
REPORT 1288

COOPERATIVE INVESTIGATION OF RELATIONSHIP BETWEEN STATIC AND FATIGUE
PROPERTIES OF WROUGHT N-155 MLOY AT ELEVATED TEMPERATmWS 1

. BY NACA &JBCOamrrrm ONPOWER-PLANTMATDELAM

SUMMARY

ZMensivo data were obtained relating propertied of wrought
N-166 aUoy under gfatic, combined static and dynamic, and
corepletely reversed dynmnic stress condition-s. Time ptih
for fracture ranaed from 60 to 600 h5ur8 at room temperatw’e,
1,000°, l,i?OOO,1,360°, and 1,600° F. Correlation of the
data 8howed:

1. Increasingly higher percenlag~ of dynamic strew 8uper-
impo8ed on the steady load8jor ruplwre in 60, 160, md 600
hours were required to change rupture strength appreciably w
the temperdure kcreamd. At 1,600° F tlw dynamic 8tres8tx
approaehzd the compktdy reversed@@ue 8trength bejore a
substantti redwctionin jracture time occurred.

$. A given amount of superimposed dynamic 8tTee8had
decreasirql~ l+w eflect on the rupture time w the 8teady 8trm8
was reduced to increae rupture time.

9. Completely reoer8ed 8tre88trots 8howedfatigue 8trength8
which were oj the order oj 42 to 60 percent oj the 8taiic terwih
strengthover the entire temperahwerange. A8 the tempercuhwe
and tire+?peri.od8consideredwere in.cremed,theJu5gue strengths
increa-sedre.ldwe to 8tati.crupture 8tren.gth to vaiu.a twice the
rupture 8trengthjor 600 h0ur8 at 1,600° F. This mean8 that
the mai!-trialcan toleratea cyG?icload oj larger magnitwdeth5n
a 8te@ 10adjOrjraCfWein time peri.od8longer than some ~im?k
‘@ va.h? undeTcondi.twnswhere creep occur8.

~, Limited data indic& that under combined streesesup to
67 percent ?f the 8teadyload at 1,360° and 1,600° F tb fatigue
str.m did not appreciably alter the cTeepcharactm-8tl.ethrough
th.98econd stage oj creep. Apparently mpetimpo8ed @@..e
8trei98e8exated t?k?irmaininjkW4 duringthethwdMZgeoj creep,
ai leastjor thti particular &xlma.terid and ihe8etest eonditiom.

6. Propertia eva.kukd on the bas-iaoj number oj c.yekx to
jailure difleredfrom tho8e evalwat.edon a time bamkonly when
the properti.a were time dependent. Thus twofatigue machin.a
operating a# di@rent cyclic 8peea%gave diflering zw.ke on a
qiclic basis when a jat@ue limit uw not a$tuked. This w
particularly evifent in combined 8tra38tw% at 1,360° and
1,600° F.

6. Increamkg amounts of jat~ kmo?ingdecrewed elonga-
tion jrom tlw ruptwe test progrewiwly to very low mkee fin
completelyreversed8tre-98te4t8.

7. Bending tat-s gave 8@hlly high jat@.e 8trength#than
completdy remr8edaxial stres8 teds. The di~erence decremwd

with increwi~ ted tempera.tuxe80 that the two type3 oj t.txts
gaoe comparablere-suk%d 1,600° F. There seemed to be little
dejfiniteeflect jrom vuriation in cyclic speed. Axial ttxh did
not 8h0w the %nee)) typical of many S+V curve8. The knee
alao tended to d~appeur with increming temperatures in all
kx%.

8. S%rja.ce-jkish eflea% akread with incrm”ng tempera-
t?we. Apparmt.ly residwal stmxs uws the muin catiable.
Poli.tdwdspe&nwrMga~ehigheratrengh thun ground 8pecimen8
at low temperaWk?-s. This may have been ajatior in the di#er- .
enee between bendiq and axial 8tTtx8tat%

Limited dataare reportedon dynamic strtxs-8trainpropertitx,
damping chmmtenktia, and the injluence of notch-s in rotating
cantileverbeamtat-s.

INTRODUHION

Data axe presented and correlated to relate the fatigue and
static properties of wrought IV-155 alloy over a wide range
of temperatures The work was undertaken on a cooperative
basis to help clarify the principles governing the load-carrying
ability of heat-resistant alloys at temperatures and conditions
where both creep and fatigue can occur simultaneously.
In vie.sv of the uncertainty in interpreting the results of var-
ious types of fatigue tests+ duplicate data were obtained from
as many types of fatigue testing machines as could be
arranged.

In the major part of the program, extensive efforts were
used to eliminate variations in test specimens as a factor.
One cooperator did study surface-tiish effects in revemed
bending. Another cooperator obtained creep data under
static tension and combined dynamic axial loading. This
cooperator also measured damping and dynamic elasticity
properties and carried out revemed bend@ tests on notched
specimens.

The program was uude.rtaken by the ATACA Subcommittee
on Power-Plant Jlaterials in view of the uncertainties of the
principles involved at high temperatures where materials are
subjected to fatigue or fatigue and creep simultaneously.
A Special Panel was appointed by the Subcommittee to
investigate the relationships between static and fatigue
properties of heat-resistant alloys at high temperatures.
The fragmentary nature of available fatigue data at high
temperatures made it nearly impossible to develop such

I SupwserkNAIJATN 3ZI0,“Coop?rat[veInvestlgatlenofRelatioruhipRetweenStatic.and Fatigueprepectl~ofWroughtN-IE5Alloyat EIevateiTempmtm’es”by NACASub-
committeeonPower-PlanthIaterfals,KM.
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relationships. The Panel decided that the best procedure was
to organize a cooperative testing program to obtain reason-
ably complete data for one representative alloy.

Cooperation was obtained horn the following organizations:
(1) The Elliott Company
(2) General kfotore Corporation, Research Laboratories

Division
(3) National Advisory Committee for Aeronautics by

contract with Battelle hlemorial Ihstitute
(4) National Advisory Committee for Aeronautics, Lewis

Flight Propulsion Laboratory
(5) National Advisory Committee for Aeronautic by

c contract with the Engineering Research Institute, Univemity
of Michigan

(6) Office of Naval Research, U. S. Navy, by contract
with Battelle hlemorinl Institute

(7) Rolls-Royce Limited, Research Laboratory, Eng-
land

(8) U. S. Naval Engineering Experiment Station
(9) Westinghouse Electric Corporation, Research Labora-

tories
(10) Wright Air Development Center, NIaterials Labor-

atory, by contract with the Institute of Industrial Research,
. Syracuse University

(11) Wright Air Development Center, Nlaterials Labor-
atory, by contract with the Institute of Technology, Uni-
versity of hlinnesota

A progrees report previously issued presented part of the
data included in this report (ref. 1).

PROCEDURE

A Special Panel of the ATACA Subcommittee on Power-
Plant kIaterials arranged the cooperative program. The
general objective was to obtain data which would define the
load—cnrrym“ g ability of a typical heat-resistant alloy at high
tempera&res as a function of mean and alternating strewws
from static rupture tests to completely reversed fatigue tests.
The temperatures selected were 1,000°, 1,200°, 1,350°, and
1,500° F to cover a wide range of temperature effects. In
addition, some data were established at room temperature
for comparative purposes. In general, tests were aimed to
cover time periods for fracture of 50 to 500 hours so that the
results could be expressed in terms of both time and cycles to
failure. An attempt was made to obtain data from as many
types of test machines as possible and particukdy to have as
many data as possible duplicated by two types of machines

A procedure was adopted to reduce variations from test
material and surface finish to a minimum because the pro-
gram was set up to obtain objective data on the relation
between static and dynamic properti~ at elevated tempera-
tures. Low-carbon N–155 alloy bar stock solution-treated
for 1 hour at 2,200° F, water-quenched, and then aged for
16 hours at 1,4000 F was selected because it met two require-
ments. One was that this material treated in this manner
had the most uniform properties at high temperatures of
any representative “superalloy” known to the Panel. Sec-
ondly, it was metallurgically similar to several forged alloys
of the type of interest for application in the gas turbines of
jet engines. An additional factor in the choice was that there

was more experimental metallurgical background availwble
for this alloy than for any other choice. The NACA pur-
chased 271 feet of l-inch round bar stock for the test program.

In order to insure uniformity of test specimens, the NACA
sponsored the preparation of the specimens at the Enginew-
ing Research Institute of the University of hlichignn. A
system of sampling was set up so that any lot of specimc+ns
sent to a cooperator was made from material representative
of the complete length of the original ingot. This avoidod
misleading trends which might have occurred from scgrogn-
tion effects in specimens taken from one hot-rolled hmgLh of
bar stock. The bar stock was cut to the lengths required for
specimens and heat-treated. All specimens were prcpnml
using elaborate procedures to keep the surface of the gage
sections constant regardless of shape.

Arrangements were made to have all fractured spccinmns
examined. Westinghouse, Syracuse University, University
of Minnesota, and the Lewis Laboratory of the NACA
elected to examine the specimens which they tested, All
others except those tested by Rolls-Royce were returned to
the University of lv~ichigan for visurtl and metallographic
examination under sponsorship of the IVACA.

Under sponsorship of the NACA, the Engineering Resonrch
Institute of the University of Michigan served as socmtnry
to the Panel to compile data and prepare reports.

TEST MATERIAL

Two hundred and seventy-one feet of l-inch round lmr
stick from one ingot of heat A–1726 were supplied ns 26 mill-
length bars in the as-rolled condition.

The chemical analysis of heat A-1726 was as follows:

Chemicalcompmitlon,might ~rmnt

o I Mn S1 Cr N! c% 310 I w Ob
I

&-

6UPD~dlhrntanalyak

0.13 I 1.64 0.42 al.22 19.cil 19.70 2s0
I

‘2,01 0..%4
I

o. la

Univ.ofMlohlganoheokonbnrstock

II0.14 1.43 0.35 mm lam
I

19.06 3.al ‘LIm o.m 0.13J

The manufacturing conditions were reported to be as
described in the appendix.

Coupons about 1 inch long were cut from both ends and
the center of each bar, heated at 2,200° F for 1 hour, water-
quenched, and then aged at 1,400° F for 16 hours. The
Brinell hardness was then determined on the surface of each
coupon and at the center of the cross section. The hardness
values shown in table I indicate good uniformity. hfetnllo-
graphic examination showed that specimens cut from the
top, middle, and bottom bars of the ingot had similm
structures after the heat treatment.

COOPERATING LABORATORIES fiD TESTING METHODS

STATIC TESTS

The NACA sponsored short-time tensile tests and rupLur&
tests at the University of Michigan. Testing temperfiLuro~
were 1,000°, 1,200°, 1,360°, and 1,5000 F. In nclclition
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tensile te9ts were also run at room temperature. All tests
were conducted in accordance with A. S.T.M. Recom-
mended Practices on standard 0.505 -inchdiameter speci-
mens. Tensile specimens were held at temperature 1 hour
before testing. The rupture specimens were brought to
temperature over n 24-hour period before loading. Stress-
strain data for the tensile tests and creep data from the
rupture tests were measured with an optical lever extensom-
eter system attached to the specimens.

mwAmc mAL STRESSFAmGUEANDCREEPTE.9Tt3

The Materials Laboratory, WADC, sponsored dynamic
creep tests at 1,350° and 1,500° F at Syracuse University.
Specimens having an equivalent uniform-diameter gage
length of 2 inches (fig. 1 (a)) were tested under combina-
tions of steady axial stress with superimposed axial dynamic
stress. Loads were applied by a constant-force spring
mechanism, the alternating str~ being applied at 3,600
cpm. Temperatures were measured and controlled from
thermocouples attached to the specimens.

Creep data were measured during the tests. In order to
use tho uniform-diameter gage-length specimens, the stresses
had to be kept in tension. Consequently creep data were
limited to ratios of alternating to mean stress of O, 0.25,
and 0.67. Combinations of stress were used to give fracture
times out to several thousand hours.

The Materials Laboratory, WADC, also sponsored teats
at high ratios of alternating to mean stress at Syracuse
Univemity and later at the University of Minnesota. Tests

rL2’T4’r’’’’51”45r’”2’7
t

I---l’l 1

I

(o) Asial stress dynamb meep test specimen.
(b) AsM strw radius fatigue specimen.

I?xmnm 1,—Fatigue specimens used by cooperator. R indioates
radius. (MI dimensions are in inuhes.)

were carried out in the same machines at ratios of alternating
to mean strew of 1.64 and ~ at 1,350° and 1,500° F and
at ratios of 2 and ~ at room temperature and 1,000° F.
A proiile specimen (fig. 1 (b)) was used to prevent buckling.
The gage section was made the same as that of the specimens
tested at Battelle Memorial Institute in Erouse machines
at high altamating str~es. Creep data could not be
obtained from this type of specimen.

Dii3icuI~ was encountered horn heating of the specimen
by damping during the application of the load in the tests
at room temperature and 1,000° l?. Attempts were made
to control this by using an air blast to cool the specimens
and by loading the specimens before they were brought to
temperature. The most successful procedure, however,
was to load the specimens at reduced cyclic speed and then
~dually bring the specimens up to 3,600 cpm as a function
of temperature.

In addition to the tests carried out on specimens prepared
and furnished by the NACA tbxough the Univemity of
Michigan, completely reversed stress tests were made at
1,500° F on specimens heat-treated and made at the Univer-
sity of Minnesota. The stock for the specimens was obtained
from the producer iD the form of bars rolled from the same
heat at the same time as were the bars furnished to the
NACA. Similar specimens were also used for part of the
tests at 1,000° F.

The testing machine and details of procedure are described
in ref erencw 2, 3, and 4.

RROUSE~AL FATIGUET=WS

The Office of Naval Research and the NACA sponsored
axial fatigue tests at Battelle Memorial Institute. Profde
specimens (fig. 1(c)) were tested in a Konse machine
at 1,200°, 1,350°, and 1,500° F with varying mean stresses
for constmk superimposed axial fatigue lords of +7,500,
+15,000, and +25,000 psi. A modified specimen (fig. 1 (d))
was used for tests going into compression and for completely
reversed stress tds at 1,350° and 1,500° F.

Constant axial loads are applied by the Krouse machine
through a load maintaimr, and constant-amplitude alter-
nating axial loads at 1,5oo cpm are applied through a crank
mechmism. Special adapters had to be developed for the
tests going into compression. Some difEculty in obtaining
axiality for the tests going into compression was encountered,
but was corrected by redesigning grips.

SONNTAG9F-i ~ FATIGURTRSTS

The Elliott Company carried out tests in which combina-
tions of steady w&I and alternating axial stresses were
applied. The alternating stressw were restricted to values
which did not permit the combined stress to go into com-
pression. The testing program was selected to provide the
following data:

(a) Establish the alternating stresses to cause fracture at
room temperature for a mean stress of 75,000 psi.

(b) Obtain curves of alternating str= versus rupture
time out to 500 hours at 1,000° F for mean stresses of 75,000,
60,000, 45,000, and 40,000 psi.

(c) Establish the irdluence of superimposed alternating
stress on the rupture time for teds with the mean stress equal
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(o) Krouse machine axial stressfatigue specimen.
(d) Krowe machine axial etresa fatigue specimen fortes% in

compdon.

Figure 1.—Continued.

h the static rupture strength for 175 hems at 1,350° F
(28,000 psi).

The Sonntag SF-4 machine applies constant-force loads
through a spring mechanism. It operates at 3,600 cpm.
Temperatures were measured and controlled by thermo-
couples in the furnace adjacent to the specimen. Eccen-
tricity difhculties required new grips for the higher stress
tests at 1,000° F.

The test specimen @g. 1(e)) was profiled to a minimum
diameter. A few of the specimens tested at 1,000° F were
machined by the Elliott Company from blanks heat-treated
at Michigan.

,

I L 95 —.
(f)

(e) Sonntag SF-4 asial atreee fatigue epeoimen.
(f) Specimen for rupture tests with euperirnpoeed rotating bending

Stre&3.

Figure l.—Continued,

BUPTURETI?9TSWITH SUPERIMPOSEDALTERNATINGBENDINGSTRESS

The Research Laboratories Divisio~ of the Clenwd Motors
Corporation conducted tests at 1,350° F with combined ro-
tating bending and steady axial tension stresses. A uniform-
diameter gage-length specimen (fig. 1(f)) was loaded in
steady axial tension under 28,000-psi stress (stress to cause
rupture in 175 hours) and then rotating bending stress was
applied at 10,800 cpm by causing one end of the system to
rotate in a circle. The specimen was heated by gas flames,
Temperatures were meaaured by thernocouplea welded to
the gage length of the specimen.

Wl?STINGHOUSEllEVERSEDBENDINGFATIGUETESTS

The Research Laboratories of the Westinghouse Electric
Corporation conducted completely reversed bending tests nt
room temperature, 1,000°, 1,200°, 1,350°, and 1,500° F
Round-profile specimens (fig. 1 (’g)) were tested in the Weak
inghouse 7,200-cpm electronic fatigue machine. Tlm speci-
mens were vibrated electricsly at resonance in one plme so
that maximum stress occurred on the surface at two diamet-
rically opposite points. Temperatures were measured and
controlled by thermocouples welded to the specimens.

In addition to a complete set of tests on specimens ma-
chined at Michigan with the controlled machining procedure,
check tests were made on specimens simply turned md hand
polished at JMichigan. The object of these tests waa to
obtain some information regarding the influence of surfnce
finish.

EFFECTOF SURFACEFINIEHON W~GHOUSE REVEllSED
BENDINGFATIGUETESTS

The Lewis Laboratory of the NACA investigated tho in-
fluence of surface finish on fatigue properties at room tem-
perature and 1,350° Fin the Westinghouse reversed bonding
fatigue machine described previously. A smaller specimen
(ii.g. 1 (h)) was used by the NACA. Three types of finisl

(9I

4.750

=

.333

3/?
I

(h)

‘--1 I

(g) ‘Westinghow reveraed~bending fatigue speolmen,
(h) NACA modhled Westinghouse revereed bending fatigue epoohnen

FIGURE l.—Contimuad.
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wero utilized for the main tests: (1) ground and polished,
(2) ground only, and (3) ground, partly polished, and then
deliberately roughened with emery cloth. The influence of
a stress relief for 4 hours at 1,400° F on the fatigue properties
at room temperature was also established. In addition,
tests were carried out at 1,350° 1? on specimens turned and
polished, The polished specimens had about the same sur-
faco roughness as that of the specimms machined at h&ichi-
gan. The specimens were machined at the Lewis Laboratory
from blanks heat-treated by Michigan.

Temperatures were measured and controlled from thermo-
couples welded to the specimen.

FATIGU&DAMPING, AND ELASTICITYPROPERTIES FEOM ROTATING
CANTILEVERDRAMTRSTSON UNNOTCHEDAND NOTCHEDSPECIMENS

The Materials Laboratory, WADC, sponsored tests at the
University of Minnesota which provided fatigue, damping,
und dynamic modulus data for room temperature, 1,350°,
and 1,600° F. A special testing machine rotated specimens
under cantilever beam loads. Targets mounted on the ro-
tding extension arm, loading weight, and specimen assembly
were used to measure vertical and horizontal deflections
from which the damping and elastic values were calculated.
Tapered specimens (fig. 1 (i)) resulted in equal mtium
bending stresses along the gage length.

All tests were conducted under variable speeds of rotation.
A speed of 20 rpm was used for the first 500 cycles. In gen-
eral, the speed ma then increased b 50 rpm until severil
thousand cycles were imposed, after which the highest speed
between readings was about 400 rpm for the elevated-tem-
perature tests and various speeds up to 1,500 rpm for the
tests at room ttiperature. All deflection readings were
taken at 20 rpm. Temperatures were measured and con-
trolled from thermocouples attached to the specimens.

&-k3

Notch - & included onal~
0 .010 /? at root - ‘I, ,+ - 18NF

‘ (1)

(f)

0)

Rotating cantilever beam epeoimen for fatigue, damping, and
elasticity tests.

Notohed rotating cantilever beam speoimen for fatigue, damping,
and elasticity tests.

Figure I.—Continued.

Tests were made on notched specimens (fig. 1 (j)) as well
as on the unnotched spe+mens. The theoretical str- ccm-
centration factor was 2.6 according to Neuber’s analysis.
Approximate damping and dynamic elasticity properties
were measured (ref. 5) but have not been included in this
report.

The unnotched specimens were prepared at Michigan with
the controlled surface-finish procedures. The notched speci-
mens were prepared for Minnesota by the John Stuhm
Company.

The testing machine and procedures are described in detail
in reference 5.

BOLIS-ROYCBROTATINGCANTILEVERBHAhlTESTS

Rolls-Royce Limited of Derby, England, conducted ro-
tatiug cantilever beam tests at their Research Laboratory.
Tests were made at 1,2000,1,3500, and 1,5000 F. The testing
machine was of their own design and operated at 5,500 rpm.

Temperatures were measured by thermocouples located
1/32 inch from the critical section of the test specimen. Data
were submitted which showed that the maximum tem-
perature difference between the specimen and the measuring
thermocouple was 5.85° F; temperatures were reproducible
to 1.8° F; and at any instant during the test the error in
temperature measurement due to heat produced in the
specimen from damping was less than 32.9° F.

The specimens used (@. 1 (k)) were profled to a minimum
diameter. They were machined by Rolls-Royce from heat-
treated stock supplied to them. Their specimen was small
enough so that they quartered the bar stock in making
specimens.

NEE9BOTAT’mGCANTILEVES BEAMFATIGUETF!i3TS

The Naval Engineering Experiment Station conducted
completely reversed fatigue tests at 1,3500 F in a rotating
cantilever beam machine of their own design.

Tapered gage-length specimens (fig. 1(1)) were loaded at
one end and rotated at 1,700 cpm.

(k)

I 39
+QxYa?i? n CbJ-dft

J I

I I-4I
(1)

(k) RolkRoyco rotating cantilever beam fatigue specimen.
(1) NEES rotating cantiievor beam fatigue speoimen.

Figure l.—(lmbluded.
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SPECIMEN PREPARATION

t J-. b m Mort to. keepmrface finish Constmt, all the speci-
mens except as noted later were prepared for the NTACA by
the Production Engineering Department of the University
of Michigan. Procedures were developed which would meet
requirements of constant surface roughness and constant
surface cold-work for all types of specimens included in the
program. The objective was to avoid variable surfacdnish
effects which would influence the results from the various
types of tests. A third variable arising from specimen prep-
aration (surface stresses) should also have been constant
since the surface preparation was duplicated regardless of
the shape and size of the specimen.

The surface roughness was maintained at 2 to 4 microinches
root mean square. This quality of surface finish was estab-
lished to meet the most severe speciiktion of the several
cooperators.

The amount of cold-work on the surface after iinishing was
not measured. Extreme precautions, however, were taken to
reproduce the method of metal removal on all specimens in
order to keep surface cold-work constant. This requirement
imposed severe restrictions because the very close dimen-
sional tolerances of the specimens had to be met with a fixed
procedure for metal removal. The result was that the speci-
men preparation was very time consuming and expensive.
Because emphasis was placed on reproducibility of surface
finish on the various specime~ and not on minimizing cold-
work or surface roughness, the following details of machining
and finishing operations should not be accepted as the most
desirable for preparing fatigue specimens for testing at high
temperatures.

hlACRININGPROCEDURE

Ml of the severrd types of test specimens submitted to the
University of Michigan for machining were processed by sub-
stantially traditional methods All g~~e sections were turned
on rLlathe with the exception of the Krouse machine speci-
men for tests in compression (fig. 1 (d)). This specimen was
turned on a milling machine in a setup wherein the specimen
was mounted between centers in the spindle and the cutting
tool was mounted on a rotary table which in turn was
mounted on the t.able of the milling machine; the rotary table
was rotated manually through a worm gem-set for the feeding
motion. All turning tools were 184–1 high-speed steel
machine ground to the following shape: 10° back rake angle,
15° side rake angle, 10° relief angle, and O.010-inch nose
radius. All cutting speeds -were coniined to the range 30 to
40 feet per minute; the depth of cut was selected in n descend-
ing sequence ranging from the maximum of 0.030 inch to a
minimum of 0.005 inch, while the feed rate was held constant
at 0.005 inch per revolution in every case except for manual
feed where an attempt was made to keep the feed above a
minimum ,of 0.005 inch per revolution.

The above conditions were set up in the belief that the
amount of cold flow was directly proportional to the size of
cut. Consequently, it was expected that the progressively
decreasing series of depth of cut used consistently would
establish a degree of control as well as lead to a minimum
of cold flow. The uniqub characteristics of the specimen
material make it unusually susceptible to burnishing and

related effects resulting horn dull cutting edges, especially
at light feed rates. This latter reason was the basis for
establishing a minimum feed rate.

FINISEINGPROCEDURE

The original iinishing setup was on a Kent-Owens 2-2o
milling machine. The milling-machine setup was chmacter-
ized by a continuous belt and was unique in that Q system of
counterbalances was used in an attempt to minimizo and
control the pressure between the cloth-backed abmsivo and
the specimen. However, irregularities developed oncl the
mass of the counterbalance system made it imposaiblo to
achieve control over the pressure between the abrasive and
the specimen.

The Krouse machine specimens (see fig. 1 (c)) were finished
on the Kent-Owens setup using only cloth-backed abraaivcs
as belts down through 500 grit, wherein the final step in-
volved the use of a chrome-oxide polishing stick rubbed on
thoroughly worn 500-grit belts. Irregularities of the bolts
and the light preawres used made it impossible to improve
the accuracy of the machined specimens and it is probable
in some cases that the runout and out-of-roundness increased
as a consequence of the finishing process.

The Westinghouse specimens were tinished on a special
setup wherein strips of cloth-backed abrasive were fastcmcd
to the surface of an oscillating sector while the specimen was
mounted between centers and rotated. By this tirm all
attempts to control finishing pressure by counterbalancing
had been abandoned in favor of precision positioning of tlm
specimens relative to the abrasive so that greater accuracy
could be obtained. Pressure control was achieved somewhat
arbitrarily by holding back on the rate of cutting so thwt 111o
specimen did not heat. The finishing procedure used on (ho
Westinghouse specimens is con~idered to be the most satis-
factory in terms of the original objective, although it was
very slow and very eqensive as a consequence of tho rela-
tively small amount of abrasive available during each seLup.

All subsequent specimens were finished by one of two
arrangements of a find setup shown schematically in figuro 2.
The specimen was mounted between centem and rotated. A
continuous belt was operated over a system of driving and
idler pulleys with the motion of the belt oriented longi-

Abrasive belt

2 in. wide by 69 im Iorq Idler

I I o

FIGURE2,—Poliehingmachine.
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tudinally to the specimen. When the longitudinal section
of the specimen was a radius, a pulley or wheel with a cor-
responding radius was mounted in P&w of the form block
shown in the sketch although a form block could be used
for these specimens. The pulley or wheel was substituted
for the form block in this case so as to reduce the heat
arising from friction between the belt and the form block.
Control of both pressure and size, to the e@ent that it was
achieved, was obtained through screw adjustments of the
position of the axis of the specimen relative to the form block
or wheel.

The procedure for ihishing specimens involved the use of
continuous abrasive belts used in sequence of decreasing
grmin size with the following grain sizes: 60, 120, 240, 320,
400, and 500. This was followed by a final step wherein a
standard tallow stick such as is used for grease polishing was
smeared on a well-worn 500-grit belt to inhibit further its
cutting action. It is vitally important to use this belt at
highly specific operating conditions.

It is possible with such a combination to produce a highly
burnished surface by exerting considerable pressure between
the belt and the specimen to be finished. Howevw, much
less cold flow and an even smoother finish can be obtained
by using a very light pressure between the belt and the
specimen. So far as is known now, this is a unique property
of the type of specimen mateiial.

It is signihnt that, as mentioned earlier in this report,
chrome o.ude was first used for this final step, although tallow
was later used. From experimentation it became apparent
that the chrome-oxide stick had little or no value as an
abrasive but rather that the beneficial effects arose from the
ability of the stearate base or bond to inhibit the abrasive
rmd cutting action of the belt. It was this experience which
led to the final practice of using tallow on a -well-worn
600-grit belt for the bal iinishing step.

The belts were made from commercial rolls of Behr-
hlanning cloth-backed abrasive. Appropriate lengths were
cut on a bias and the belt was formed with a butt joint
backed up with a manila paper of about 0.006-inch thickness
rmd cemented with a commercial grinding disk cement
(Gardner No. 2 Disc Wheel cement).

!3PECIM~SPIZRPAR=BYCOOPERATORS

Certain cooperators prepared their own specjmens from
stock her&treated at the University of Michigan. In gen-
eral, such specimens were for special purposes as follows:

(I) The Lewis Laboratory of the NACA prepared their
owc specimens because they were interested in studyihg sur-
face-finish effects. The gage section was made by form-
grinding in a cylindrical grinder with a 60-grit ah.uninum-
o.side, vitrified bonded wheel of grade J and density 5. The
grinding wheel speed was maintained between 5,000 and 7,OOO
surface feet per minute and the specimen speed for the finish
cut was maintained between 200 and 300 surface feet per
minute, The “polished” finish was prepared by polishing
the ground surface with successively iiner grades of emery
cloth rmd paper, finishing in the longitudinal direction of the
specimen with paper grade 20. The ‘tough” ilnish was pre-
pared by semipolishing the ground specimens to remove the
grinding scratches and then roughening the surface by hold-

43~87G-Ci7+3

ing a strip of 46-grit abrasive cloth against a slowly rotat-
ing specimen, causing circumferential finish marks. The
“ground” specimens had the iinish obtained in grinding,
the fish marks being circumferential. One lot of specimens
was turned in a lathe which gave the same finish as that
described for the “polished” specimens.

(2) The notched specimens for the rotating wmtileverbwn
tests at the University of Minnesota were prepared separately.
It seemed impossible to duplicate the surface finish of the
other specimens in a notch. The John Stulen Company
made the specimens for the University of Nhwota using
the following procedure:

(a) Rough turned to 0.070 inch oversize in diameter
(b) Rough ground to 0.025 inch oversize in diametar; feed,

0.040 inch pm IUiIIUtO
(c) Rough ground to 0.007 inch oversize in diameter; feed,

0.020 inch per minute
. (d) Finish ground to size; feed, 0.010 inch per minute

(3) Part of the specimens used for axial fatigue tests at
1,000° F and 1,500° F at the Universi@ of N3nneaota were
heatitreated and machined by the University of hIinnesota.
These specimens are designated in table IV by “AT . . . l?”
rather than the “J . . .“ designation used for specimens pre-
pared at Michigan. The specimens were taken from the
same stock as that used for the specimens prepared at JIichi-
gan but the stock was obtained directly from the supplier.
Apparently, the machining procedure approximated that used
at Michigan (ref. 3).

(4) A few specimens were prepaxed by the Elliott Com-
pany from blanks heat-treated at Michigan.

(5) Rolls-Royce prepared their own specimens from beak
treated blanks furnished to them.

TEST DATA

Test data from each individual cooperator have been in-
cluded separately in the report. An effort was made to pre-
sent the data exactly as reported. In general, the fatigue
curves have been drawn as nearly as poesible the way the
cooperator drew them in submitting the data. In a few
instances, curves were redrawn to present the data on a time
basis rather than a number-of-cycle basis. In such cases,
however, care was exercised to maintain the fatigue strength
reported by the cooperator.

This procedure has been used because in several cases where
there was duplication of tests it is probable that the curves
would have been drawn differently if all the data had been
considered. It seemed evident in considering the data that
this feature was sigdicant.

The data for each cooperator are explained in the follow-
ing sections and any significant features recurded.

STATICTENSILEANDRUPTURETllSTS

There was l.ittle”variation in yield strengths between 1,000°
and 1,500° 1? (see table II), although the tensile strength de-
creased appreciably over the same temperature range. Duc-
tility also decreased with temperature. The agreement be-
tween check te9ts was quite close.

The origimd stress-rupture data obtained are given in table
III and figure 3. The points fell on straight lines of logarith-
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mic stress against logarithmic rupture time with no more
scatter thau usual even though the specimens were taken at
random from the original mill lengths of bar stock. The
curve for 1,200° F exhibited a decrease in slope at about
100 hours and 45,000 psi, which is somewhat unusual. Elon-
gation and reduction-of-area values appeared to show more
scatter than did the rupture times. They tended to decrease
with time for rupture and were lowest at 1,200° F.

When the data for static tests in the dynamic creep test
unit at Syracuse Universi@ became available, their s~ightly
lower rupture strengths were evident. Certain check tests
were made to try to determine the cause (table III and fig. 3).

Two specimens from the original group heat-treated and
machined for Syracuse (fig. .l (a)) were tested at Michigan.
The results of one test. fell closer to the Syracuse data than
to the data from the original tests at hIichigan (JX4). The
data from the other one were closer to the original data (JR5).
Two check tests were made on new specimens using a l-inch
gage length 0.250 inch in diameter to see if specimen size and
surface preparation were responsible. The fracture tines
were slightly less than those for the original curve for 0.505-
inch-diameter specimems. One additional test was made on a
0.250-inchdiameter specimen with a 2-inch gage length to
see if the 2-inch gage length of the Syracuse specimens was a
factor. A perfect check of the original data on 0.505-inch-
diameter specimens was obtained. These results tend to
indicate that variation in propertiw of the individual speci-

mens (JX4) could have been a tiontributing cause and probn-
bly was combined with some factor in testing tichniquo.
Specimen size or surface finish was apparently not a factor.
One possible reason for a consistent variation in specimen
properties might have been that all of the original speci-
mens tested at Michigan were taken from the end of tho mill
lengths, whereas the Syracuse specimens were taken farther
along the bars.

Creep data from the rupture teats in the form of curves of
stress against testing time for 0.5 and 2 percent def ornmtion
are shown in figure 4. lhlinimum creep rates measured cm
included as curves of stress against creep rate in figure 5.
These data are limited to 1,200°, 1,350°, and 1,600° F because
deformation upon loading at 1,000° F mceeded defornmtions
of interest.

DYNAMICAXIALSTEW FATIGUEANDCEBEPTESTS

The dynamic creep test machine stresses a specimen
mckdly with combinations of steady and alternating stress
ranging from steady-load creep tests with no fdiguo lend
through combinations of fatigue and steady stresses to com-
pletelyrevemedst.ress fatigue tests. The test data obtained mo
given in table lT. It will be noted that a series of tests was
made at several comtant ratios of alternating to mean stress
(both alternating and mean strew were varied at a constant
ratio). The primary graphical treatment was curves of menu
stress against time for fracture for each constant ratio (see
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fig. 6) or of maximum stress against time for fracture (see
fig. 7). The former method is most convenient for low ratios
of stress and the latter, for high ratios.

Ratios of alternating to mean stress of 2 and cowere used
at room temperature and 1,000° F. At 1,350° ad 1,500° F
the ratios were O, 0.25, 0.67, 1.64, and =. A ratio of coin-
volves completely revemed stress fatigue tests, while a ratio
of Oindicates a steady-load rupture test.

Creep data were also measured for the teats which did not
go into compression (stress ratios of O, 0.25, and 0.67). The
specimens had a 2-inch gage length of uniform diameter.
Figure 6 includes curves of mean stress versus time for tatal
deformations of 0.5 and 2.0 percent for these stress ratios.
Elongations of the fractured specimens are included in table
IV. Nfinimum creep rates are compared with those for rnp-
ture tests in figure 5.

III the tests in which the alternating stress went into com-
pression (stress ratios of 1.64, 2.0, and ~ ), it was necessary
to use a profile specimen with a minimum diameter to avoid
buckling. Two tests were made at a ratio of 0.67 and 1,500°
F to check the results from the two types of specimens. The
agreement was quite good (see @. 6). Creep data could not
be obtained from profile specimens, however. By agreement,
the gage section of these specimens was made identica-1 to
that of the high-rdtematingstress specimens in the Krouse

machine. The following features of the data should be
recognized:

(1) Rather complek data -were obtained for establishing
the curves at 1,350° and 1,500° F.

(2) Subsequent to the establishment of the original curm
with specimens machined for the NACA at Ivfichigan, tlm
University of Minnesota conducted additional tests at
1,500° F for a stress ratio of cu on specimens which they
heat-treated and machined. The latter data yielded a curve
which was of a considerably higher stress level than tho
original curve. For this rewon two curves are included in
figure 7 for a ratio of UJat 1,600° F. The specimens wwo
made from bar stock from the same ingot aa that used for
specimens made at Michigan but. were not part of the stock
supplied to Michigan by the producer.

(3) Teds were also made at 1,000° F on specimens hoat-
treated and machined at Minnesota. The data, howovw,
axe inconclusive as to whether there was a difference in ~he
properties of the two groups of specimens.

(4) The data are very sparse at room temperature and
1,000° F. The curves shown in figure 7 are very approxim-
ate. Both a shortage of specimens and considerable toating
ditEculty were encountered, as detailed in the notes to tablo
IT. The points in figure 7 for which there were extm.uding
circumstance have been starred. The shortage of spoci-

40
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FIGURE6.—Curves of mean stress against time for fracture and time for total deformation of 0.5 and 2 peroent at 1,350° rmd 1,600° 1?
for axial stress dynamio meep tests.
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mens led to retesting unbroken specimens at higher stresses
after varying times of testing with a consequent uncertainty
of the effect of prior history. Secondly, a good deal of di.fli-
culty from overheating due to damping while the load was
being applied was encountered, particularly at 1,000° l?.
Them tests carried out at reduced cyclic speeds during
loading to prevent overheating are indicated in table IV.
It was rho noted that stresses below +40,000 psi gave no
difhd@. A small amount of overheating at 1,350° F was
also noted for the high-stress tests at zero mean stress.

The data presented are published and discussed in detail
in references 3 and 4 except for the = stress-ratio teds at
1,600° F for specimens heat-treated and machined at
Minnesota.

KROUSEAXIALFATIGUETE.9TS

Data were obknined in a Krouse machine for combinations
of steady axial stress and superimposed axial dynamic stress
at 1,200°, 1,350°, and 1,500° F (see table V and @g. 8). A
series of tests was made with varying mean stress with con-
stant amounts of alternating strw, which led to curves of
stress versus rupture time for the various constant alternat-
ing+.tress vnlues. The tests at 1~00° F were stopped at
+26,000 psi because of load limitations of the teat machine.
Teats were carried out at incrwing alternating-strew values
at 1,360° and 1,500° F to completely revemed zero mean
strcsw.

Most of the curves with varying meu stress were reason-
ably well established in the rangQ of 50 to 500 hours and were
fairly consistent. The completely reversed stress curves
arc, however, based on very meager data. There was no

evident effect from changing the dimensions of the specimens
for the highdynamic+tres-s tests. Some difl?iculty in aline-
ment born grips was encountered for the high-tress tests.
This was corrected and only the successful tests have been
plotted in figure 8. No overheating during application of
the loads was reported.

It will be noted that incrm~~ amounts of alternating
stress reduced strength as measured by mean stress. The
reduction, however, decreased with increasing temperature
so that there was little effect at 1,500° F.

The curves for completely reversed str~ tests at 1,350°
and 1,500° F were very nearly horizontal. Apparently, in
this type of test there is a characteristic maximum stress
above which fracture occurs immediately and below which
fracture is prolonged indefinitely.

SONNTAGSF-4AXIALFATIGUET-

The iniluence of varying alternating axial stresses on the
time for fracture under constant mem stresw was estab-
lished at room temperature, 1,000°, and 1,350° F in the
Sonntag SF4 machine (see table TCf and fig. 9). The data
show:

(1) For time periods of 10 hours or less at 1,000° F, the
magnitude of the alternating stress rather than the mean
stress in the range horn 40,000 to 60,000 psi appeared to
govern fracture. The approach to a common value of
&30,000 psi for fracture for these mean stresw suggests
that the fatigue load governed fracture.
‘ & the alternating stress was reduced, the curves diverged,

in&ating that meap stress became increasingly important
in governing fracture time.
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The necessity for the cnrvea to drop rather abruptly to
the rupture time from rather high levels of alternating stress
inclicat es that there is a range of low alternating strwes
which has little effect on fracture time. Thus, there ap-

pear to have been three types of response to the teat
conditions:

(n) Nearly pure fntigw at high wlues of alternating
stress

(b) l?ntigue and creep both governing life at intermediate
values of alternating stre9s

(c) Nearly pure creep at low values of alternating stress
and prolonged times for fracture

(2) Tho tests at 75,000-psi mean stress indicate that when
them is a high level of mean stress small amounts of alter-
nating stress result in an excessive ”masimum stress and short
life.

(3) The data at 1,350° F follow the pattern of other tests
in that as the temperature “increased larger amounts of al-
ternnting stress were required to shorten life from a given
static rupture time.

(4) The data at room temperature are sparse but suggest
approach to a fatigue hit at 75,000 psi + approximately
‘27,000 psi.

(5) Fairly extensive testing problems were encountered
for tests at high mean-stress values. The combination of
this factor together with correction of eccentricity part way
through the testing program makes it dif3icult to analyze
causes for abnormal test results. These factom masked any
effect, if one ww present, from specimens machined at
Michigan and the Elliott Company. It is suggested that
tho combined influence of both fatigue and creep at inter-
mediate alternating-stress values could in itself have been
a source of erratic data.

(6) The measuring and control of temperature by ther-
mocouples measuring furnace temperature could have
masked overheating effects. This could have been respon-
sible for apparently low strengths at high alternating
stresses, as will be discuesed later.

llUPTUnET-S mTH SUPERIMPOSEDROTATINGBENDLNG STlUIS9

A mries of tests was carried out at 1,350° F with 10,800-
cpm rotating bending stresses superimposed on a steady
nxinl stress of 28,000 psi (see table WI and fig. 10).

All the specimens in the combined stress tests had less
thnn one-third the life of those in the rupture steady-tress
test. In the three lowest alternating stress tests the speci-
mens failed by rupture at points remote from the point of
calculated maximum stress. Only the highest alternating
stress gave fracture at the point of maximum stress, and this
was a fatigue failure.

The pronounced reduction in life from as small an alter-
nating stress as & 5,OOOpsi was considerably d.ifTerent from
behavior of specimens in axial combined stress tests. The
axial tests showed either no reduction or an increase in life
from small alternating stresses. The reason for the effect
M well os the fracturing at points other than those of mti-
mum stress is uncertain. The most likely explanation
points to some material and testing-machine effect rather
than to the presence of rotating bend@ stresses.

Time, hr

FIGURE 10.—Intluence of rotating bending stress at 1,350° F on time
for 0.5-, 1.0-, 1.5-, and 2-percent total deformation and fmcture time
under a steady axial stress of 2S,000 psi.

Superimposed alternating stresses of small magnitude cun
increase strength for a given mean stress, as indicated by

other tests. This does not appear to be an adequate
explanation of the abnormal fractures because it is ~cult
to see how the point of mtium stress could have been
strengthened while the life could have been lowered by
one-third in other parts of the gage length, w-here the bending

stresses were less. It was reported that other materials had
always fractured at the point of maximum stress, so that
some material characteristic apparently entered into the
abnormal results.

Creep data obtained during the test and included in figure
10 as total-deformation curves were apparently influenced
le~ than the rupture time by the bending stresses. The much
longer times required for fracture than for total deformations
of 2 percent were rather striking.

~l?@lNGHouSE REVERSEDBRNDING*FATIGURTESTS

The Westinghouse machine bends a specimen in one
plane at 7,200 cpm. The results of the tests carried out at
room temperature, 1,000°, 1,200°, 1,350°, and 1,500° F are
given in table WJI and shown as S-N curves in figure 11.

Fatigue limits were established by 5 X 10° cycles at room
temperature, 1,000°, 1,200°, and 1,350° F. A fatigue limit
was not established in 108 cycles at 1,500° F. There was
no apparent difference in fatigue life between specimens
finished by the specially controlled practice and those simply
turned and hand polished.

EFFECTOFSUEFACEFINISHONREVERSEDBENDINGFATIGUE
PROPER’HEsATROOMTEMPERATUREAND1.350°F

The effect of surface fish on reversed bending fatigue
properties at room temperature and 1,3500 F is shown in
table IX and figure 12. Plain ground specimens were
found to have considerably lower fatigue strength than
poilshed or roughened specimens it room temperature in
the Westinghouse reversed bending fatigue machine. The
ditlerence was considerably reduced at 1,350° F, although
the polished specimefi were still slightly stronger.

Stress-relieving at 1,400° 1? for 4 hours did not reduce the
strength of the polished specimens at room temperature and
may have increased it slightly at high stress values (see
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table TX and fig. 12). Repolishing after stress-relieving did
not alter the strength. The strength of the roughened
specimens was, however, reduced to that of the ground
specimens, and the ground specimens wefe not aflected.

The turned and polished specimens had the same fatigue
chmmcteristics at 1,350° F as those of the ground and polished
specimens. (See table IX and fig. 12.) The value-s reported
for fatigue strength of polished specimens at room tempera-
ture wore slightly lower than those reported by Westinghouse,
although it is doubtful if the difference is justified in view of
stutter of data. There was no difference in reported strength
from the two laboratories for 1,3500 F.

FATIGUF+DAMPING.AND ELASTICITY PROPERTIES FROM VARIABLB-
SPEED ROTATING CANTILEVER BEAM TBSTS ON NOTCHED

AND UNNOTCHED SPECIMENS

The. fatigue data from variable-speed cantilever beam
tests on notched rmd unnotched specimens are given in
table X rmd plotted in figure 13. Figure 13 *o shows
curves for the “first evidence of crack” for the notched
specimens as obtained from changes in damping and stillness
behavior, It was not possible to obtain evidence of cracking
prior to fracture from the damping and deflection data for
the unnotched specimens. Such values would, however, be
so close to the fracture curve as nearly to coincide with it.

The fatigue curves were considered approximate because
of the small number of points. The approximate fatigue
strengths were:

I I O Frocture, notched
o Fracture, unnotched

Type of Tern
0 I?’

k

‘!%wx%zp

speoimen
107 3 x 107

Unnotohed ~5& * 53,000 + 53,000
+ 40,000 * 40,000

i 500 +29, 000 + 29,000
Notohed p;5y + 2s, 000 + 23,500

+ 22,000 + 21, 500
1:500 * 19, 600 * 19,000

EHective
8tr@S con-
centration

faotor’
at 3 X 107

Oycla

22
L86
L 60

~Theoretical stress concentration faotor according ta Neuber’s
malyde was 2.6.

*80

*70

It is evident horn these data and the curves of figure 13
that the notch drastically reduced sbength. In fact, the
notched specimens at room temperature were wenker than
the unnotched at 1,500° F for stress~ below +31,500 psi.
Also there was very little difference in strength of notched
specimen8 from room temperature to 1,500° 1? for 107 cycle9.
The difference in cycles for the fit evidence of a crack rmd
actual fracture for the notched specimens was large.

Because the cyclic speeds were so nonuniform in these
tests, the significance of the tima for fracture (table X and
@. 14) is uncertain. It would seem that considerable infor-
mation ought to be available from these data regarding
influence of cyclic-speed effects. How-ever, the data are so
few and scatter so much that any possible conclusions are

,05 ,06 Id ,08

Cycles

Fmmm 13.-S-N onrvee for fmoture of unnotched and notohed specimens and for ilret evidence of orack for notohed speoimens at room tem-
peratnm, 1,350°, and 1,500° F in variable-speed rotating cantilever beam test%

.k3G87ci-G’1~
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FIGURE 14.-Curves of alternating strem against fracture time for
unnotched and notched speoimene in variable-speed rotating canti-
lever beam te9ts. (See table X for oycfic speeds.)

masked. It is evident that cyclic-speed variations caused
two pobts for notched specimens to deviate far more widely
than they would on the basis of number of cycles. Obser-
vations other than this are masked by data scatter.

In addition to the fati=we datn, damping and dynamic
moduhwof-elasticity data were obtained by the cooperator.
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FIGIJRD 15.—Effect of stress magnitude and constant cyclic-stress Ms-

tory on damping energy for unnotched and notched ~scimens at

room temperature, 1,350°, and 1,500° l?. F. S. indicates fatigue
~trength at 2 X 107 oyck; numbem on curves identify damping
lines, after 20, 1(P, lCP,. . . oycles of st~

These data me thoroughly presented and rmdyzed in refer-
ence 5. The more important trends discernible from the
data were:

(1) Damping increased with stress and temperature in n
complax manner, depending on the stress level, number of
cycles, and temperatm-e. Figure 16 shows the specific
damping (inch-pounds of energy absorbed per cubic inch of
metal per cycle for uniform stress) as a function of stress for
the three test temperatures.

(2) The greater damping with increasing temperature for
the temperatures considered at a given strem is evident.

(3) The increase in damping with stress became sensitive
to the number of cycles above certain limiting stresses nt
each temperature:

(a) Room temperature-The damping decreased wit h
number of cycles at stresses between + 34,oOO and +60,000
psi. Above +60,000 psi the damping increased with
number of cycles.

(b) 1,350° F—Damping decreased with number of cycles
above +26,000 psi.

(c) 1,500° F—There was little effect from number of
cycles.

(4) The rather high damping capacity at high stresses is
noteworthy. The values are much higher for the onginewing
stress range than would be indicated from the low stress
measurements and the usually accepted value of 3 for tl]e
exponent of the curves of damping cnpacity versus stress.

Data on dnmping for notched specimens did not show
cyclic-stress sensitivity. Perhaps the most important point
to be noticed from the damping data from the notched speci-
mens is the very small volume of metal absorbing energy
aad the consequent low energy-absorbing capacity in tho
presence of a notch.

The results of the measurements of dymunic modulus nrc
summarized in figure 16. As in the clamping measuremon ts,

‘ ;20 i30 *4O i50 *6O *7O *8O +90XI03
Mox”knum reversed bending stress, psi

FIGURE16.—Dynamic moduli of elasticity at room tcmpomtnm, 1,360°,
and 1,500° F after ditTerent numbers of cycles of reversed bending
st~. IL, tiitial *tic modulus; F.$., fatigue strength at 2 x 107
oyclm; numbers on curves idoniify modulus lines after 20, I@, 10~,
. . . oycles of stres3.
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arc given for 2 X 10~cyoles

dynamic modulus values change with shress tind number of

cycles, the major clmuge being above some limiting value of
stress. The changes in modulus were generally opposite to
them for damping.

Determinations of dynamic stress-strain relationships are
compared with static values and the fatigue limits in figure
17. The values reported are the deflections for the indi-
vidual tests at 100 ~ycles of reversed bending.
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In addition

to the static tension curves shown by the clashed lines, data

from one static bending test are shoIvn at room temperature.
The bending data checlied the dynamic values nbove the

proportional limit rather than tho static tension curves: It
~will be noted that:

(1) The dymunic proportional limit was nbove the static
tension values. This might have been influenced by the
sensitivity of the strain measurements and the use of separate
specimens for each point.

(2) At room temperature and 1,350° F the fatiguo strength

was above the dynamic proportional limit nml was very
close at 1,500° F.

ROLLS-ROYCEROTATINGCANTILEVERBEAhlTEST

Completely reversed stress tests were conducted on small
specimens rotated at 5,500 rpm with a cantilever beam loud.
The specimens vrere profiled to a minimum diameter. Tho

heabtreated bar stock furnished to Rolls-RoYce was quar-

tered and the specimens were machined from tho quartcl~.
Because of this procedure and the short length of the speci-
mens, rL number of tests were obtained horn a single bar

furnished to them tith the coding system established by
Michigan.

The data obtained from the tests at 1,200°, 1,350°, and
1,5000 F are recorded in table XI and shown as S-N curves

in figure 1S. The following observations should be recog-
nized:

(1) Fatigue limits were apparently attained by 107 cycles
at 1,2000 and 1,350° F. Apparently, a limit was not
reached in 108 cycles at 1,500° F.

(2) There appeared to be two distinct curves at 1,500° F.
The higher curve was defied mainly by specimew from bars
J3?14 and JS15. The lower curve was based mainly on
specimens from bar JR16, although there were test points
on this curve from bam JP14 and JS15. Rolls-Royce sug-
gested that this was evidence of appreciable variation along
the length of the ham. Comparison of the data with those

~

$
I(Y F

OF

)&F

Cycles to frocture

FIQUEE 18.—S-N curves at 1,200°, 1,350°, and 1,500° F for Rolls-lloyco rotating cautilover I.mun fatigue tests.
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obtained in the Westinghouse machine, however, shows that
the total scatter was about the same. Thus, there may have
been an appreciable contribution to the matter from bar-to-
bar variations.

Bar JR came from a point in the ingot intermediate to
bam J3? and JS, so that this does not appear to be a oausd
of variation. Also, all three bars involved were taken from
about the same location along the len@ of the original mill
length.

(3) The quartered specimens used by Rolls-Royce gave
the same fatigue strengths as those obtained horn other
reversed bending tests in which the g~~e section was in tho
center of the original bar.

NE= EOTATINGCANTILEVERBEAbfFATIGUET-S

Tapered specimens having uniform stress in the gage
length were tested at 1,350° 1? in the 1,700-opm rotating
cantilever machine of the NTaval Engineering J3xperiment
Station. (See table lCU and fig. 19.) The S+ curve of
figure 19 indicates a lower fatigue strength than those ob-
tained in the other reversed stress tests. Actually, however,
the scatter of points is the same as that in the other tests..
Thus, the fatigue results in this test checked with those from
other machines even though the ?KEES preferred to report
a curve at the lower range of the test points. As with other

Cycles to frocture

FrGuaE 19.-S-N ourve at 1,350° F for IVEES rotating cantilever beam
fatigue tests.

reversed stress tests at 1,350° F, a fatigue limit was att~ined
at 10 e cycles.

FRACTUEECHAEACrERI~CS

The results of extensive studies of fractured specimens
are summarized as follows:

(1) Fatigue nuclei can appear in fractures of specinmns
tested at 1,350° and 1,500° F when m alternating stress of
appro.simately 67 percent of the mean stress is applied.
(See fig. 20.) The appearance of nuclei under combined
stress apparently increasea with alternating stress to a limit
where the m-urn strew (at a given mean stress) mceeds
the limit the material can withstand for even a short time,
and a tensile-type fracture results, This occurred in the 1-
and 2-minute tests for dynamic creep with completely re-
versed axial stresses at 1,350° F and accounts for those
specimens at the outer range of alternating stress in com-
bined tests which did not show fatigue nuclei.

For the lower values of alternating stress, the mean stress,
at least, can be redumd to values w-here no nucleus appears
and failure occurs entirely by creep rupture. This is equiv-
alent to saying that, as the time for fracture is increased by
decreasing the mean stress, fatigue nuclei tend to disappear
and the failure is characteristic of a creep-rupture test.

At 1,000° F fatigue nuolei apparently occur at lowor ratios
of combined stress than at the higher temperatures. On tho
other hand, tests at 1,200° F in the Krouse machine did not
show fatigue nuclei when the alternating stress was nearly
equal to the mean stress.

AU completely reversed stress tests showed fatigue nuclei,
except for a few very high stress tests of very short duration
in whiti the speoimens appeared to have failed entirely by
excessive deformation.

(2) In the longer time tests at 1,350° F there was more of
a tendency to fracture with a fatigue nucleus than in the
tests at 1,5000 F at the same ratios of alternating to mean
stress. Apparently at higher temperatures there is more of
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a tendency for fmctum by creep rupture than by fatigue
for the same times for ilacture.

(3) The fractures in the fatigue nuclei were straight,
transgranuhm, and showed no evidence of deformation.

In those specimens which failed in a short time with a
fatigue nucleus, the remaining area of fracture outside the
nucleus resembled short-time tensile tiactures. As the time
for fracture increased, the fracture area outside the nucleus
tended to resemble rupture test fractures at the same time
period; that is, the fractures became increasingly intergran-
ular. Even the completely revereed @al fatigue specimens
showed substantial amounts of intergranular fracture at the
longer time periods at 1,350° and 1,500° F. Low mean
stresses and high alternating stresses reduced the tendency
for a creep-rupture type of failure and often resulted iu what
appeared to be a combination of fatigue-nucleus, creep-
rupture, and rapid tensile-type fractures. High mean stresses
and low alternating stresses favored the creep-rupture type
of fracture even for the same time for fracture.

(4) Fatigue nuclei appeared both internally and at the
surface of axial fatigue specimem.

(6) Creep-rupture specimens norrmdly show intergrazmhw
cracks adjacent to the main fracture, particularly at the
surface. This tendency normally increases with both tem-
perature and time for fracture. This tendency was reduced
by high alternal ing stresses, although intergmmdar cracking
at tho surface was found even in the longer duration com-
pletely reversed axial stress tests at 1,350° and 1,500° F.
A longer time for fracture or a higher temperature seems to
bo required to produce a given state of crack formation
under fatigue loading.

(6) No evidence was found to show that an intergram.dar
creep-rupture crack initiated a fatigue nucleus. In fact, it
was not possible to determine whether the fatigue nucleus or
the creep-rupture type of fracture occurred first or whether
they developed simultaneously in the combined stress tests.

(7) There is some scatter in the data relating fatigue
nuclei to stress in figure 20. The scatter, however, seems
related to some extent to the type of test machine. This is
mainly evident in the comparison of the dynamic crepe test
dat~ and the Krouse machine data at 1,350° and 1,500° F.
While the data me very few, it appears that alternating
stresses for fatigue need to be slightly higher for the Krouse
specimens to develop fatigue nuclei. This may have been
related to the use of profiled specimens, as compared with
uniform-diameter specimens, iu the dynamic exeep speci-
mens. It seems possible, however, that the higher cyclic
speed may have been a factor in the greater nucleus-forming
tendency of the dynamic creep specimens. This is partially
supported by the one good test in the 10,800-cpm General
Motors machine at 1,350° showing a fatigue nucleus whereas
tho tests in the 3,600-cpm dynamic creep test and Sonntag
SF-4 machines did not. Again, however, this might have
been due to the rotating bending in the high-speed machine
instead of axial fatigue loading in the S1OWWmachines.

(8) A very detailed study of fractures was carried out at
Syracuse rmd Minnesota on their test specimens. (See refs.
6 rmd 7.) In general, their findings agreed with those of
others. It was found, however, that a prohibitive amount of

work would have been necessary to duplicate their quanti-
tative measurements of percentage intergramdar fracture in
all specimens. As they found, it is difEcnlt to estimate such
values reliably. For this reason this report has been re-
stricted to qualitative observation and is nowhere as detailed
in description of fractures.

Typical microstructure for the original material, fracture
at a fatigue nucleus, and a rupture fracture are included as
figure 21. The reader is, however, referred to the remarkable
composite photographs of complete fracture proii.les in
reference 7 for more complete picture9 of fracture.

Reference 7 also indicates that structural changes are
slightly increased in rate by stress. High alternating stress
was reported to increase the rate of breakdown of an iuter-
gram.dar precipitate which occurs in the test alloy at pro-
longed times at 1,350° and 1,500° 1?.

DISCUSSION

The data obtained show the relationships between static
and fatigue properties of the test material over a wide range
of temperatures. Test conditions ranged from ordinary
tensile and creep-rupture tests through combinations of
steady and fatigue loads to completely reve~ed fatibwe tests.
The features of the relationships between steady and fatigue
loads will be correlated in the following sections.

RUPTUREANDFATIGUEWIZENGTHS

The influence of superimposed fatigue loads on curves of
stress versus rupture time wa9 as follows:

(1) As the temperature increased, larger amounts of
fatigue loading could be added without appreciably affecting
the curve of stress versus rupture time. (See figs. 6 and 8.)
At a high temperature for the alloy (1,500° 1?) fatigue stresses
as large as 67 percent of the steady stress did not change the
curve of stress versus rupture time appreciably.

(2) As the temperature was lowered, less and less fatigue
load could be tolerated without reducing strength. Atl,350° 1?
fatigue loads up to + 15,000 psi had little effect, while at
1,200° F loads above +7,500 psi reduced strength. (See
fig. 8.)

(3) The reduction in stiength due to superimposed fatigue
loads tends to be greater at short time periods than at long
time periods. This is evident in the tendency of the curves
of stress versus rupture time for the higher superimposed
alternating stresses to converge at long time periods in
figures 6 and 8.

(4) At high ratios of alternating to mean stress, the curves
of mean stress against rupture time tend to flatten out.
This behavior would be expected inasmuch as the com-
pletely reversed stress curve would necessarily have to be
horizontal at zero mean stress. The major influence of
temperature is to control the alternating-stress level at which
the flattening occurs and the resulting degree of strength as
is evident in the curves of figures 6 and 8.

(5) Completely reversed stress and high ratios of alter-
nating to mean stress are more malistic.rdly presented in
terms of maximum stress, as in figures 7 and 8. It is evident
that these high-stress fatigue curves based on maximum
stress cross or lie above the curves for smaller amounts of
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superimposed dynamic stress at the longer time periods when
both are considered on a maximum-stress basis.

These trends in the relationship between static and
dynamic rupture-strength characteristics are summarized by
the values of alternating stre9s versus mean stress for fracture
in 50, 150, and 500 hours in table XIII and @e 22. The
tendency for the decreasing influence of alternating stress
with increasing temperature is evident. The decreasing
influence of alternating stress with increasing time for frac-
ture is also evident, though it is not so striking as in the
curves of stress versus rupture time previously discussed.
Perhaps the most significant feature of figure 22 is the fact
that at 1,600° F superimposed alternating stresses had to be
increased to the nearly completely revelaed level to change
strength appreciably. The indication of slight strengthening
from small superimposed fatigue loads apparently was real.
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The ratio of completely reversed strength to tensile
strength tended to increase from about 0.4 to 0.68 tith
temperate. The ratios of fatigue strength to static rup-
ture strength also remained at about 0.6 at 1,000° F. Hovr-
ever, at the higher temperatwes, the fatigue strengths were
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FIGUISE 22.—Curves of alternating stress against mean stress for fmcture in 50, 150, and 500 houm at room temperature, 1,000°, 1,200°, 1,350°,
and 1,500° F.

The relative strengths under static and fatigue loads are
further compared in figure 23. This figure shows the influ-
ence of temperature on static tensile, 0.2-percent-offset yield
strength and the 50-, 150-, and 500-hour rupture strengths,
M compared with the completely reversed fatigue strengths
and the mean stresses for superimposed fatigue loads of
+7,500, +15,000, +25,000, abd +35,000 psi for the time
periods of 50, 150, and 500 hours. These curves show clearly
the temperatures for the various time periods where the con-
trolling property shifts from fatigue to static stresses. It is
interesting to note that, insofar as static strength is con-
cerned, the yield strength would govern allowable stress up
to 1,325° 1? for 50 hours and up to 1,225° F for 500 hours.
Some of the ratios involved are also of interest:

higher than the static rupture strength, the ratios ranging
up to the mtium value of 2 for 1,500° F and 500 hours.
There were variations in the data from clifTerent tests, which
will be discussed later. The general trends, however, appear
valid for the data and should not be confused by the small
differemm due to test machines.

The relationships between static and dynamic properties
appear to be controlled by the relative predominance of
creep or fatigwe damage as influenced by temperature, stress
level, and time. At high str= levels rapid repetitions of n
given stress were more damaging than a steady stress from
a static load. At temperatures where creep occurred, a
static stress eventually became more damaging than the
same stress repeat edly applied. Consequently, conditions
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Figure 23.-Continued

were reached at which the static strength was less than the
fatigue strength. This was true at shorter time periods and
increasingly higher stresw as the temperature was increased.
I?or these reasons, fatigue strengths were always lower than
static rupture strengths where creep was not involved and
for all except relatively short time periods were higher at
high temperatures where creep did occur.
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FATIGUBSTRENGTHSBASBDONCYCLBSTOFAILURE

The fatigue strengths based on cycles to foilure wore the
same as those based on time to failure when fatiae limits
were twtablished. The two differ because of va~iation of
cyclic speed in different test machines when the time periods
involved were less than those required to establish a fatigue
limit or when a definite fatigue limit was not obtained. Tho
stresses for fracture established for the arbitrarily selected
values of 107, 3X107, and 108 cycles (table XIII and fig. 24)
show such deviations. The features of figure 24 are:

(1) At 1,350° and 1,500° F the 3,600-cpm dynamic creep
test unit and the 1,500-cpm Krouse machine gave consiclw
ably difTerent values at low superimposed fatigue streams.
The strengths were time dependent under these conditions
because of the predominating effect of creep, so that higher
values were obtained in the 3,600-cpm unit than in tho
slower, 1,500 -cpm, machine.

(2) The agreement for the two axial-type units was im-
proved at high values of superimposed stresses, but it was
not perfect. The reason for this is not apparent from tho
data.

INFLUENCE OF SUPERIMPOSED FATIGUE LOADS ON CREEP

Fatigue stresses superimposed on steady static loads
appear to have the same effects on total deformation as
they do on rupture properties. (See figs. 6 and 25.) The
data do not cover so wide a range of combinations of stresses
as for rupture, but up to ratios of alternating to mean stress
of 0.67 the behavior had the same general characteristics.
The most signiiiwt difference was the substantial decrmse
in time for the total-deformation curves of figure 6 to con-
verge at 1,350° F, where the stress ratio was high enough
to reduce strength at the shorter time periods. The follow-
ing tabulation gives the time periods beyond which there
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was no appreciable effect from superimposed stress at 1,350°
F:

Time to reach equal
strengthsat ratios

Deformation of alternating to
mean stress of O,
0.25, and 0.67, hr

Rupture.. -----. -------: ------------- 2,000
2.O-percenttotal deformation----------- 800
0.6-percent total deformation----------- 100

This illuatratea strikingly the degree to which the effects
of fatigue loads were reduced for limited amounts of creep.
Superimposed alternating loads must have had leas effect on
creep than on fracture characteristic. Another way of ex-
pressing this effect would be to state that superimposed
fatigue loads probably had little effect until third+tage
creep occurred.

The lack of an appreciable effect of superimposed fatigue
loads on creep prior to the third stage is emphasized by the
almost complete absence of any effect on minimum creep
rates for stress ratios up to 0.67 at 1,350° and 1,500° l?.
(Seo fig. 5.) In reference 3 it was shown that there was no
effect of alternating stress on total creep up to the start of
third-stage creep for the same data.

The data for total deformations reported for the General
Motors rupture tests with superimposed rotating bending
(fig, 10) differ from those established by the dynamic sziial
creep tests (fig. 6). The main difference is that the General

6 1 1 I

l,350° F I,500” F
–— —4- 50 hr for 0.5% totol deforrrmtion
—+— –-&— [50 hr for o.5°10 tota[ deformation
–-n-- --- 5~ hr for 0.50/0 totol deformation
~ ~ 50 hr for 2.0% totol deformation
~ ~ 150 hr for 2.0% totol deformation
~ ~ 500 hr for 2.07. totol deformation

0 2 4 6 8 10 12- 14 16 18 20 22 24 26x103
Meon stress, psi

Frffmm 25.—Influence of superimposed fatigue stre9s on mean stres
for total deformation of 0.5 and 2.0 peroent in 50, 150, and 500
hours.

Motors teats she-iv appreciable tim~ for limited deformations
at 28,000&18,800 psi, whereas the dynamic creep tests show
&at 0.5-percent deformation was exceeded upon loading to
this stress and 2-percent deformation was reached in a very
short time period. The two sets of data agree very well at
28,000 + 7,oOO psi and for static tests. lt will be noted that,
at the high mean stress of 28,000 psi, a small amount of
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superimposed fatigue loading reduced total-deformation
strength The General Motors data indicate no effect from
substantial further increases in fatigue stress, while the
dynamic creep tests indicate continued decrease in time to
reach the deformation.

INPLU~CEOFSUP~SPOSED FATIGUESTBESS
ONmONGATIONIN THEEUPTUEE TEST

Elongations were reduced from those exhibited by static
tests in increasing amounts (table V and fig. 26) by fatigue
loading:

(1) At 1,350° F ~hen ratios of dynamic to static stress were
0.67, 1.64, and ~

(2) At 1,500° F when stress ratios were 1.64 and OJ
There was also some tend&ncy for the elongations to be

reduced at shorter time periods for the smaller dynamic
lordings.

As would be e.spected, there was very little elongation in
completely reversed stress tests. The values of 2 percent at
1,500° F were, in fact, surprisingly high. It is uncertain if
this latter effect was due to error in measurhyg matched
fractures or represented a real eflect from more creep iD
tension than in compression.

—

—

—

—

—

—

—

—

Rotio of fotigue to steody stres:

0 Stotic tests
u ‘0.25
A .67
0 1.64
Vul

—
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It was interesting to note that the high wdues of super-
imposed stress apparently eliminated the time depcnclenc.y
of elongation characteristic of static tests. There was nlso
a slight tendency for improved elongation nt the longer limo
periods for the lowest dynamic loads (strew ratio of 0.25).

This influence of alternating stress on total elongation
contrasts sharply with the absence of rm effect for limit cd
cxeep deformations or total creep through seconcl-st age creep
discussed in the previous section. While it is true tlmt the
limited total-creep effects were restricted to stress ratios of
0.25 and 0.67, it appeam that for these ratios, at least, super-
imposed dynamic stress effects are largely limited to thircl-
stage creep.

STR~TRAIN CIiARAC1’ERISTICSUNDERFATIGUELOADINQ

Completely reversed stress tests (fig. 1’7) in a rotating
cantilever beam type of test indicated that static tensile
proportional limits fell below the dynamic bencling propor-
tional limits. Apparently this is not necessarily n charac-
teristic result, inasmuch as clatn for mild steel S11OWCC1the
opposite effect (ref. 5).

Static bending tests gave load-deflection curves at room
I temperature which coincided with those for tho dynnmic

100
Fmcture tii, hr

m
1,350° F

I0,000

FIGUEE 26.—Curves of elongation againat fraoture time for combined eteady and superimposed fatigue.
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bending tests. The more gradual deviation from pro-
portionality for the bending curves is related to the
restriction of plastic yielding to the higher stressed surface
layers in the bending teats. The reason for the higher
proportional limit under bending conditions is not so clear.
Possibly testing technique, particularly sensitivity of strain
measuring equipment, could be involved.

Perhaps the most important point from the dynamic
modulus data regrmiing the relationship between static and
dynamic properties is that static or low-stress modulus data
can be very misleading in computing resonance effects. At
least for the material test~d, the tendency for dynamic
moduli to decrease with stresk is reduced by increasing
temperature and also with increased numbem of cycles.
Variations of dynamic moduli of the type shown by figure 16
could bo a source of considerable shift in vibration response
on both a stress and a number-of-cycle basis. Such varia-
tions are, however, considerably less for stresses below the
fatigue limit than for those above the fatigue limit.

DAMPINGEFFECl%

The actual data on specific damping (fig. 15) were dis-
cussed previously from the viewpoint of actual stress and
stress history. In addition, damping characteristics as
widenced in heating of test specimens were mentioned for
several of the axial-stress-type tests.

I?rom the viewpoint of the relationship between static and
fatigue properties, damping characteristics probably alter
the relationships between static and fatigue properties in a
manner that is not evident from this investigation.

Insofar as actual fatigue is concerned either in practice or
in testing, one important feature of the data is the very
widont excessive temperatures which can be induced by
high damping under high fatigue loads. For the test ma-
terial involved damping can be much higher at engineering
stress levels than would be expected from low-stress data.
It may also increase or decrease with the number of cycles of
applied stress. The surprising large damping at high stress
levels is probably related to the overheating problem en-
countered in a number of the tests in axial stress machines,
since the energy absorbed where the whole specimen is
being stressed can be quite large. This effect seems to be
critically influenced by cyclic speed and stress level in a
nonuniform manner. This observation is based on the
extremely rapid temperature increases reported for axial
tests at room temperatures and 1,000° F above certain stress
levds. Further, it seemed that the machines operated at
3,f300 cpm were more subject to such heating than was the
1,600-cpm machine. In fact, reduction of cyclic speed
during loading seemed necessary to control the heating.
Apparently, these critical effects diminish with temperature
since no one reported overheating at 1,600° 1? even though
damping increased with temperature.

High damping tends to reduce notch sensitivity. A
notch is very detrimental, however, when material damping
is important because the volume of metal at high stress in
the notch is too small to absorb much energy.

Apparently, damping characteristics can vary in diilerent
nlloys to rLconsiderable extent (ref. 5).

INFLUENCE OF CYCLIC SPEED ON FATIGUS PROPERTIES

The major emphasis in this report has been placed on
properties from a time viewpoint. The main problem has
been to relate fatigue properties to the rupture properties
which are expressed in terms of the static stress for rupture
in a spec~ed time.

Cyclic-speed effects in the fatigue tests would be expected
to:

(1) Show a diilerence in strength for a given number of
cycles where the speeds of the machines differ and the
fatigue properties are time dependent (i. e., no fatigue limit
as at high temperatures or at stresses above fatigue limit).

(2) Show a difference in fatigue strength where the cyclic
speed itself influences properties.

The data obtained show the following effects regarding
cyclic speed:

(1) Tests carried out at low values of superimposed alter-
nating stress and at high temperature where creep occurs
show differences in strength between the 3,600-epm and
1,500-opm machine data on the basis of number of cycles.
There WE little difference in strength on a time basis (com-
pare figs. 22 and 24) at 1,350° and 1,500” F.

(2) Comparisons based on number of cycles did not
eliminate the differences between the two axial tests at high
alternating+.tress vahm. (See figs. 22 and 24 at 1,350°
and 1,500° F.) Both machines indicated fatigue limits,
so that there was little difference between comparison
based on time or cycles. The 1,500-cpm machine gave the
higher strengths although it is doubtful that cyclic-speed
differences were responsible.

(3) There were differences. in fatigue strength for com-
pletely reversed stress tests. It is dMcult to determine if
this was due to cyclic-speed variation or to other causes.
Data scatter tended to obscure such efl?ects. There were a
few trends which may be due to cyclic speed:

(a) The Westinghouse 7,200-cpm machines tended to
require higher stresses than the other machines to cause
fracture in a given number of cycles. (See fig. 24.) This
was not so evident at room temperature as at temperatures
of 1,200° F and higher.

(b) In the short-time tests in the variable-peed rotating
cantilever tests the specimens tended to fracture at shorter
times than did those in the tests in the Westinghouse ma-
chines. The short-time tests were run at very slow cyclic
speeds. This, however, is not a definihily established effect,
inasmuch as some of the other tests also tended to show the
same behavior.

(c) In view of the relatively small differences between the
fatigue strengths for the variable-speed cantilever tests and
the other higher speed machines, it seems doubtful that the
cyclic speed alone had much effect; possibly the very slow
speeds resulted in low strength for short time periods.

The lowest fatigue strengths were obtained in axial stress
test machines. This, however, is apparently due to other
causes than cyclic speed.

A possible relation be@veen cyclic speed and overheating
w-as discussed under damping effects. J33gh cyclic speeds
unquestionably increase overheating from damping.

The possibility exists that fatigue nuclei may be expected
in fractures from combined stress at somewhat lower stress
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ratios for higher speed machines. This may be the

&OVISORY COMMJZTDE FOR AERONAUTICS

reason
for the slight overlap of the stress conditions for the appear-
ance of nuclei in figure 20. This does not seem unreasonable
because the slower speed machines require longer times for
fracture and there is a time-depending effect on the time of
fracture at 1,350° and 1,500° 1?.

INFLUENCE OF NOTCHES ON FATIGUE

No data were accumulated for notched specimens under
static stresses. The variable-speed rotating cantilever beam
fatigue tests indicate the very pronounced reduction of fa-
tigue strength which can result horn a notch. (See figs. 13
and 14.) The indications that there is little difference in the
fatigue strength for notched material over a wide range of
temperatures were somewhat surprising. Notch weakeiing
was reduced by increasing temperature, although there still
was a substantial difference between notched and unnotched
specimens even at 1,5000 F.

The very much longer time required for fracture of notched
specimens after the tit evidence of a crack was aIso surpris-
ing. This is particularly true in view of the very short time
difference for unnotched specimens. This should be an inter-
esting phenomenon for both stress analysis and fracture
study.

SURFACEFINISH

The most important general result of the NACA Lewis
Laboratory studies of the effects of surface finish is the evi-
dence that such effects decrease with increasing temperature.
Very little effect remained at 1,350° F, in spite of the fact
that there was a substantial effect at room temperature. This
checks the cooperator’s results on another heat of low-carbon
N-155 alloy (ref. 8), although the other heat showed lower
strengths and lower temperatures of disappearance of the
effect of surface iinish.

The influence of surface finish seems to be related more to
the procedure used in finishing the specimens than to surface
roughness (ref. 8). Polished surfaces apparently have higher
strength than plain ground specimens at low temperatures.
This, however, does not appear to be related to less surface
roughness, inasmuch as the rough surface was even stronger.
Reference 8 attributed the main effect to the comprtive
stresses induced by polishing or by the roughening procedure,
offsetting the fatigue stresses and requiring higher applied
stresses for ikacture. The reduced effect of increasing tezn-
perature was attributed to stress relief.

The data obtained for this report do not substantiate the
strees-relief theory so definitely as the previous work on the
same alloy with a lower fatiewe strength. Heating at 1,400°
F did not change the fatigue strength at room temperature for
either the ground or the polished specimens. The rough
specimens were, however, reduced to the level of the ground
specimens.

All surfaces were cold-worked by the finishing procedures.
Cold-working definitely alters strength at both low and high
temperatures and ductility charact+stics as well. It seems
improbable, therefwe, that residual-stress effects alone con-
trol the effect of surface finish. The ground surface should
have had the least cold-work and particularly a very shallow
depth of penetration. The polished and rough surfacea should

have had increasing effects. A 4-hour treatment at 1,400° 1?
would not be expected to remove the effects of such cold-
work, although it should considerably decrease the strength
and increase the ductility. It is probable that a completa
evaluation will show a complex relation between residual
stress., strength, and ductility, as reflected in fatigue prop-
erties. Thus, diflerent alloys, difFerqnt heat treatments of tho
same alloy, and diflerent response of the sanm alloy to trmt-
ment (see low fatigue strength of N–155 alloy in ref. 8) all
probably alter surface-iinish effects.

Polished specimens of the material used for this investiga-
tion prepared by different laboratories showed no significant
difl%rence in fatigue characteristics at 1,000°, 1,200°, 1,350°,
or 1,500° F. It would appear, therefore, either that there wns
little difference in surface finishes or that fatigue properties of
the alloy at these temperatures were not sensitive to vmia-
tions in polishing. The NACA Lewis Laboratory data sug-
gested that there ought to have been an effect at 1,000° and
1,200° F if there were differences in surface finish. Tlmir
data show slight effects at 1,350° F, and, if true, this would
indicate greater effects at lower temperatures. Possibly their
data at 1,350° F were not outside the scatter band and thoro
actually was no great effect even at 1,0000 F, as was indic-
ated by their data in reference 8.

The indication of an absence of surface-finish effects on
fatigue at high temperatures should not be accepted as gen-
eral until a much wider range of response of alloys to cold-
work and stress-concentration effects has been studied. In
view of the known sensitivity of other properties of heat-
resistant alloys at high temperatures to cold-work, it moms
unlikely that all alloys will be free of such effects. This seems
particularly true for bending fatigue, where stresses are o
mtium on the surface.

There is one very interesting feature of the NACA Lewis
Laboratory data. The ground specimens had a fatiguo
strength about 5,OOOpsi leas than that of the polished speci-
mens. This is the same order of magnitude as the difi’erenco
between axial and reversed bending fatigue tests. Lsiol
fatigue tests would probably be much less sensitive to surfacc-
finish effects. The ground specimens were considered to have
low strength because they were relatively free of surface-finish
effects. This suggests that a major contributing mum for tho
difference between the two types of tests was the incrensod
strength imparted to bending tests by polishing. Tlm clo-
:rease in dMerence with increasing temperature also paralI&
the influence of surface finish found by the Lewis Laboratory.

TYPES OF TIWITNG MACNINES

There were four general types of stress applied by the vari-
ms testing machines:

(1) Axial with superimposed axial fatigm load: In genernl,
;his type of test gave lower results than the bending-lypo
;=ts for completely reversed stresses. This is shown by the
iata of table Xll_I and figures 22, 23, and 24. The actual
3-N curves of figure 27 clearly show the tendency to bo
ower. h was pointed out in the surface-finish studies,
ibis difference may have largely been due to high compree-
;ion stresses in the surface of the bending specimens. The
qmeral absence of a “lmee” in the S-N curves for mial tcste
vas also evident.
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t70
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i50

*4O

cycles to ffucture

I’mmm 27.—C%mpnriwn of S-N curves from dMerent typeE of test rnaohines operated with completely revenmd stresses

The difbrence between the two types of teats tends to
disappear rut the longer times at the higher temperature.
This is more evident on a time than on a cyclic basis.

& discussed elsewhere, the data from the two axial-type
test machinea did not agree too well over the range of super-
imposed stresses from static to completely reversed stress
tests, Apparently, some variable in the characteristics of
the two machines is the most logical reason. Differences in
cyclic speed do not seem to be the answer.

The curves of alternating versus mean stress for fracture
in 50, 150, and 600 hours (fig. 22) at 1,000° F were irregular
and approached closer to the 1,2000 F curves than would be
expected. No evident reason was found to explain the
difference. It was noted that the specimens tested at 1,000°
1? showed fatigue nuclei at rather low stress ratios, wherew
those tested at 1,200° F showed the opposite effect. It also
should be noted that the Krouae machine tended to give
higher strengths than the dynamic creep machine. It is
possible that the Sonntag machine gives lower dmngtbs
than the Krouse machine, pulling the cm-ma together at
1,000° and 1,200° F.

(2) Steady axial loads with superimposed rotating bend-
ing fatigue loads: Only a few tests were made with this
type of machine and only one specimen fractured at the
point of maximum stress This one test agreed very well
“with those made in the rurial fatigue machines. The very
little evidence indicatm agreement between the two types of
stressing. The reason some of the specimens fractured
away from the point of maximum stre9s in this test remains
unexplained.

(3) Cantilever beam tests, vibrating in one plane with
completely reversed strew: Only one machine of this type
was involved, although it was used by two laboratories.
Differem%zed specimens were used ia the two laboratories.
While there were minor variations in the reported fatigm
strength, it is doubtful that the differences were outside the
normal scatter of the data.

(4) Rotating cantilever beam tests: Some variation in
reported fatigue strengths existed between the various rotat-
@g beam tests and the fixed bending tests. (See table
XIII and figs. 22, 24, and 27.) 11 is diilicult to determine
whether such variations were real or reflected data scatter.
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There vm.s a. slight tendency for the rotating test mwhinw
to give lower strengths than the Westinghouse fixed bending
machine. The low curve at 1,350° F reported for the NEES
tests was largely due to the cooperator’s drawing the curve
on the low side of sparse data. The test points (fig. 27)
agree reasonably well with those for the other tests.

In the very slow variabla-speed rotating tests the specimens
tended to fracture at short time periods at the higher stress
(fig. 27). This suggests a possible reduction in strength at
low cyclic speeds. Otherwise, the results of the variable-
speed tests rg~eed reasonably well with those of the other
tests.

LIMITATIONSOFFINDINGS

The major limitation of the relationships developed in
this report is their restriction to one alloy with one heat
treatment. It is expected that the trends are characteristic
of static and fatigue tests. It is, however, reasonably cer-
tain that the characteristic effects will vary in temperature,
time period, and magnitude for various alloys or for the
same alloy with varying heat treatments. The data in this
report indicate that increased creep resistance will increase
the temperatures and time to which fatigue will control prop-
erties. This, however, will probably be altered by fracture
characteristics at least and probably by other characteristic
not immediately evident. For instance, factors which mini-
mize third-stage creep ought to minimize the effects of super-
imposed fatigue or steady loads. Alloys may di.iler consider-
ably in smsit.ivity to surface-finish effects. Likewise, the

detrimental effect of large grain size on fatigue rcsistanco is
reported to be important.

Many of the fatigue+trehgth values reportrxl, parLicuhwly
for the high alternating-stress axial tests, are bared on very
limited data and are only approximate. The reported diffi-
culties from overheating by damping in these types of tests
also raise the question as to how much influence from this
source is reflected in the data.

The Rolls-Royce drLta suggest that an appmciablo amount
of s~tter in the data may have been clue to vnriotions from
specimm to specimen. The substantial dtierence in fatigue
strength for completely revemed rmtinlstress tests at 1,500°
F on specimens prepared at Michigan and thoso prepamcl rk
Minnesota also points to the possibility of some contribution
to scxtter from -radiations in he~t treatment.

There are minor differences in data due to peculiarities of
test machines, although presumably the machines npplicd
the same combinations of stresses. These difference (10
not, and should not, complicate tho overnll trends. They
simply point out that characteristics of diffcmm~ mnchims
alter the results of the tests to a minor degree. Thmo COldd
at least be related to the ncturd shape of tho sLress pottorn,
the way the stresses me applied, or to some of the m-idonb
dii%culties of calibration.

NACA lhADQUARTERS,

WASHI~QTO~, D. C., June 16, 1963.



PROCESSING OF LOW-CARBON N-155 l-INCH ROUND BAR
STOCK

The Univcrsnl-Cyclops Steel Corporation reported the processing of
the Iow-oarbon N–155 bar stock to be ns follows.

An ingot was hammer-cogged and then rolled to bar stook under the
following conditions:

(1)

(2)

(3)

(4)

(5)

((3)

(7)

(8)

Hammer-cogged to a 13-inch square from a 15j4-inch ingot
Furnace temperature, 2,210° to 2,220° F
Three heats-Starting temperature on die, 2,050° to 2,070° F

Finfsh tempemture on die, 1,830° to 1,870° F
Hammer-cogged to a 10~&inch square
Furnace tempemture, 2,200° to 2,220° F
Three l)eats-Starting temperature on die, 2,050° to 2,070° F

Finish tempemture on die, 1,790° to 1,800° F
Hammer-cogged to n 7-inch squatw
Furnnco temperature, 2,200° to 2,220° F
Three heats-starting temperature on die, 2,050° to 2,070° F

Finish tem~mture on die, 1,790° to 1,890° F
BLlletsground to remove surface defects
Hammer-cogged to a 4inch square
Furnace temperature,2,190° to 2,210° F
Three heats-starting temperatureon die, 2,040° to 2,060° F

Finish temperatureon die, 1,680° to 1,880° F
BBfctsground to remove surface defects
Hammer-cogged to a 2-inch square
Furnace temperature, 2,1806 to 2,210° F
Three heats-Starting temperature on die, 2,050° to 2,065° F

Finish temperature on die, 1,730° to 1,870° F
Billets ground to remove surface defects
l-inoh rounds were rolled from 2-inch equare billets in one heat.

The 2-inuh bars were heated in a furnace at 2,100° to 2,115° F;
tho temperature at the start of rolling was 2,050° to 2,060° F;
and the tlnishfng temperatures were from 1,820° to 1,840° F.
The bma were numbered in order of their position in the ingot.

Bars were twigned Iettera from A through Z, bar A representing
tho extreme bottom of the ingot and bar Z the extreme top
position.

All billets were kept in number sequence throughout all process-
ing, so that ingot position of any bar could be determined by
its letter.

All bars were cooled on the bed and no anneal or stress relief
was applied after rolling.
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TABLE I.—BRIA-ELL HARDNESS RANGES OF TEST STOCK

meattreatment3237 F for 1 hr, wa~mnchcd, md 16hr at 1,40)” F: NAOA dfdz

JA
JB
JC
JD
JE

JF
JG
JH
JI
JJ

JK
JL
JJI
JN
JO
JP

JQ
JR
JS
JT
JU

J~T

JW
JX
JY
JZ

Overall range

from Unfvcrsfty of Afich@n]

Bnnell hardnem b

Surface

207–220
197–212
210-212
207–208
204-216

19!3-214
198-215
203-212
192-215
209-212

203-208
211–214

203
205-208
206-208
201-213

201-215
211–215
206-211
205-211
204-208

205-207
208-208
203-211
211-212
202-205

192-220

Crrss section

217–218

207-214
214-216

210-214
212-217

212-214

201–216
205-212

201-213

210-211

20>213
211-215

200
213-214

212-214
211-211

213-216
212-216
208-212
206-210

213-215

211-212

210-216
210-214

211–216

209-211

200-218

Range

207-220

197-214
210-216

207–213
2fJ&217

199-214

198-216
203-212

192–215
209-212

203-213

211-215
200-203
205-214
206-214

201-213

201–216

211-216
206-212
205-211

204-215

205-212
208-216

203-214
211-216

202–211

192-220

* Specimenstaken from ~ Mm mnrkti A through Z. A rqmmnts bttom bar from In.
Z& and Z, top bm from Lngot,wfth the others lettered mmwmtfmly In betweem

bHardness valuesmwe taken on mmpk cut from center and each end of every bar.
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TABLE II—TENSILE TEST DATA TABLE IV.-AXIAL FATIGUE DATA FROM 3,600-CPM
DYNAMIC CREEP TEST MACHINE

[Matzrfalsbberatary,WADO,datafromSyraumeUnlversftynndUnfvenltyof Mlnnemtol
~AOA data frnrnUXIIVertJW of MM&n]

Pm] offaetyfeMstrer@w@ EfOn-

O.m
w-
mnt

sp3d-
mon

‘ P=-
carxt

2hh-1-
0.o1 010
P=-
mnt m%;

Jan
n-l

JF1
JWl
n14

ml
JG1

JXl
JNl

JFl
JRI

4LfoJ 46fol
Qlm 47,Om

~ 760 3~ m
28#fm 3L m
2$2s3 3ZEJI

!q 7m 29,m)
awl 29,ml

Z&m 27,w
!Q6m am

m, IXXI am
m,rm am

4&7m @lfo
m,m qm

E&cm
@&m

3&m
Qfm
37,m

3&2&J
36,m

m,’m
37,‘m

3&8m
*am

43.0
425

44.5
39.5
420

33.0
33-0

27.5
255

1s.5
26.6

4&2
45.5

4%3
46.7
47.1

3%0
346

2S6
2S6

2e.8
27.1

21,fmkt4f, m
21,fim+Q ml
~l@3M+!axJ

mw~
0+44,m
0447,m
0+47,m
o+6zfaJ
0+62!WJ

19,- m
21,ffm+37,m
19,7fXkt30,3m
1s+ml+m, m
19,ilKl+3q am
m, awe, an
m, OXEMO,ao

0+48 m
H, m
0341,m
0+43!4m
am
IM4$.ml
IM43m
fH43!6m
Lk14%m
0448 m
04% m
(J#$ml

JU-23
JB-23
JE-21
JF-m
m-m(l)
m-21

JT-22(2)
JP-19
JT-22(3)
NlmIF(I)
Nlm)F
JL19
Nlz33F
Nlz34F
N1231F(!J)
N1252F
J@o(l)
JJ18(1)
Jf?a
J8-21
JOm(2)
JJ18(2)
NlmoF
NfIz7F(l)
Nfz%F
NJ227F(2)
NJ236F
NfzJ7F(3)

6.3)(101
328

.s
2.9

1u36
I&o
67.0

.cu

.07
2h3

.m4

.06

.04
la 6
L 1
.83

69.6
40.4

.03

.Wa

.ms

.fm

.01
m.?

.m
3a3

.m
,14

b24.0
lmo
.1.6
la 2

dm2. o
326

d ,207.6

f. a9
K 36

h117.o
! 018
3.0
J.17

4.%1
khl

4.4
d270.9
1137.4

t.13
m.fm
%026
.. 1.9
m.06

da]4zo
*.16

d,lf&O

~.M

% 03

Rmm

Rmm

1,m
1,m
1,m

1,am

20

.

20
1.8
20

m

ra,760 34,7m
m, 7.93 33,m

TABLE 111.-RUPTUIW TEST DATA

~AOA dsbafrom Univerdtyof MMIfmn]

Rn&ro

br

E&k&-

r%

ReJinc&n

permnt

. Spm4xnonnnmbem with J pradx prepued by Mlchlgon. Sfmofrncnnumbers with N
prefJxprepmd by Mfnmd8.

ba~ (~@) W whfd bat sr=mfmenand tipped teat.
. spwfrnen haturedfntbrmds.
a Test stoppd More spmfmemmptxrred.
. Prevfons stremhfstory. SeoJT-~(1) for prevfons tmtfng of mrnospwfmcn.
f Test smtnn of spdmen atkifned duff red-heatmlor vrlth canmquont clongntlon of 8fmof-

Xnen, Ubfch Stepmte3t.
cPKMWE* *. % m+(l) nnd(2). SWOlrnentimpwnturo rose fmm 76” tn

FIP~tiY W F drn+w tfme of tak
hTat stoppd More ~ mptmred. Variabkpwd start-upprc-mdurorrsrd to rmx-

trcddamping hint.
1Spmlrmmmptured bfore maohfneattalrxed3,@I own. Stressm.fcalatedon tmsfsof mnxl.

rmmJ_ a~~ V@bl_ *P procedure used to mntrof damplou bent.
JSpmfmen tammtrue mm m“ fmm lW F wfthln 20seaoftor rnedlno Wrdnrd 3,ml

Wm. V*b~ ~P PIW@dUrEMed to WIXtTOld8mpiXl13heat.
kPrevfonastrm hlstury. SeoN1231F(l).
1T- stoppi &fare speefmenrnptmwf. Alr bfmt used to mntrrd spwfrncn hentlng at

approximately SW F.
. spwimeJxternpautmreram from ~“ to approximately I,lW” F wltbfn W am oftcr ma.

ehfneatt8fned 3,.911opm.
. Proviorrsstrmshfstory. SeoJOW1). Specfrnentemwraturo raw from BW’ to opproxl.

nmtefy l,IM F withfrr 93smatter nmehfneattrdrrti 3,11xIopm.
o PreviorM da-wsMstOry. Sm JJ18(1). Sp3cirrrentemperntumrusefrom WI” to OpprOxl-

nmtely IJLWYF aftar machfno attsfrmf 3,@xIcprn. Therrrmmuplo Mhn’o omurrrd z mln
nftexstartfngtest. Afrbfastrmed.

DSpdrnerr temp3@xmo rma frmxx9S0°tn approximately lj04W F fn about 20 ecu. Alr
blast n@-

a Varfabl_ stnrt-npprndnre nsed to mrxtroldnrnplngheat.
, Sfmfnxen taqk?ra-rcmofrom 1~” to l,liXP F In approxfmntily Xl W. Vnrfnblc-sprwJ

stm-t-npprordure nsed; epmfrnen ruptured before mmhlno attnined 3,fOl 0pm. Strem
mfadatd on M of maxlmorn @ attafnd.

● Prevfnne etreashistory. &e NM27F(I). Vnrfable speedstart-upprarmhxreud h mn.
ho] pen damping beak

t Specimen tarqmra~ rme fmrn l#XP to lJLW F at tfmo of mpturc. Vnrfnbl&s@
start-ripprocedurerlmd.

EPrm-fensstresshfstory. SW NwF(l) and (2). Spedrnen tenrfmmturerme from 1~
b l@fP Fat tJmeof mptnre. Ve.rfabl_ stnrt-npprocedureur.ed.

JUO
JT9
JH9
JPlo
JL9

JX3
JB12
J.&l
JM2
JQ1
JM8
JDl

JS1
JOI
JIM
JJl
JTI
JIl

ml
JKl
JO1
JHl
JSIO

● JX4
●m
bJA21
hJAM
● JR17

39
m

us
346
m

%
47
61
m

IQ5

LE

63
112
248
3?-2
IM5

L 281

dl
lM
m
675

L 361

m
.m2
484
470
b5J

23
23
17
13
13

14
11
11
10
8-6

16
la

m
40
36
43
30
m

37

32

37

?3

m

17
--------

24
m
28

24
25
17
14
12

12
10
10
16
15
10
m

m
37
26
m
m
12

34
a
26
28
13

13
------- .

26
22
la

* 8pdmenn made for dynarnk.U&p testsat Symcxrs&
bO-denr. ~ With l-h gageImrgth.
● o.2mfrx.dhrn. Spednren W-Mb 2-fn. gage IeYxgth_
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TABLE W.-AXIAL FATIGUE DATA FROM 3,600-CPM
DYNAMIC CREEP TEST MACHIN&Continued

TABLE IV.-AXIAL FATIGUE DATA FROM 3,600-CPM
DYNAMIC CREEP TEST MACHINT&Conaluded

(o) 1~ and l#@ F(b) L861PF.

4 , , 1 I 1
Roth

Teat of after- oy*ti: frac- Tfme for Elorrm-

‘-C” *W’ <~. ‘-’ ‘1
fmd#re, tfenny

(’)

unfforrnaeJm4ergagelength,2hr.10”3
Urdforma?.rnetel graelonstb 2 fn. long

P)
l, fm.tl

3W5
022L2

67.2
47.9
249
m7

~ 117.0
qmo

41119
dm3
m. 5
S.4
149
8.0

4,ceao
MO.o
Z6.5
S&l
2aa

d16.7
IQ 9

4$alHo
S&akto
Qfwkto

X3
17,w
37,13M+6,m
qfml+~m
3QrJll+7,m
n, iW3a%876
26,flxb%$2Eo
23,+8W
19,fxlo+& 7W
17,&3kE4,4@l
29,W19, W2
27,@WM&lWl
23 WO+17,&?2
Mf@l+lll Mm
2&mWf$@?4
24,w~@M
?.3W4203
2q ml+14, w
19,Ici3+lz m
l&fOMMzfcul
17,&llaW,71W
17,d31+11,m

4.0
228
&%8

X8.8
1,114.7
~ 186.0

7.6
27.2
@L2

la 7
6fa3
ma

qm
3,763

11.3
23.0
WI.o

278.0
103.0
KG!.6
367.2
SW1.o

& 107
b!L~

%S21
3,349

JJ-6
JY-6
Jbf-22
JA-al
JC-6
JZ-16
JN-6
JIf-13
JK-13
JC-10
JF-11
JO-6
JV-13
JQ-6
JK-6
J2-19
JO+
JP-5
JM-2J
JZ-m
JY+
JA-19
Jf-11
JD-13
JX-6
JQ-14

JP-12
Jr-6
JE-6
JH-10
JV-8
JA-16
JO-6
JB-6
JR-lo
JH-6
JF+
JT-6
JE-12
JL-6
Jb-m
W-4
J8-6
JT-11
JW-6
JD-6
nlo
JG-12
JV-13

1,Cal
4

Lml

I, W3

o

.26

.67

..........-
-----------
-----------
--—-------

..---
11.6

IL 7
17.0
25.2
!2%0
344
X4
11.1
11.9
16.4
9.6

2L 3
lQ 9
ao
al
5.9

10.2
lh 8
la 3
2L8
13.7
19.a

la 4
31.4
247
as
17.9
lh o
l&6
17.4
19.0
249
~8
223
26.8
14.0
1X6
8.7

146
&o
‘AS
7.5

11.9
7.9

120
-. . ..-

11.0
&o

1,369

1,2M

1,346

0

.26

.67

-.---------

............
------------

1.M Xl@
&m

lL3
2&8

112
147.2
m
817

2.44
497

ELM
60.0
2366
6b.6
S&75

1145
4s20
640.0
w. o
7240

---------- -
m. Oxlcl+
633.0
=S
&16
46.2
ls. o
%2
L7

SS6.0
la o
49.0
la 4
7&4
43
.14

JL-8
JI-14
JY-9
JK-11
TY-10
J8-13
JW-9
JR-14
Jx+
JU-14
JI-15

.JH-15
J&14

1,m

1,m

0.67 ufw+%~
1$ Sm+ll, m

L64 9,f03+14,m
u, fK41+l&m
lf4w19.7fm
lIJ W+21, m
l~lxll+qam
ll$fai+2i,6fIl

. 0+21,m
mm
6+24 @xl
6+26,3W
o+2&3@3

18L0 Xlw S3-7.s 11.4
n. o lx I 16.8

n~ o 1,273.0 --–-
741 348.7 Lo
324 la o 7.0
10.9 &l.7 &o
a2 147 as
.6s .4 &o

mo 1,048.0 28
llh 6 ml ..–.
229 106.1 3.4
23.0 lm. 9 24
L 8 as L 6

m-s 1,WI 1.M
m-lo
JO-O
JP-11
JV-16
Jx-lo I,sm -
JO-6
JT-14
JV-14

IL-4X!
l&lM)+2$2im
le$m,lm
17,0W41’,’W
I&@IaWJ, Km

fl+@6uo
o+3-7#1
lM2&8m
0+33,m

17.16XIIY
~6
146
9.66
&@
awl
.W44
.012

.TJ&o
2JR0
67.7
442
23.5

.316.0
4mfn
2mln
lmfrr

------
24
48
48
8.0
.2
.2
.4

1.0

1,600

.ms

● Elongotlonefor unlformdlametw spedroenswwo meamred over a 2-fn. sagelenstb. For Proffle spedmerMhmt-tmated end macbfned at Mfnnemta
profile spdmens, elongotfonswao obtafrredby a rabble factor to gfve wmfvofent perrant-
ngeof vofne9. (See ref. 3.)

b ContreUer fnfforoat 2JZY3hr. Estfrnated rupture tfme wes 2jEL0hr.
. T@ stopped beforeMum bwnw+eof km long tie for fractme.

--—-
-----
.----
----
----
---.-

&t2&3fm

&M’
l-&z36co
0+2a,Cm
O+a, m

241 Xl@
3.39

16.1
.S1

218
.646

. llL 6
1&7
74.6
3.7

la 1
.2

N123EF(1)
fNlZ36F@)
N12t8F
N1240F
N1239F
N1237F

1,m

*Elongations for unfform-dfametar -ens wem m~ over a 2-in. gage kwth.
For prodfe sprxf.maq efmgatkms were obtafmi by a saitable factor to give eqnfrakmt
percentageof Valne!. (SeaM. 3.)

bDkentfnrred; unbroken at 5,~ br.
. Tast stopped befma faffmB kmse of efther tc+ Ieng tfme for fracture or er@rnentaf

dfmcnftk.
dTarn~tnra ~Flmvfor2hr at begbmfmgoftmt.
●StatlmUy Iradal for lW br at 14,@31PSIprfor to dynamlo leadfng.
[Pravfenely ktal r%r11L6hat 5S26,WJP3fbefore tbfa test.
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TABLE V.—KROUSE AXIAL l, SOO-CPN1
FATIGUE TEST DATA

[Omwof Nad Ikearcb and NAOA data from B8ttelle Memorinf InstrtuteI

Test s%@ O&&cles Tfme to
S-n tenlFD., fractt

n7 I,3XI 4Qm&&am L&2 XIIY 14.i
JD2 3%@xkt23,m 6.16 6?-5
JP2 35,W%tM, m h27 &3.6
Je17 35,@kt2&m &m @L6
Jr4 Qm+2&m 11.m k 132
JTi a,aa&2&cm 37.10 .m
JE7 1,m 55,W15, m .31 Z 46
JV6 4&WJ+f4am !M.2
JJl 3Q@J+l& am ;. E 3ML5
JC3 1,m m, cIM+7,m 4.L9 46.4
JQ2 * @3J+7,m 11.79 131
JQ6 ~ m+7, 5m @.01 i6i

bJD12 1,3m o+4&a31 .065 .065
bJC9 Mm) .022 .244
bJVf2 o+Qcm .016 .18
bJK12 0+40,cm 13.19 148.5

JJ14 6+37,m .023 .26
JT16 o+3& m m. 021 311.a
J08 1,WI 13IXlls @m .8 %8
J-MS u-~ 10..5SS 11&2
JQll l~cOo+3&m 17.94 wi
JlJ8 &M~ 67.* 749
JP7 1,3.!U 30,fmkt2&m .378 ~~

J07 a-~ .ea 7.3
JG2 2$ fmJ*m 6.23 69,2
JF14 =-~ =~ m. 6
JM18 1,w X2WI+ m 2.25 25
JN2 27,&m+l& m &10 5&6
JB2 2L033+l&m 220 244
JD8 22 .5m+l& m 56.0 ml
JZ6 Lw Q 5M+7, m 5.62 EiL4
JZ8 q @33+7Jm %04 lcll 3
JK2 2&@3J+7,m 3.267 ‘f&3
JV19 1,&l) 7.m2 8S6
JVi’9 z%’ l& 247 ‘20Z6
JW16 0+27,m ●a762 .s.2
JO1.t cktm,m d8L50 dW6
JY16 1,m 1~-m ..23 Xc-r ●3.12
JEf6 l$~fil) %.s9 40.0
JIHo 17,- w {1L321 fmu
JK16 14crCktfqiWJ 9.318 103.6
JL14 l&Wi?m 15.979 lE. 6
JM6 ~5m 20,cmkH5,am 215 23.9
JS2 17,LWkkl&w lL 6’3 E%-?
JM2 lb 0XI+15,m 18.72 !m3
JK7 l~rllkkl&fIXl 1%63 ML 5
JT2 1,m K$W6*7, m 4.0 44.4
JH7 17,W-1+7,m IL 8 131
Jv3 15093+7,m 2L 91 244
JZ13 14,5cIJ+7,m 39.78 442

. Tests at +7@3, +16w, and +26@J M were* ~~ sp2dmen barfng mnflgnratlon
4hO~ byfw. l(c); e.llothertmta wem made on ~abavmby fig. l(d).

bTests not plotted bemrrsaremits mnfd not im checked by mbsequent tei$
0Result of testappearsto knre beenat7m4edby bearing faflnraand replwemmt dnrfng tbe

t@-
dTeat dfsmntlnned bemuseof prcdmblefmcture tfme - ex~ve.
● DefediYe bmrfn~
[T@ dtsmatfnued beenws et test-mrdlne fatlnre.

I

TABLE VI.-SONNTAG SF-4 3,600-CPM
AXIAL FATIGUE TEST DATA

[EluattCompanydatn]

Test
Smen (lllwmti Ttmc to

~$”’
strew, fml frn;t:re,

— . ——

. JL21 76 75,0m+39,w 0.13 Xl@ o.m
* JCi2 . . . . . . . . . . 76,WGt33,ESO .02m l,ZJ
●JY23 ---------- 75,0xkt27,m 3.M 17.8

JX5 l.m 75,KIJ*14, 470 L 640 7.m
JVII . . . . . . . . . . 76,W+ 4,8f0 61.5)4 239.0
JTIo l,am 60,fml+!29,@l .421 1.95

* bJBx . . . . . . . . . . 60,fnJ+27,360 1.49 am
, b JJ19 ----.e.--- 60,mJ+23, &w m. lm al.3

JS1l . . . . . . . . . . 60,aBJ+19,010 17.I&w 79.6
.c~ ---------- 0), f@l*19, 910 13J.8 Lm5.o

sbd~ ---.--7--- 60,MI+17, 410 n. 818 3m4o
,b.J~ ---------- em,0XI*17, 410 62341 ‘2s3.0
•b.J~ ---------- 60,w&17, 410 E3.F&l 249

J’W6 ---------- 60,w%t16,430 53.707 249
JY6 l,IYXI %-= 6.181 2$.0

s JP2f . . . . . . . ..- 45,M&t2q840 Z!ml 10.3
JX9 . . . . . . . . . . 45,@xr+21,410 161.249 ml

.oJ~ ----.----- 45,aw41m fw. m f439
●JIM ---------- 45,W9, 410 77’.242 %7
*J-FM 1,am 40,Om+zs,m 3.8X 17.7
*m ---------- 40,1-JXH27,W0 6.s-23 3!A4
* JJ20 .. . . . . . . . . 40,fm&t2&3so f 316.761 f 1,460
* JE22 ---------- 40,CUJ+25,3S0 ZO.402 t%o

JEll 1,3Y3 2s,wM24,1mo w . . . . . . . . . . . . . .
JG1l . . . . . . . ..- zs.wkt24, fc0 (b) ---=m--

JDl . . . . . . . ..- m,m19, fraJ 12844 59.6
J@ . . . . . . . . . . Zj,awm,m 11.667 54
JDI1 ---.--.-.- !za.m* 7,469 ?3.878 157
JH8 .--.-.---- almo+ 7,469 25.751 119
JF1o .--.-..--- m,cnm+ 3,%34 46.93’3 217

. T@ run af~ redndng mmntrfotty of grips.
bSpeelmenm@dned by Elflatt Com~Y.
. T@ mnaldti prelmbfy to be untrustvmrtby; only knowu dlflkmlty was dlght redllc

,iensefdtemdfng ~ for 2 br due to alfpmge h a tloxlblo~pltng.
d Tamwtnro fmmd 60” F low just PrfOr to fmctnro.
. T@a fntcrrnpti twe or three times &musa of mrmx fatlurm or mochbroshukfowns.
f Dfsmntfnrmi.
c Bin?@upon .@m-tIng.
hExcmstre meq Um Stnrtlng.

TABLE VII.-STRESS-RUPTURE TESTS WITH SUPER-
IMPOSED ROTATING BENDING STRESS

~ tititti DlvklaniGenemlhlotora C%rporntfon,rrmcbfnomrd datn]

Spdmon

JV17
JX1-t
JW12
JO1l
JW14

Test
tern

0 #“’

——

1,m
------
-. ..-.

------

--l
S:mteaylo&’2%m

Strem, Strom,
pi pd

23.OJI *19, m
am *1Z m
‘am +5, 100
Z%.am *7, !2YJ
Z3.m +0

yOw

‘2Loxw
25.3
St
23
0

Ttma ta
Iroohtym,

●3so
b&4.6
.m.b
b51,0

d OIW

Efot$a-

Mreent

0,78
117.5
Mr. 6
139,b
153.7

. Fatfgne fntfureat pcdntof mexfmmmst~ (+6tn. above lower shoulderof apecfrnen).
b Ruptnmfallnroat thermmeuple strep weld remote fram point of ruaxlmumstrees(l;f~

n. from upperdmnlderofwwknm).
● Rupturefaflnreremotefmmpaintofmaxtmuraatremmd thermrmuplowrkfs.
dSpmlm8ndefermattenrmcbedIImltof nmchbrent lW hn creepdata Indlmtedfalkm

beforem br.
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TABLE IX-EFFECT OF SURFACE FINISH ON REVERSED
BENDING FATIGUE DATA FROM WESTINGHOUSE 7,200-

TABLE VIIL-REVERSED BENDING I?ATIGUE DATA
FROM WESTINGHOUSE 7,2WCPM MACHINE

~wlnghanss dntah O.w-frL-dlBnl. sp?dmensl‘ CPM MACHINE
@wfs TM)orstory, NAOA, data fcm0X33-fn.-df8m.pen]

~‘;’”l“:+Y ‘k&’
Room + 69,000 0. 195X1W 0.45

* 04,000 .37 .86
+ 59,500 1.1 2.55
+ 57,000 1.1 2.55
+ 66,000 .69 1.6
+ 55,500 ~?ll a 1, 645
* 54,500 “ 150 “ 347

1,000 + 59,000 .19 .44
+51, 000 .85 1.97
i 50,500 .90 208
* 49,000 1.22 2.82
& 48,500 a 210 -487

1,200 + 51, 000 .55 1.27
+47, 000 2.35 5.44
*46, 500 79 1.8
& 46,000 200. 463

b +48, 500 1.77 4.1
b 3546, 500 2.05 475
b ~ 45, 000 “ 508 a 1, 175

1,350 i 46,000 1.5 3.47
+44, 000 1.75 405

+ 43,500 1.88

*41, 500 44 10.17

+ 39,500 64 148

+ 39,500 ● 430 m994

* 39,000 115. s 268
* 38,500 52 120

1,500 + 35,000 43 .99
* 33,500 5:9 13.7
+ 31,500 4.9 11.3
& 30,500 20.5 47.5
* 28,000 12.8 29.6
& 26,500 109 252
& 26,500 190 440

b & 30, 500 7.2 16.7
b & 27, 000 138 320
b & 26, 000 33.45 77.4

Pollshed flnl@lI:4-6mferoh. I-Ire

o.aaxliY
Zitl
L60

L64

LB

B 14

&o

. Ii
LZ

‘4.36

43.3

1%o

●92

o.w
&4
3,7
3.8
3.0

426
13,9

.4 .
4.1

10.1
ml. a
ml

212

JIMl
JS!B)
JO19
JK21
JIIO

JT20
J120
JL17
JE20

Room

Lzal

chonnd fmfsh: xl-% mfuofn m

Rmm

Lw

o.alxlfP
1.62

40.0
. la

LOi
40.0

0.n
4.46

S??5
.3

2-47
026

Ml

..------

--------

Rou@ M: 76-Wmkofn. rms

Rcmm

1,2-XI

awl
*&$ m
+57, m
*6& m
*Q Elm
4+2, m
*WI
*2IM
*m
*2QI

1.IMX1O$
1.6s
LtO

w o
ino

.215

.7i
7.1
&o

66.0

25
X6
37

69..4
@4

.23

..41
l.i ‘4
l&5

11s.6

--------

--------

Specimensturned to .?hsP and @shed

JYfl 1,3m a Iusxw
.05

L 21
6.a7

17.h!!
2212
a 15
24-e2

fim M

0.25
23
2.s

~~ g

4(L7
5L 3
1318
Si.o

2s17

JK14
JT16
JW1l
JO1O
JP17
JG16
JV16
JJ13

● Dlsmntlnuwl.
bSP@UMnE IIUIOhbmdby ordfnmY SbOPPmOtm.

Pcdfshedand stresdf ewd for 4 br at 1,403°F

L 23X1(Y 29
LKI 28
.s 20

.5.4 14a
13 all

●52 Ml

Rmm--------

Po]- stres$mlfeved for 4 br at 1,40WF, ond repolfslwd

-------- Room L 4bX1W %35
22 3.M 7.75
*4 ml ‘s.2 Ma

I
*m, m 24.5 65s
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TABLE =—EFFECT OF SURFACE F’DTISH ON REVERSED TABLE XI.-ROTATING CANTILEVER BEAM I?ATIQUE
DATA FROM ROLLS-ROYCE 5,500-CPM MACHINE

Eollc-Royce data for 0.1@14m- ground spodnwm from qumtorod l-in.dlom. born]

BENDING FATIGUE DATA FROM WESTINGHOUSE 7,200-
CPNI MACHINE-Continued

$%’AMermt-
lrlgS&es%

TlmtI to
fray

Glmnd and Sti-eti for 4 hr at 1,433”F

JX15
Jx15
JS16
JX15
Jx15
JX15
JX16
JX16
JX15
JX16

JP14
JR16
JR16
JP14
JR16
JS15
JR16
JP14
JR16
JP14

JP14
m14
JP14
JP14
JS16
JR16
JS15
JP14
JP14
JS15
JS16
JS16
JR16
JR16
JR16

1,!m3
l,m
1,m
1,m
1,m
l,m
1,m
1,m
1,m
1,2323

1,355
1,255
Lm
1,2.55
1,255
1,255
1,253
1,M5
1,355
1,2-55

1,504
1,W-4
1,m
1,504
l,m4
1,f4n
1,EC-4
1,m4
1,.9)4
1,504
1,504
1,m
1,m’f
1,504
1,W4

+49, ‘m
+48, WI
S& lcm
+47,m
+47,m
445, m
*m
+44, m
+4% m
*38, m

2%’
+46, m
+46, !Em
+39, lW

Zz
*am
+35, 750
+35, 7W

+?.5,m
+2$, m
+?3, W2
em
al,m
+31,4UI
s, m
w, m
+31, m
+36, m
+36, m
s, m
+29, w
M, m
*m

~O.cmzxlw
b.W6
4m
b.C-tO
b.024
.740

●34.24
● 145.87

● 11.M
●MM

.47

.n
1.69
216
3.43
2!29
273

93.27
●24.2
034.W

1.15
.W1
.93

9.24
19.27
245

Z.35
1.93

.11 .72
41.o
Za

3212
7.63

15.03
n.28

0.76
.20

13.9
.12
.07

t24
164
441
35
73

1.42
22s
6,00
0.51

10.4
a70
a27

262
n

Kr3

3.4.s
z 42
2.91

23
64
7.46

01
6.85

35
1X

7.3
10J
23
46

216

-------- Room *EZ m L4s2=wY 3.35
+4&5fm eL9 la o
+47, WJ 44 102

ROughemi and z&ess+Wev@3alt@r4hratl,40P F

.... -—- Rmm *C%m o.82X1W L9
*Q m L65 3.8
+S3, m 21 4.8
*7, XnJ 44
*m .l; lQI

UnbroMm.

TABLE X.—FATIGUE DATA FROM VARIABLE43PEED RO-
TATING CANTILEVER BEAM TESTS ON UNNOTCHED
AND NOTCHED SPECIMENS

~atcrhb J.domtcay, TVADO, data fmm Urdvei%ty of Mfnnwoh]

Tfme to Averwo
fmctmmhr OYdh?’emsp2dmem

Unnotdlei Zpe&neTls

~*i&6m
5% m
+64,ml
++9, m
*WJ
~4m

+47, 4W
+44, Km
M, m
+37, !200
*4YJ

*W
*32, m
4+.9,m

●+zil,m

mo
JEL5
me
JJ15
JE17
JT18

JY16
JY17
JT17
JW18
J122J

JP16
m9
JF17
JS17

Rmm

l,2&J

l,m

18
53
E2
‘w

bl,032

9
64
m

2s3
2%7

9
la
49

216

&n
lzls
m
m

7,m

18
24L5
lm
375
4!23

8L7
m. 5

272

la

SI,20VS F; K%5”+zF R 1,634°+30F.
bWMnfnmY ~: emd~~ cadY rmmmshmatelx.mnw of motor ovwrun at frdho. .
. Spednm&fm&wL

TABLE XII.—NEES ROTATING CANTILEVER BEAM
FATIGUE TEST DATA

@J.S.NavafEnglneeiingExperimentStatIon l,~m mmhlno and dnto]

I

T@
tern

0 $“’

Al~tin4wting

psi ‘

f3#at: Timo to
fraoturo,

hr
Specimen

Notdled Sp3dmms

JHm
J016
JF16(2)
JO1.S
JL15
JV19
ml
JC17
JF16(1)

m8
JU21
Jslo
JE16
J016

JF15
JL16
JL15

Room

1,w

L&m

29
14
!23
76
23

Ml
w
%5

b268

3
6

m
54s
163

5
13

al

321
lco. 5
87
46.8

248
261
4m
m
M

24.7
43

135
161.5
111

323
&3.8

m

JX12
JJ15
JY13
JV712
JX13

*43, 000
*40, 000
*38, 000
+37, 000
+ 35,000

0. 09X 106 0, 88
37.69 360

7.70 70.3
5.22 51.1

56.75 550.4

1, 350

~PIwfoudy mn atlower 2h-esw.
b T@ dtsmntfnnwl.
● T- dfIEcnWa.
d Bent ?mddady.
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TABLE XIII.-COMPARATIVE STRESSES FOR FRAGTURE IN FIXED TIMES OR AETER FIXED NUMBERS OF CYCLES FOR
VARIOUS TESTS

Typ3 of te2t Test maohlne
Sh-css,~ for fmoture ln– S-@, for fmctnro fn-

~F”’
Mlhr WI hr Smbr Ku Cyok 3-lW cycle2 10!X

MloJ ___________ 3,&X1-OPmdynamfo CIWp__________ 76 *WI *bm *sm *m
Revorm bendlng.._- 7#X-cpm WatihOm ---------------- 76

+43, mxl
*E$ m

+40, WJ
*55, m +5&W +&&W)

Revorra bondlng_..- 7JYX-cPmNACA-Westin@mrsa_.... _- 75
+s&bm

+W m
+5&W

*Q m *q WI
Rototlng beam----

*em +@bYl
Vmhbl~@-------------------------- 75 akfqm) +s4,WI

+f&4m
*W3 SW)

AxlsJ...__ . . . . .._. 3,5m-cPmdynamfo up____ . . . . 7.5
*53, m +53, cml

21,ml+42, 4m 21,U4m !21,!KO+Q 4m 21,m)+q4m 21,a13+Q4m
AxloL. ._.. _....._ 3,WJ-cpmSonnhg ----------------------

21,!2mk&q4m
76 74 WJ2+25,m 75,M mo 7qW&2.&m 7&lx&t2&lml . . . . . . . . . . . . . . . . . . . . . . . -------------

Itlrptoro- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~m qbm 7.4,m
Axlol . . . . . . . . . . . . . . .

. ----------- ------ ------------- . . . . . ------------- . ..-.
3,1W1-cpmdynarnfoheap. .__.. . . . . . 1,m *& mo +45, m

Revoma bonding_ . . .
lk%l +45 m *m

7,ZY)-cpmWestlnghon%- .. .._ . . . ..__ 1,m H, ml +49, m
+4&W

+49, m *9, m
Asf8L . . . . . . . . . .._.-

+49, Sm
3,0m-cpmdynomlo aeep . . . . . . . . . ..__- 1,m

+49, m
19,7’m+39,3m 19,7m+m, m 19,7m+39,3m 19,7m+3%,3m 19,7m+39.3m 19,7m+m, 3m

‘ l,ml 7&lllM+3Wl 76 Wq m ------------------ 75,@xl+13,m 76 Un+lq m ------------------

3,W-opm Sonnhg ---------------------- - L ~ ml-~ m, cCL%t19,m t7J,cl%sl% m
. . . . . . . . . . . . . . . .

@), -m 00,@m+19,Sm O&cmkl&ml
L Om ~-~ %Mm m-ml *MW

. l,ml 4-J,l-mkt2&WJ
4&W+2&ml 4&lxJktqm

4QW3+27,@m 4QcmkE27,m Q-m
Rupture. . . . . . . . ..- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- ~m

4Qfm+27,m 4&031+XJam
54#m Mm 41,m

Revemo bondfog-... 7#Wopm WeWngh0us3--_._. . . . .._ 1,m
------------------ ------------------ ------------- ---

*7, m M&m
Rototblg bemm- -..

+47, m +47, m
E,wm ------------------------------- 1,m *IXO +45 cm

*m

{

z= *cm
1,m

*m +45, m
49,(W&t 7,w 45,Wbk 7,6m 40,w 7,w 45* 7,6m

Axlol. . . . . . . . . . . . . . . L-m KMUS8--. . . . . . . . . . ----------- 1,m * sm+15, ml
4ZW 7,5m 37,7m+ 7,5m

4, Wl+15, cm 3$ W5, m 41,!Wktl& cm a lm+lq m

L ~ w-~ a-m
q!xrktlqm

xl, iWkt2&ml u-~ 31,fWl+2& ml

{,

27,qm

Ru@nro--------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . := QIxKl 2&5m 2&mI ------------------ ------------------ . . . . . . . . . . . . . . . . . .
am

AxloL.._._ . . . . .._
a 7td ------------------ . . . . . . . . . . . . . . . . . . . -----------------

3,0m-opmdynamfo alp .. . . ..___ . ~&W +3qfm 1%’llm +33, m
AxlOL. . . . . . . . . . . . .

+34, Sm
l#l?-opm ~H----------------------- 1,m +W m *W

+.m, Sm
S&WI 2=

R.2voL%0bondln~ . . . . 7#33-cpmW@fngbonsa._ . . . . . . . . . . . . 1,3m *m
*WI

+39, m
+3&WI

+39, m
Revorae tmndfog-.. 7#@-oPrn NAOA-WmtfngborML . . . . . . 1,m +qeul

+29, m +s9, m
+@ml H, 3m

Rototlng kam_.._
z= +41, w

Vtiblm -------------------------- 1,m *W3
+39, m

+39, m *37, ml +4Z403
Rototlng beam_—_ 5~pm-. ..--- . . . . . . ..-.. ------------- 1,m

+40, m . . . . . . . . . . . . . . . . . .
+a m am

Rotntlog Mum..___
*WII am +s%,m

Lam------------------------------- 1,3m *%3,m &cnxl
*CO)

*W

[

*S$ m *X$ m
~wo 31,250+ 7,m am 7,m 24,031+ %Wl 31,m 7,Sm 23 a%2 2*W &w

Adnl. . . . . . . . . . . . . . . . 3,tW3-cpmdynarnfocheap.._.. ______ ~350 2%&Yl+17,m u5m+l&4m 2Lom+147m 20!6m+17,7ca m,am+l$4m .q cW+14, 7.m
1,w 17,03k!a3, m 1~ 603+27,m Icj-m 17,!am+2&m 1~7mkt27Jw

Add... . . . . . . . . . . . . . 3,W1-cpmMmhg ---------------------- ~mo ~ fnYU47,w
15 mo+q Im

2%WL033 -------------- aOY3+13!m 2%flx& 7,5m --------------

1

1,2+0 S31m+ 7,&xl afml+ 7,bm ‘i%- 7,5m Qam+ 7,m %Oxkt 7,5m 21,rJKkt7,s03

Aim.. ._... -.._... L-m Go ---------------------- ;g
m, cOI+15,am a &l)+15, m !qcW+l&m 27,f&-kt15,m 24,?J33+lqm

23,m!3+2&m
2QGW+150m

w-~ ~lm+2&m 21,faxkt2&@m

1:~ 3%=’.?%

l&lxrl+2$m
lQ24Wt3qml %3@=tWm

[,

11,0Wt36, m 9,D%k3qm 7!-@33

Rupture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- :’: m, cm 17,m 1Am ------------.. . . . . . . ..- ----- -------- . -----
19,ON lC m @ 750 ------------.. . . . . . . . . . . . ..- . . . . . . . . . . . ..-

AxlnL.._._ . . . . . . . . S,&Wcpmdynomlo mwp____________ 1,W +2&W) +2&E4m +25,5m *ml
AxlnL.._ . . . . . . . . . . . l, fO1-cpm@m. -.-- . . . . . . . . . . . ------- 1,W *5CO

+24, m
mm am a, m) Zz

RovoI% ... . . . . . . . . . 7,’ZN-opmVJe9tfngh0nsa._.___ . . . ..- 1,.533 +23, m
+27, m

+qam +f%m *31, cm +29, m +27, m

Rotatlog bmro_._.
{

6,-m ------------------------------- l’m +31, m *Q 4m +S3, m +31, m
Lm +!2!$lW

+7WJ +!29,ml
am

RototIng beam. .. . . Varlablespwd.__ . . . . .._____ . . ..- ~m +31, m ZE ._2Y_. +29,333 _-?.:..- _-?-?_-

1

~m 19,750+ ~ m 17,2.M+ ~m 145cO+ 3,&m 20,W &m 17,&xl+ g4m
3,W-cpm dynamfo crap. -_.. _...._ 1,W

l~mkt 3,Wl
. . . . . . . . . . . . . . . l&+Wl I& 6m+l& 4m 13,1ml+&m l% W2 m lq 032+IQ 7m lLW+ &m

Lml 1* lm+!zl, m @ W9, Om IQ KO+17, lm 13,21m+21,ml 11,W9, m lG e@+17, m
1,ml 19,7X+ 7,w l&.Wkk7, m 14,2Jxkt7,ml l&w7, Wl

Aim . . . . . . . .._.._.
l&21Wc 7,m

l, W-opm ti~..------...-......-.--- 1,m
14,fOkk 7,WJ

l% m+l~ m l& 5m+4& m l\ Wkt15, fOl 17,@33+l&OXI l&4m+l&ml l&3m+15, m
1,6(O 17,lxO+T.qSm lf$cm+22, &33 11,cW+22,Wl lb lm+!q ml 11,-m lo, wktrqml




