitrary case in figure 21, The digtribution of
the alternating component of the stress in the reduced
portion of the test spercimen ‘is included in figure 19,

For all stress amplitudes within the capeacity of the ma—-
china, the bending moments and the éafleactions differ fronm
the cage of figurs 21 only in the matter of scale., Both
scales would be altered by the same factor, No correctlon
was necessary for differences in elastic nmodulus at —400 ©
and at room temperature, since these changes were previ-—
ously found by Rosenberg (referance 19) to be vary slight.
¥o change in tuning of the assenbly was necessary for
operation at —40° C. A steady meximum bending étress of
1200 pounds per squarn inch iz imposed by.the foreces of
gravity. - o ' -

In order to operate the machine at a low temperature,
the control mechanism was detached and placed outside an
psprcially constructed rnafrigeratar in which the rest of
the machine was placed: The upper compartment of the
refrigerator was of ampls—size and was kept well filled
with dry ice. This coumpartument could be openeéd for the.
addition of dry ice without disturbing the temperature of
the compartment below containing the Fatigue—testlng de—.
viee, The walls wer~ insulated with a 3—inch lining of
rock wool and the seams of the sterl casing were gegled
airtight te prevent condensation within the insulstion,
411 condensation within the cold boéx took place on or very
near the dry ice, No condensation formed on the fatigy#
machine except when the machine was removed from the box.
The conditions weres such that the tempersture within the
lower chamber was maintained.overnight bntwnnn —40° and
—459 ¢ without any servicing, . . o . -

The fatiguer limits at room temperature and at —40° C
were détermined for specimens cleansd@ by washing in carbon

.tetrachloride. Check déterminetions of the fatigue limit
weres:also made an lanolin=coated specimens,but no signifi-
.cant difference was detected. The scatter in the results
was such that effects of less than 2000 peundés per esquare
inch were obscured. The fatigue sirengths 6otnrm1nnﬂ at
room: témperature and iA the interval from —400 "o —45° ¢
are given in figure 22; the nominal values found at the
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two temperatures are, regspeetively, x£51,000 and +63,500
pounds per square inch suprrimposed on a steady bnnding
load of 1200 pounds per square~ inch., Fatigues linits at
room tamperatur~ obtained for transvprsnly loadsd rotat—
ing—team specimens in the R, R, Moore uachine were fronm
£59,000 to 61,000 pounds per squarn inch, & valds that
indicates & feactor of atout 1,17 for the corner nffect.
The impact results will be considrred in two classns:
those for spercimens without Aetectable fatigue cracks and
those for specimens with cracks detected by thn aié of the
w=t magnsflux treatment,. :

Specimens without Fatigue Cracks _

Inpact results on unstressed speciuens weres taken as
the criterions by which damerge was est imated. The
treaturnts of the specimens and thr iupact results are
presrnted in tatle XII, 4 distinction between fibrous
(tough) and granular (brittle) fractures is wacde in tadble
XII. Photographs showing such distinctions have tern pubdb—
lish~ad by Rosenberg (referrence 19). & study of the data
suggests the following three gases in which sllght 6emag9
possibly is indicated:

1. Specizens overstrrssed for 30 percent of the
sxprctrd 1ife at room temprratur~ ané Proken in impact at
—~789 C were slightly lower in averagr inpact ennrgy and in
average fibrous or tough portion of the fracturs than the
unstressed speciBens broken in impact at -78° C,

2. The saner was true of specimens overstressed for AQ
percent of the esxpected 1lifs at —40° to —45° C and hroken
at -78° C. ) o :

3. Specinensg stresged in erxecess of 10 million cycles
at the fatigue linit at —40° to —45° C and then hroken __
under impact 2t room trmperature showrd very slight lower-—
ing of the averagr impact energy and average fibrous por-
tion of the fractures, . ; oz ’

In no cesre was the dnficiency large ~nough to diecount
the possinility that it might te due to chance scatter,

In generel, it may be concluded from the data of tatrla
XII that prolonged stressing at the fatigue linit either
at room teizpersture or in the interval from —400 to —45° C
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is notisnariousiy -destrifiental to i_psct resistence and that
ovérspffgsing'for 20 to 35 percent of the exypected sndur—
ence under the gdawme. temprraturs cdonditions, without ttre
formation 6f Astectable: cracks is not srriously detrimen—
tal to’ impact résiqtencn, . C : : :

Svecimens with Fatigue Cracks

" There was no distinetion Aetrctad bhhtween fatigun
cracks produced at —40° C and st roow tenmperature. All
specimens fatigued by flexur~ sufficiently.to form cracks
showrd fractures entirely ecrystalline (trittle) when
“roken urder transverss impact at —78° C, provided one or
swore cracks were on the tension side during impact. The
reosletance to iupsct was very low at room t=uperature and
at —78° € (table XII). It wmay be not=d from the tumble
that three gprclizens having fatlgue cracks occupyine almost
half—the cross scrction of the epeiclien s8ti1l)l retained atout
half the original impact resistsnce at -78% C, when tho
- eracks were confined to- the compression side during impact.
This fact sugeersts that the usesteriel had not degnereted in
uncracked portions and thst the notch.nffnct of the crack
was siall in compression. :

V. CONCLUSIONS

‘As a possible mﬁansfof'&otncping and "avaluating -
fatigur—damage in-sterel tHe impact .resistance-was -deter—
inined by supplementary tesits of specivierns that Had been
fatigne—8tressdd ghart of fdilure, The icpact behevior
nf nornalized SAE X4130 steael was studied followlng
fatigurn—stressing unfer a varirty of conditions of stress
anplitudr, mean stress, stress cancentration, stress Ais—
tritution, anfd fenperiturrcs during stressing. COnnperative
fata weres gacured for ' a variety ' af icpact testing teapera—
tures rangine from room temperatures to-—78" C. The fol-
lowing résulte were cbtsined: : . .-

1. ¥o0 1lom8s in 1ﬂpect-r931stancn regult=d fram repeated
strnss1ne below the fatiguad liwit. This fact wee mstgb—
*lished for thé nctehed EKrouss specimens and:for the un—
notched Moors and Hsigh speciliens,

‘ 2., For the aotched spacinens’ stress=d abave the
fatigue Yimit', all losses -in impact repistancr were accoa—
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panied by fatisgur cracks at the roots of the notches.

%, Fatigue damage in the noteched sprcimens was de—
teeted: nqually early by impesct tests et room temprra— -
ture, at —20° G, anf at —-78° C. - o o

4. For the notchad specirens it was shown (apovendix
B) that, for a given percentage lose of initial impact
snergy, 8 much desper crack csn he tolerated at roon tem—
veraturs than at —20°9 C or 2t —-78" €, %ut the low temmer—
aturs eff~ot was not apprecladbly greater for cracked than
for uncracked specimens until the cracks had hecone vis—
ibla when viewed st s megnification of 8. i

5. The fact that notched rotating cantilever fatigue
sprcimens had received a glven number of cycles of a given
overstrerss was of small importance couapared with the ques—
tion nf whether fatisgur cracks had started.

6. Tensile jrmpact tests of unnotched specinens
stressed as rotating beans and axially lonaded sprcimens
stressed 1in agual tension and compression gave no indi-

- cation of any loss in elecngation or lupact energy until
'surface fatisue oracks weres present. Thesre cracks were
not zalways found in advance of the impect test, Damage
was detected no sooner st —33° C than at roow tsaperaturs,

7. ¥for the speciuens referred to in conclusion 6,
there was na diffarence Yetwern the impact energy at —-537 C
and at room temperesture fduring the pre—crack stage; hnw-—
ever, the elnngation was slightly less at the lower tem—
prraturs. ‘ .. o

8. Axially loacded snecimens subjereted tn repeatas
nverstrergs suverinposerd on megn tensile stresses varying
from 17,400 ta 77,000 prunds por squar~ inch ~xtendad
vlastically during the firet fow thousand cycles of stress,
af'ter which no further extensinn t~ok place Ffuring the pre—
crack setagmsr of fatirue. - Srall lnsseas in elangation and
tensile impact ensrgy accoupaniecd this initial extension,
but these losses were also regtricted ta The first few
thousand c¢cycles of gtress. HWo Ffarther change in sleongation or
impact energy took plece until the advent of fatigue o
eracks, . .

9, Two different surface finishes, alnxites and 4/0,
nade no difference in the fatiguer or lmpact results ob-
tained on unnntched Moore specimens, For -Halgch specimens,
however, for which nean tensile stresses during fatigue
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ranged from 17,400 to 77,000 pcunds per square inch, the
andurance at a given ovnrstrnss was snmewhat higher for
the specimens. having the finsr 4/0 pollsh

10, Moore and Haigh spnclmnns, for which the mran
ternsile strerss Auring fatigur was zero, feveloped five
eracks-at the most in any siﬁpln spnc1mpn raparﬁlnss nf
the finish . used.

11. Haigh-spncimnns given the aloxit=polish and then
subjected tn-mean-tensile stresses of 17,400, 31,000, and
50,000. pounds per square inch during:'fatigur developed
nunerous (maximum about 100) fatigur crackes 1f allowed %o
run to failure or near failure, Speciuens given the 4/0
finish anéd stressed under these canditions developed =
saxivun of frow two to five cracks.

12, Haigh-specimens gubjected to a2 mean tensile stress
nf 77,000 pounds prr squar~ inch developerd large numters
nf fatleup cracks: (maximum about 200) rpeardlnss of the
finish usnd. Do

13, It was 'evident that with the coarser polish large
nunters of cracks foraed only where some plastic deformation
nccurred during fatigue. If the megn tensile stress was
sufficiently high (77,000 1h/sq in.) this Aifference was
cither nnonexistent or masked b2y the effects of plastic
ﬁnfnrmatinn.

-14. Axiqlly loaded fatlgup specidrng that had devel— .
.aoped fatigue cracks were used to gtudy the rolationshiv
hetweern crack dimenslions and tensile 1impact behavior, Tven
the snallest cracks measur~d (0,.05.mm maximum derpth) pra—
duc>d ~1losses in impact onprgy and nlnnaatinn.

15 The average imnact pnorgins of cracked gsPeclicenes
~were the same at room temprrature and at —337 ¢ for cracks
less than s certain critical size. For cracks larger than
the critical size the avnragn'impact'annrglns werons lnas at
—339 € than-at roonm tnmnnraturo. .

16. Specinerns fatigup—strpssed by axial loading suf-—
ficiently to preocduce fatigur cracks were machined to remaove
the surfaces layer containing the cracks. The tensile im—
pact resistances 2f the remaining sprcimens were slightly
legg than ‘for - comparablespeciuens not fatigue—strerssrd,
This loss was attribtuted maimly. or wholly.to the plastic
.extenslon received -during reperated stress.
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17. Svecimens fatigue—stress~d by flexurea in the
temperaturs interval, —40° to —45” C, showed no.Arvidence
of lowered impact'rns1stancn,at plthnr roém. 0F low tem—
peratures, provided no dertectable cracks weres FTormsd.

18. The ratin of the fatigue limits of specimens of
normalized SAE X4130 steel stressed by reperated flexure
at —40° to —459% C and at room temperatures was 1,24.

¥National Bureau of Standards,
Washington, D. C., Novembsr 25 1942,

APPENDIX A
METHOD OF OBTAINING CORRECTED AVERAGES OF IMPACT RESISTANCE

In order tc obtain corrected averages of impact
resistance of notched EKrouse specimens affer runs of
400,000 cycles or more at £40,000 lb/sq in. (tatch 4), the
avnragﬁ valuers for the s®epcimens tested in impact were
multiplied by the probability of fresh specimens surviv—
ing — that is, not fracturing completely in the fatigue
machine, Of the 37 spercimens usesd for attempted runs of
400,000 cyecles or more, threes specimens failed short of
400,000 cyeles, The chance of survival was therefore
34/37 or 0,92. Similarly, tha chaner of fresh specimens
surviving 500,000 cycles was 0 84 andé, for 600 000 cycles,
the chance was 0.70, e

LPPTUNDIX B

EXAMIVATIONS AWND INPACT-TEST RESULTS

Phatnzravhs of the roots of ths notches of some indi-—
vidual Krouse snercimens of batch 4 after siressing at .
+40,000 lh/sq in., were taken after the reperated sitress
trnatmnnts but prior to impact testing. These photographs
were taken by dark—-field ifillumination and at 100 dianm, -
Only the phatographs of the 50,000-cycle group and the
400,000—-cycle group are includnﬂ in this Paps¥ aAU¢ they
appeer as flgures 23 and 24, reapectively. Adjacpnt to
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the surface phatagraphe are phatographs showing the cor—
responding imvact fractures at 7% diam. The white numer—
als identify the smecimens. In fach casr the top slde aof
the photngraph of the fracture represents the tension
gide of the imvact specimen.

The 50,000-Cycle Group
No cracks were found on any of the specimene af the
50,000~cycle group. There gerunrd to he no differernce be-—-

tween the 50,000—cycle group and the unstressed spnecimens
as shown by the photographs.

The 100,000-Cye¢le Group

The notch surfaces of the 100,000-cycle group appeared

generally rougher than those of the 50,000-~cycle group.
Specimens 24A, 69A, and 89A were distinguished by coarse

surface flaws probably left by incomplete polishing opera-—

tions; however, if these specimens are omitted from con-—
slderation, the remaining specinens give average impact—
resistance values of 85, 91, and B4 percent of the valuers
for unstressed speciiens at room tenperature at -209 ¢C,
and - at —-78% G, resperctively. Thig result strongly indi-
cates that damage to impact resistance was actually due to
repeated stressing and not to poor specimens., The begin-
ning of cracks was strongly suggetted by crooked rows of
bright dots showing under dark field 1illumination in
snecimeng 25, 30, and 42, and it seems significant that
the impact resistances off these speclmens were well bolow
the averages for theiy respective grouwns,., Crack walls
eould not te Adetected on the fracture areas after lnvact;
therrfore it is evident that the examination under dark
field illumination of the polished surfaces was a very
sensitive method for detmcting the beginning of cracks,

The 200,000—, 300,000—, 400,000—, 500,000,

gnd 600,000-Cycle Groups
t S S - . .

The 200,000+, 300,000-, 400,9005;;500,000—, and
600,000—~cycle groups sdch cnntained specimens of which the
results within the grdéup vointed to ane or the other. or
both of the following observatione:

e

i
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(a) Shallow cracks in spercimens at —20”7 C and at
—787 C weres at least as injurious to immact resilstance
as cracks severgal times deemer in specimens at room ten—

perature. The following example illustrating this state—

ment ig found in the 200,000—c¢yels groun:

Spee—|Encircling erack,|Percentage of impact | Temperature
imen av. dsvth enerrgy £far unstressed] of impact
(mn) specimens Tetained test
664 0.50 55 Roon
174 - .05 55 -200 C
43A .05 _ 37 . : —-78° ©

(t) A fairly large crack was more serious at low
temperatures than a comparable crack at room temperature,
the damage teing calculated as percentage of the average
value for unstressed specimens.: The following example
illustrating this stateument is found in the 500,000—cycle
group ! '

Spec—|Encircling crack,|Percentage of impact | Temperature

imen ‘av. depth enrrgy for unsitressed| of impact
‘ (mm) specicens retained test
614 0.55 58 Room
23A .50 25 -209 ¢
47A .50 7 -78¢ ©

R24 - .50 5] - 7] =78 ¢C
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Compoaition
Yanufacturer!sGrain \percant)
- nuwber - |size TCarboh|Mahgenese|Phospuorus!Sulpmmir|Silicon! Chromium [Molybdenum
1.7021 [ 4 0.2q 0.RuL n.mg 0.01¢ 0.19 0.g%q 0.15
e s e o e j L LRV a3 Ve e WS A MR g e dn
213023 ] .30 49 017 017 | .26 .95 .23
- lpRod BT Il .57 015 .020 020 | 1.01 .25

.

TABLE II.- TEESIL® PROFSRTIES AKD HARDYESS, FUMBERS OF FINE NORHALIZED BATCHES OF SAE X4130 STHEL

’

fMManatla cnanimanag 0 '::_l:n L 2 Afamatar avenent as mated 1
LﬁGMﬂ-‘--I-U LT LT O UIL‘JV J-:-l-l—l el A CAEID Y OLL A T [V = L% J-I-UU\J\‘-'J
|Yisld strength |'Ultimete | Trus ~ |: Rednction| Vickers
, o |Banufacturer's at 0.02 percent| teusile brealcing | Blongation | of area | number,
Bateh  yipber  |offset strength | stress: _in P inches - {45 kg Load
- o ' (1v/sq in.) |{1d/sg in.)|(1b/eq in.)| (pvercent) | (percent)

) 217021 © 70,000 114,500 | 181,000 | ° 1.7 50.0 222
2 . 21J021 . 68,600 113,500 191,400 16.3 49k 233 -
23 217021 §. 71,000 118,200 | 180,000 17.5 5.7 o3l
)3 213021 £6,500 118,800 185,000 * 15.8 43.0 2lp
5 T gagoe3 | 84,300 | 130,600 | 222,000 15.8 54,6 287
6 213023 " 89,000 130,400 221,000 16.3 A4 7 283
1 213023 86,000 131,000 221,000 .|;  15.5 .2 279
8 LHR98 80,000 128,100 211,400 13.8 2.0 284
9 bRggs | . 65,800 116,000 190,800 16.8 49.0 238

Load at fracture divided by minimum cross sectlon measured after fracture.
“Test snecimens 0.200 in. in diameter.

‘ON ®908 T¥RTUYDSL VIVH

688

A%




38

NACA Technical Note No.

889

TABLE IIl.~ TRANSVERSE IMPACT RESISTANCE OF NORMALIZED SAE X4130 STEEL

AFTER REPEAT¥D STRESS BELOW OR IN THE FATIGUE-LIMIT RANGE

[ Xrouse machine; notched rotating centilever-beam fatigue specimens )

Notch Fatigue Extremo-| X Transverse
Specimen |Steel|Depth] Root | limit |fiber Cycles of impact
batch radius (1b( ?i% 58 stress. resistance
(1n.)] (1a.) | sq in.)|gg in.) (££/1Db)
-Impacf'tests at room témparafure_ ._-_ -
KN 1 ) (33,000 ol o 9.6
KN 8 . 33’0Q0 0 0 9.5
KN 3 >1 {0.035/ 0.020K 33,000{+28,000 | 11.0x10° 9.8
KN Y4 33,000|£28,000 | 10.8 11.%
m 6 | 33,000|+28,000 | 23.6 9.2
-'fﬁﬁact tests ét.§78° o] i - _:--
SKN 29 r26,5oo ol o0 2.5
SKN 31 26,500 o] o 1.6
SKW 18 |'>1 |0.0u0| 0.010K 26,500/+25,000 | 41.1x10 ° 1.7
SKN 24 | 26,500 :1:26,0(5:O 23.7 2.6
BKN 27 || _264500{+26,600 | 5U.L 1.k
sKN 102 | ) I 35,000 ol o 1.2
SKN 103> 2 | .040| .010K 35,000 o| o 1.1
SN | | \3.5',000 :e33,50b 10.5 1.1
SKN 68 _ | (36,000 o 0 1.6 -
SEN 49 gz .o40|  .020}< 36,000|£33,700 | 40,0 1.1
SKN 52 36,000|+36,000 | 23.8 _2.2
.
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TAULE IV.- TEISILE IMPACT RESISTLHCE OF NORMALIZED SAR X4130 STEEL (3ATCH 7)
STRESSED AS ROTATING BEAM WITHIN THE FATIGUE-LIHIT RANGE

[R. R. Yoore fatigue testing machine; unnotched specimens;
fatigue limit, 60,000 1b/sq in.]

TYensile impact test

Specimen Stress rcles . —
: P (1b/eq in.) Cy . Energy|Blongation in 2 inches

(£t-1Dd) (in.)

Impact tests at room temperature

I 2 +62,000 20,660 x 10° 53.5 0.155
| MI1 +61,000 20,640 : 50.8 ~W155
| I 10 +61,000 23,156 56.2 157
MI 13 +60, 000 22,667 7.4 | .155
MI 18 +59,000 20,286 53.5 155 E
MI 20 o 0 51.7 155

Impact tests at 5330 ¢ . . -

¥I 5 | +62,000 20,606 x 10 Sl Y 0.150
MI 9 | £51,000 23,160 -~ Bl.T 145
MI 12 +61,000 23,358 \ 5l.7.- R Ly
MI 16 +60,000 20,558 56.2 J1U5 T

KI 19 +59,000 20,43 52.6 o145

HI 68 0 0 53.5 o115




TABLE V.~ TENSILE IMPACT RESISTANCE OF FATIGUE SPECIMENS OF SAE XN13%0 STEEL

A¥TER EEPFATED AZTAT, STRESS BELOW THE FATIGUE LIMIT

[ Haigh machine; impact tests at room temperatures ]

Hinimum Mean Total
Spec~ | Steel | diameter | Surface tensile - | stress -{Cycles of Fetigue~-limit Impact
imen | batch of finish s’qiress camplitude { stress amplifude energy
specimen (1t/sq in.)!(1v/eq in.) (1b/eg in.)  |(£t-11)
HT 7 ( _ o| 93,000 [10,488x 10°(96,000 >¥.1. >93,000 | 5h.b
I g J .ol 93,00 | 9,99 96,000 >F.L. >93,000 | 51.7
-4loxite : - ‘
HI 18 ] 0| &L,80 l|17,628 96,000 >F.L. >93,000 | 54.L
HI 20 J § 0| 81,800 [14,004 96,000 >F.I= »93,000] 51.7
HI 1 L@ (1) (1) 96,000 >F.T.. »93,000] 54l
> 1 0.200 | - i
HI 2 | | () (1) (1) 96,000 >¥,L. >93,000) 5C.8
I 3 ' !> Ill/'O ’ S CY R BN OO X (x)  * i96,000 >F.L. >93,000} 50.0
;g I ) | &) () 96,000 >F.T. >93,000| 50.0
EI 5 ! o (1) (1) (1) 96,000 >¥.L. >9%,000 | 544
EL6 ] _J' 1 (1) (1) (1) 196,000 >P.L. >93,000 | 52.6
o _
msF 11 || ' " a7,h00 | E8,800 20551 88,800 74,3
- 2
ESF 12 (2) (2) (1) 88,800 3.8
ﬁ ~  W.170] Aloxttejd - - .
ESF 15 %_ 5 . 17,k00 | 87,700 {34,128 87,700 75.1
ZS% 18 | 17,500} 87,700 |ek,115 87,700 33.7

830N T®OTUYOST YIHVHN -

%ot strossed.

0%

'O_N
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TABLE V3.~ AVERAGE TRANGVERSE INPACT RESIGYANCE OF WORMALTZXD GAT X413Q STEXK (BAYOH 4) APTFR VARIOUS STAGRS OF RIPEATID STRESS

fatigue limit, 36,000 lb/aq in., nominal mariwom fibsr mtress, 40,000 1b/mq in.]

[Irou.se machine, notched rotating-—cantilever-beam fatigus apecimens, notch, depth = 0,040 in., root radlus, 0.010 in., nominal

Avorage impaoct rasistance

Tomper- Aftor After After After After After After
ature Not stresssd 50, 000 100,000 200,000 300,000 400,000 500,000 600,000

of oyoles ayoles oyolas oyoles oyoles oyoles ayolas
impact
tont (ft-1b) (pe:(:ggnt) (£1-1b) [(perosnt) | (ft-1b) | (peroent) | (£5--1b) | (poxcent) |{£5~1b) | (perosnt )| (£t~1b}|(percent)|{ft-1b) | (perosnt)| (£4-1b) [ {(peroent)
Room 2.48 100 8'..37 a8 1.91 i) 1.83 76 1.44 1.31 1.83 Bl 0.84 36
-20°¢| 1.7 100 1.94 114 1.50 1.18 €9 1.11 85 .37 ] 20 11 8
~78° g .99 100 .78 7 .79 80 .84 (Y a7 i .33 3a 1 m - .88 23

888 *of e3O0N TwoTuHoel ¥OYK

lvalue for epsoinmens that bad mot beem fatigue-atresssd ussd as base.

14
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TABLE VII.~ TRANSVERSE IMPACT RESISTANCE OF NORMALIZED SAR X4130 STEEL
(BATCH 1) AFTER REPEATED STRESS 26 PERCENT ABOVE THE FATIGUE LIMIT

TKrouse machine; notched rotating-cantilever-beam spocimens; notch,
depth = 0.040 in,, root radius = 0.010 in.; fatigue limit, 26,600
lb/sq in.; nominal maximum fiber stress, 33,500 lb/sq in.]

Specimen Oycles of stress Impact r esistance
(£tf1b)
Impact test at room temperature
SKN 22 - 0 6.4
SKN 32 - 0 Bl
SKN 5 100,000 5.3
SKN 10 100,000 3.
SEKNW 11 100,000 5.4
SKN 6 200,000 5.6
SKW 12 259,000 5.0
SKN 3 - 746,000 i.l
SKN 8 ﬁos,ooo .7
SKN- 4 620,000 2.2
Impact test at -78° C

SKN 29 0 2.5
SXN 31 0 1.6
BKN 30 200,000 ' 1.k
SKN 28 377 4000 3
SKN 20 500,000 o2
SKN 1 1y94,000 F 0
SKN 9 506,000 F . 0
SKN 2 516,000 F 0 I

1The letter F indicates complete fracture in fatigue machine.
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TABLE VIII.- TRANSVERSE INPACT BESISTANCE OF WORMALIZED SAE XU130 STERL
(BATCH 2)" AFTER HEPEATED STRESS 43 PERCENT ABOVE THE FATIGUE LIMIT

[Krouse machine; notched rotating-cantilever-beam specimens; notch,
depth = 0.040 in., root radius, 0.0L0 in.; fatigue limit, 2¢,000 ~ '~~~

1b/sq in.; nominal maximum fiber sbress, 40,000 1b/sq in.]

Specimen. Gycles of stress Impa%t res%stance
- . X ft-1b
Imnact test abt room, temperaturs .
1
SEN 95 0 5.3
- SKN 104 . . 0 3%

- SEN. 87 100,000 b1 -
SK¥ -89 100,000 5.3
SKX 91 100,000. 4.3
SKN 86 200,000 3.3
SKN 8% . 200,000 2.2
SK¥ 90 200,000 1.7

Impact test at -78° C
sxiw 100 0 0.9
SEN 102 0 1.2
SK3 103 . 0 1.1
SEN 93 100,000 1.0
SKN. 98 100,000 8
SKN 101 ---- - 100,000 1.2
SKH 92. ..200,000 1.3
SN -96 200,000 1.4
SKN 97 .200,000 2
B8KE 99 .200,000 1.3°
SKH 69 - .500,000 .1
SKH 70 500,000 . ol
SXN 68 600,000 Wl
SN 71 1333,000 F 0
s 72 "450,000 F 0
ST 67, 668,000 F 0

*The--letter . F -indicétes éomplete fracture.




44

NACA Technical Note No. 889

TABLE IX.- RESULTS OF TENSILE IMPACT TESTS OF NORMALIZED SAE XM4130 STEEL (BATCE 9)
AFTER FATIGUE-STRESSING IN EQUAL TENSION AND COMPRESSION
[Haigh machine; minimum diemeter of specimens, 0.180 in.; alokite finisH]

Stress Visual Zlon- | Damage detection after
Spec- | amplitude | GCycles |examination |- Impact gatéog impact test
imen |(1b/sq in.) before .| emer ;ich Sur— | lmpaot |ELongatiod
impact test{(ft=1b snge | face |enerzy Loes
;?ﬂgthfcracks loss
in.) ,

HI 1c | . 57,200 4.8x10°% Buckled - —_
HI 5S¢ +52,000 91.2 F, h.c. —-— ] o .
HI 10c¢ iZ0,000 52.2. F, hece  jmmmmmme oo [t e e -

+49,500 7.2 vCo e foemme ] e [
L 13e +49,000 | 40.8 ¥y Bec
HI 16c| 49,000 | 124.8 F e i i [
HI 12¢ *49,000 | 129.6 Buckled — |————m——e -
HI 26c| £48,750.{ 96.0 by ——= — -

Impact tests at -=33° C :
HI Hc +52,100 | 100.8x10°] n.c. 1,07 0.130] Yes No No
HI e +51,000 72.0 h.c. 45.3 137 | =0 | —e@ o~ Do.
HI 9c¢ - +51,000 60.0 h.c., c. 21, BH5 |-—do-—| Yecs Yes
HI 27c +4g,750 72.0 0K Y 0y .130|~-do-=| No No
HI 28c +48,750 36.0 0K UES5 T 145 |——edo—m] —=do—m Do.
HI 3c { :gg:ggg. igg:g h.c. 41.9| .120| No |~--do—| Do.
HI 6o £51,000 -1 12,0 h.c.,buckled u5,71  .140|-—do-w~| ——=do—— Do.
HI 8c. +51,00Q 12.0 h.c. 45,31 140|-=do—m=| ——BO== Do.
HI 15¢ +50,000 k.0 0K Y1.5| .130|-=d0=w| ~—A0~m Do.
HI 20c¢ £49,000 | 72.0 0K 42,31 ,130|-=30mm] ==dom— Do.
HI 2lc £49,000 | 72.0 0K ii's 130! ~~do=-] No Do.
HI 17¢ +49,000 | 24.0 h.c. 8| 142 wndo—mf —mdo—~— Do.
HI 19¢ +49,000 2,0 0K UZ, 6 135 —mdomm| ==d o= Do.
HI 23¢ +48,750 72.0 OK U2.31 .130|-—do—~| ——do-m Do.
HI 3Y4e 48,750 36.0 (0):4 41.1] .115}-~do=—| «=d o=~ ?
HI 36¢ (2; (=) (2) | 40,7 ,125|—rme—me D Se—
I Impact tests at room tempcraturc

-+ &
HI 2¢ {iigg:ggg 1?2:8XI0 h.Cey C. 36.71 0.110|- Yes ? Yes
HI 25¢ +4g,500 | 480.0 (0):¢ 41.5 .1uol-~do- No Ko
HI 1llc +49,000 |2744.0 0K 37.5] 130! No {—=do=~ Do.
HI 24e | £49,000 72.0 0K 51,5 .135|--do=-| —~do—— Do.
HI 22¢ £4g,000 72.0 0K _ Eﬁ.e ¢130 | ==d0mm| el o= Do.
HI 18c | =*L49,000 24.0 h.c. O] 160|380 el grom Do.
HI 23c¢ 49,000 24.0 h.c. 46,67 .152|——G.0m=| —=dOo—m Do.
HI 3lc 48,750 | 205.6 0K 39.1| o135 ==30~—} ~=domm Do.
HI 29¢ +U4g,750 72.0 0):4 39.9! 145 |-~da——=| ——~do~— Do.
HI 30c +4g, 750 36.0 OK 38.6| 1H0{——do——| ~—d.0r Do.
HI 32¢ ins,§5o 4.8 Buckled H1.5! .165|~edo=—]| ~~dom— Do.
HI 35¢ (= ) e 3831 .135 ——- .

1Tho letter F

2Not stresscd.

indicates complete failure in fatigue machine; h.c., hont
colored; c., fabtigue crack or cracks; OK, no significant change in appearance.
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TAFLE X.- ILHPACT RESISTANCE AT ROOM TEHPERATURE OF FATIGUE SPECIMENS OF
MORMALIZED SAE X4130 STEEL STRESSED UNDER AXIAT LOADING

[ 0,200 in. in diam.; the surface lazyer containing fatigue cracks was,
wachined off before impact test)

Repeated stress Observed Specimen Surface |
surface diameboer condition
Half range | Hean stress| condition after ma~: Impact |after im-
Specimeniamplitude tension after chining energy |pact test
© ' lrepeated '
(1b/sq in.)} (1b/eq in.)| stroess (in.) | (ft/10)
HSF 12 (1) (2) (1) 0.170 U8 | e
!EI 59 47,750 31,450 Surface cracks .170 32.0 |No cracks
EI 57 ug,900 31,300 do .170 28.8 |COracked
!
%SF 16 (1) () (1) 150 - 26.1 [No cracks
|
I 65a (1) (2) (1) .150 26,9 | Do.
I 63 47,750 31,450 | e do———m—m 150 25,0 |No cracks
l _
HI 13a 47,500 87,000 No cracks, .150 20.7 Do.
necked
slightly -
HI 192 45,650 94,800 Fo cracks, .150 - 2.2 | Do,
necked
slightly _
HI Hla 50,000 77,000 'FSurface cracks £150 2.2 lCracked
HI 2la 50,000 77,000 Wo cracks soen +150 22.8 Do, ,
HI 22a 50,000 77,000 ' do== 150 22.8 Do
HI 2Ya 50,000 77,000 do .150 21.4 Do.
iNot stressed. -
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TABLE XI.- THE EFFECT OF IN”ERMITTEH” RLST PERIODS ON THE ROTATING 3BEAM
ENDURANCE OF NORMALIZED -SAK X410 STEEL. {BATCH 5)
[A21 specimens FTractared completelv in tha. fatigue machine at the end

of the ¥ins ¥otsd;’ excent specinens markqa w  which were removed

uncracked; fatigue ;imit = 604000 1b/sq” in.}

Continuocus runs' — Intermittont runs
Specimen| Total:" m;§p§q- Total Total Laily number of cycles
CycleS" inon rons gycles (thousands)
' Extrems fibor stress, ipq 000 ib/sa in.
R 3 | 1,003x10%] R15] 5] 720x10° leu onco? thon 300 deily
- Extreme fiber stress, 464,000 1b/sq in.,
R 1,080x10°] R 12 9 | 2,167x103|Increasine from 117 to 300
R 42 808 : :
R U3 1,315 R 13! 22 1,058 2§ first run; thon 20 runs of
' o - e 0.3 each with 5 soc. rost
e poriods; then 969 last run
R 4k ,176 f
Avoraga 3U5x10°T R 14 71 1,851 Varying 136 to 340
' R 17| 12 | 1,387 Increasing from 10 to0 200
R 18 g | 1,092 : 140
R19; 13| 1,742 140
. R U5! 26 | 1,4u6 5y -
R 46| 29| 1,607 54
B h7l 19| 1,190 65
R L8 9 | 1,977 65 for 8 times; thon 1463
- - Average  1,5K2X10
_ .Extreme fiber stress, +63,500 1b/sq in.
R22. |1, 632X10‘ﬂ “R 211 14| 3,243X10 JIncreasing from 130 to 300
R 23] 101 2,003 Incroasing from 130 to 300
- Average 2,623
Extreme fibor stress, 463,000 1b/sq in.
R 3 J19,140 u R 1} 1% {25,627 u |Increasing from 234 to 16,053
R 38 (22,706 u. R 20| 15 {23,204 u |Incroasing from 200 to 28,500
R25 “{1,740 ~ | R 9 51 3,054 Ono run of 1040; thon 540 daily
B 37 -] 2,700 R 10 31 1,553 700
Avorago |- -
for -
fracturcd . ' . ) .
specimens| 2,200 BR- 20| 10| 1,857  lIncreasing from 134 %o 300
- : R.Eu 21 | 4,455 Incroasing from 132 to 263
Ruo| 201 1,331 66
----- R'50: 25| 1,350 5Y
R 51| 16 | 909
Avorage for
fracturcd
Ly o ceenpead SPEClmons 2,120

lRostod at 60° C for tho remaindor of cach 2l-hr period.
®Rostod at 1000 C for the ramainder of oach 2l-hr poriod.

3
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TABLE XII.- EFFECT OF LOW TEMPERATURE DURING FATIGUE-STRESSING BY FLEXURE ON TEE IMPACT BEHAVIOR
OF SPECIMENS OF NORMALIZED S.A.E, Xlj3130 STEEL (BATGCE 8)

[Rayflex machine; fatigue limits 51,000 1b/sq in. at room temperature
and 63,500 1b/8q in. at -40° C as shown in fig. 22

Humber Fatlgue~stressing Ten- Com-
of Tem=- Average Average | Average |Extreme-{ Tem- ! Average| aion | pres-| Pi- aranu-
speci- ri- cycles crack=- cycle fiber ra-{ impact| side sion |[brous lar
mens ure run, & free |(ratio,a/b| stress ure | ene of side | area | area
aver- | Auring endur- jcompleted| (1b/sq 1mgaoh (ft-gg? specl-| of (per~| (per-
aged fatl ance (percent) in.) (°¢) " | men speci-{ cent)| cent)
(°G?u‘ eycles,b crack | men

area |crack
(per~| aresa
cent)| (per=~

Specimens showing no ascks after repeated stress under magnaflux 1nspection1

A 10,000%107 | ===-- | mm————— ély,000 h1.2 0 0 30 70
6 4o 333 1100x103| 30 68,300 -78 | 36.5 0 0 30 70
2 600 1100 55 68,300 hi.9 o] o] Lo 60
L 10,000  {==ee-meel —cceaea &l,000 Room kh.7 o} 0 70 30
2 10,000  {=—-e—--- s=e--e= 152,000 } 78 34.3 0 0 35 65
8 Room 50 169 30 68,300 39.6 0 0 25 75
2 10,000  j===ecee-| mececne 52,000 Roon 38.9. o 0 85 15
L L1.9 0 0 35 65
(2) (2) (2) (2) (2) (2)
3 L6.0 o] 0 85 15
8pecimena showing cracks after repeated stress under magnaflux inspection’
6 ) 5000 to 0.6 0 [¢]

. %,Boo -78 45 : 7
8 613,000 tol .3 Ls 2 0 Lo
79,600
1 Lo 72,800 L.o 35 10 20 35
2 B N 72,800 Room 2.9 32 0 30 38
1 72,800 8.1 8o 0 15 5
2 | 72,800 ) 16.8 o 4s 15 Lo
1 R 58,000 18.5 o 1o 20 ko
3 65,300&3 1.6 5 3 0 92
72,800
L] 65,5001-.0 > =78 1.1 15 1] o 3
72,800
3 s790 <9 33 o 0 67

VRoom | —emmemacmn|ammacace | commmen 4%

9 52,300 to L 35 1 0 &
72: 0 ¥

L éa,goom 15.0 10 2 8o 8
72,800 l

3 63,700 Room 8.7 15 0 70 15
63,700to . 0 0

k| 72: et k.9 3 i 5, 3 35

laroups of specimens averaged were divided according to percentage of-grnnulnr and fibrous areas
of the fractures after separations according to temperatures.

ZIOC stressed.
i

5oroupl of specimens averaged were dividsd according to Impact energy after separations according
. tQ temperatures and locatlion of cracks.
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Figure l.- Effect of tempsrature on the average transverse impact re-
sistance of notched specimens of normalized S.A.E. X4130
steel (batch 4) after repeated stressing as rotating cantilever beams
in the Krouse machine. Nominal stress amplitude, +4C,000 pounds per
square inchj nonminal fatigue limit, 256,600 pounds per sguare inch.
Each point on the 25°C line represents two to four specimens; all

other points each represent four specimens.,
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Fig.
T T [ ]
Aloxite polish 4/0 polish
"O Impact tests at ~-33°0 "A Impact tests at -33°C
+ Impact tests at room V Impact tests at room
temperaturs temperature
"X Fractured in fatigue (X Fractured in fatigue T
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Figuroe 2.~ Impact energy absorbed in tensile impaect tests of spscimons of _

Cycles of stross

normalized S.A.BE. X4130 steel (batch 7} fatigue-strosscd at
+80,000 pounds per square inch as rotating beams in R.R. Moore machine.

Fatigue limit, 62,000 pounds per square inch. Each point ropreseonts one
spocimen,

5
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Figure 3.- Elongation in 2-inch gage lonzth in tonsile irpact tests

of specimens of normalized S.4.E. X4130 stoel (batch 7)
fatigue-strossed at *80,000 pounds per &guare inch as rotating beans
in R.R. Hoore machine. Fatigue linit, 59,000 to 62,000 pounds per
square inch. Each point rcpresents one spocimen.
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Figure B.- Impact energy absorbed at roon toporature in tensilo

impact tests of speciriens of normalized S.A.E. X4130
stoel (batch 1) fatigue-strossed by axial loading in the Haigh
machine from 28,800 pounds per square inch coriprossion to 63,70
pounds per square inch tension for various numboers of cyclos.
Minimum diameter, 0.200 inch,
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Figure 6.~ Elongation in 2-inch gage length during tensile impact tests at room temperature of

-8pecimens of normalized 5.A.E. X4130 steel (batch 9) after fatigue stressing under
axial loading in the Eaigh machine in tension renging from 10,500 to 89,500 pounde per saguare
inch (mean stress, 50,000 1b/sq in.).
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7.- Elongation in 2-inch gage length during tenslle impact tosts at ~330C of gpocimens of normali-
zed S.A.E. 34130 steol (batch 9) after faiigure-strossing under axisl loading in the Eaigh me-
nsion ranging from 10,500 to 89,500 pounds per square inch (mean stress, 50,000 1h/aq in.).
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Figure 1ll.- Elongation in 2-inch gage length during tomsilo impact tosts at —33°C of
spacimens of normalizod 3.A.E. X4130 stecl (batch 6) after fatigurc-stressing

in the Haligh machine in axlal tension ranging Zrom 27,000 to 127,000 pounds per squars
inch for various mmbors of cycles. Each point represents one test spucimen.

£88 "OM °oj0N T®ROTUUOSL VDYN

1T *3td



Iipact cnergy, £3-1D

=
13
a
1]
B
B
80 o
| :
)Y —— ——— vty u
70 o Specimens with Adloxite - g
polish i @
g0 ~ =
o + Spocimens with 4/0 polish °
0
- PRI I w
K)T..-___._, R Hno-.._*.é_ D TR Ny *__‘_T__,j__:‘_.. Y R S o
% [+} l. \
<0 2 +
[+ o
30 Q
° b0
<0 o
de
4 ;
10
0 ! Ok 4+
n 20 4 60 80 100 -c]‘.}gf) 140 160 180 200 220 240 260 280 300x10%
MNernl adl¥aP ntwaoao
U’L’J-UHW.I- DuUL CKaa
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of normalized S.A.E. X4130 steel (batches 3,6, and 9) fatigue-

stressed under axial loading in the Haigh machine.
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Magnification, 80.
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Figure 20.~ Aasembly used in the Rayflex repeated flexural
fatigue machine.
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Figure 23.- Notched fatigue specimens of normalized S.A.E.
x4130 steel (batch 4) stressed at *40,000 pounds
per square inch as rotating cantilever beams for 50,000 cycles

in the XKrouse machine.
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Figure 234.- Notched fatigue specimens of normalized S.A.E.

x4130 steel (batch 4) stressed at £40,000 pounds
per square inch as rotating cantilever beams for 400,000 cycles
in the Krouse machine.
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