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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

COOPERATIVE INVESTIGATION OF REIATIONSHIP BETWEEN
STATIC AND FATIGUE PROPERTIES OF HEAT-RESISTANT
ALIOIS AT EIEVATED TEMPERATURES

By NACA Subcommittee on Heat-Resisting Materials
SUMMARY

The Subcommittee on Heat-Resistling Msterials of the Nationsl Advisory
Committee for Aeronautics is sponsoring a cooperative investigation
of the relationship between the static and dynamic properties of heat-
resistant alloys at high temperatures. An auxiliary objective 1s to
provide a better basis for evaluasting the results from the various types
of fatigue machines.

While the investigation is still in progress the results obtalned
to date are of sufficient general interest so that this interim progress
report has been issued. Data from static tensile and rupture tests,
combined "dynamic and static stress tests, and completely reversed stress
fatigue tests are reported for a typilcal heat-resistant alloy at room
temperature, 1000°, 1200O 13500, and 1500 F. The results are summarlzed
as curves of alternating stress agalnst mean stressg for fracture in 50,
150, and 500 hours. Some creep data under combined stress conditions
and a summary of the fracture characteristics of the specimens in the
various tests are Included.

INTRODUCTIOR

This report describes the results obtained to date from & cooperstive
investigation to establish the relstionship between the static stress-
rupture and dynsmic fatigue properties of hesi-resistant alloys at high
temperatures. The date reported cover combinations of steady tensile
gtress with superimposed dynamlic stress as well as completely reversed
stress fatigue tests. Although the investigatlion is still in progress,

a report is being issued at this time because the psrtial resulis are of
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too great interest and value to warrant delay of publication until all =
phases are camplete.

At ordinary temperatures the strength of metels under combined static
and dynamic stresses 18 well-known.” However, informetion lg very scarce
for elevated temperatures where failure by creep as well as by fatigue
can occur. Furthermore, there lg considergble uncertainty regarding the
interpretation of data from the various types of fatigue machines used =
for elevated temperature testing. : . . T o

A Speclal Panél was appointed by the NACA Subcommittee on Heat-

Resglsting Materials to investlgate the relationship between statlic and T
fatigue strengths of heat-resistant alloys at high temperatures. The

Panel decided that the best procedure would be to organize a cooperative .-
testing program to obtain remsonably complete data from one representative
beat-resistant alloy. The apecific objective was to develop curves
relating alternating stress to mean stress for fracture in 50, 150, and
500 hours at 1000°, 1200°, 1350°, and 1500° F. Arrangements were made

to obtain data under various combinstions of static and dynamic stress
ranging from the static rupture test to the completely reversed stress
fatigue test. Special effort was made to include representative types

of fatigue testing machlnes. Particular care was exercised to provide
test specimens from uniform material and with uniform surface finish
regardless of the shape of the test specimen.

b

The cooperstors in the program include:
1. The Elliott Company
2. General Motors Corporatlion, Resesrch Division

3. Nstional Advisory Coammittee for Aeronautics by contract with
the Englneering Research Institute of the University of Michigan

4. National Advisory Committee for Aeropautics by contract
with Battelle Memorisl Institute

5. National Advisory Committee for Aeronautics, Lewis Flight
Propulsion Laboratory

6. Office of Naval.Research, U. S. Navy, by contract with
Battelle Memorial Institute

7. Rolls Royce Company, England

8. United States Naval Engineering Experiment Station
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9. Westinghouse Electric Corporaticn, Research Divislon

10. Wright-Patterson Air Force Base, U. S. Alr Force, by
contract. with the Institute of Industrial Research, Syracuse
University

PROCEDURE

A Special Panel of the NACA Subcommitiee on Heat-Reslsting Materials
arranged the cooperative program. An attempt was made to obtain deta from
representative types of .test machines and particulerly to have data from
at least two types of testing machines in all cases.

A procedure was adopted to reduce variations from test material and
surface finish to 2 minimum becsuse the program was set up to obtain
objective data on the relation between static and dynsmic properties at
elevated temperatures. Low-carbon N-155 glloy bar stock solution-treated
for 1 hour at 2200° F, water-quenched, and then aged for 16 hours at
1400° F was selected because it met two requirements. One was that this
material treated in this manner had the most uniform properties at high
temperatures of any representative "super-alloy" known to the. Panel.
Secondly, it was metallurgically similar to several forged alloys of the
type of .interest for spplicatlion in the gas turbines of Jet engines. An
additional factor in the choice. was that there was more experimental
metallurgical background avallable for this alloy than for any other
choice. The NACA purchased 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 st the Engineering Research Institute
of the University of Michigan. A system of sampling was set up so that
any lot of specimens sent to a cooperator was made from materisl repre-
sentative of the complete length of the original ingot. This avolded
misleading trends which might have occurred from segregation effects in
speclimens taken from one hot-rolled. length of bar stock. The bar stock
was cut to the lengths required for specimens and heat-trested. All
specimens were prepared using elsborate procedures to keep the surface of
the gage sections constant regardless of shape. -

Arrangements were mede to have all fractured specimens examined.
Westinghouse, Syracuse University, and the Lewls Laboratory of the NACA
elected to examine the specimens which they tested. All others were
returned to the University of Michigan for visual and metallographic
examination under sponscrship of the NACA.

Under sponsorship of the NACA, the University of Michigan served as
secretary to the Panel to compile data and issue reports.



TEST MATERTAL

Two hundred and seventy-one feet of l-inch round bar stock from one
ingot of heat A-1726 were supplied as twenty-six mill length bars in the
as-rolled condition.

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

Chemical composition

(Weight percent)

C Mn Si Cr Ni Co Mo W Cb N

0.13{1.64{0.42|21.22{19.00[19.70{2.90|2.61|0.84{0.13 |Suppliers'
heat
analysis

0.14]1.43]0.35]20.80}18.80119.65|3.00{2.00]0.99{0.135|U.M. check
on bar stock

The manufacturing conditions were reported to be as described in
table I. ’

Coupons sbout 1 1nch long were cut from both ends and the center of
each bar, heated at 2200° F for 1 hour, water-quenched, and then aged at
1400° F for 16 hours. The Brinell hasrdness was then determined on the
surface of each coupon and at the center of the cross gectlon. The
hardness values shown in table TI indicate good uniformity. Metallographic
examinatioh of specimens cut from the top, middle, and bottom bars of the
ingot had similasr structures after the heat treatment.

TYPES OF TESTING MACHINES AND COOPERATING IABORATORIES

1. The NACA sponsored standard short-time tenslle and rupture tests
on 0.505-inch-diameter specimens by the University of Michigan at room
temperature, 1000°, 1200°, 1350°, and 1500° F. Time-elongation data
were obtained from the rupture tests. .

2. Completely reversed bending fatigue tests were made at room
temperature, 1000°, 1200°, 1350°, and 1500° F by the Research Leboratories
of the Westinghoude Electric Corporation. Round profile specimens
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(fig. 1(a)) were tested 1in the Westinghouse 7200-cpm electronic fatigue
machine. The specimen was vibrated electrically at resonance in one
Plane so that maximum stress occurred on the surface at two diesmetrically
opposite points.

3. Completely reversed bending fatigue tests were run at room
temperature and 1350° F in Westinghouse electronic T200-cpm machines by
the Lewis Laboratory of the NACA. Their tests differed in two respects
from the tests run by Westinghouse. The NACA used the smaller specimen .
described in figure 1(b), and they machined the specimens which they
tested from stock heat-treated by the University of Michilgan. Hand
polishing was used for a final f£inish of about the same surface roughness
a8 that of the specimens prepared by the University of Michigen.

4. Dynamic creep tests were run at 13500 and 1500° F by the Institute
of Industrial Research of Syracuse University under spomnsorship of Wright-
Patterson Air Force Base, Air Materiel Command. Uniform gage length
specimens (fig. 1(c)) were tested with steady axial tension loads and no
alternating stress and with steady axiael tension loads with superimposed
alternating axial loads at 3600 cpm s0 ag to give ratios of slternating
to mean stress of 0, 0.25, and 0.67. The specimens were loaded by a
constant-force spring mechanism in a machine designed by Syracuse
University. Combinations of alternating and steady loeds were used to
give fracture times out to seversel thousand hours. Creep data were
obtained from the tests. ’

5. Axial tension-compression fatigue tests were run at 1350° and
1500° F by the Instlitute of Industrial Research of Syracuse University
under sponsorship of Wright-Patterson Alr Force Base, Air Materiel
Command. A profile specimen (fig. 1(d)) was tested in the same machine
described under item 3. Compression tests were made having & ratio of
alternating to mean stress of 2, as well as tests with completely
reversed tension-compression (zZero mean stress) loads.

6. Axial tension-compression tests in the Krause fatigue machine at
1200°, 1350°, and 1500° F were run by Battelle Memorial Institute under
sponsorship of the Office of Naval Research, U. S. Navy. Proftle
specimens (fig. 1l(e)) were tested at varying mean stress with superimposed
axial dynamic loads of %25,000, *15,000, and 7500 psi, the stresses in
all tests staying in tension. A steady load was applied through a load
maintainer and a constant-smplitude alternating load at 1500 cpm was
applied by & crank mechanism.

T. Axial tension-compression fatigue tests in compression in the
Krause fatigue machine at 1350° F were run by Battelle Memorial Institute
under spomsorship of the Office of Naval Research, U. S. Navy. Special
adapters were developed to permit testing with completely reversed axial
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tension-compression loads and with steady tension loads less than the
alternating load.using the profile specimen shown by figure 1(f).

8. Axisl tension=compression Fatigue tests at 1000° and 1350° F in
the Sonntag SF-4 machine were made by The Elliott Company. Profile
specimens (fig. 1(g)) were tested at 1000° F with various combinations
of 3600-cpm alternating stress and steady stress, but with the specimens
always staying 1n tension. The effect of superimposing alternsting stress
on the steady stress (28,000 psi) to cause rupture in 175 hours at 1350° F
was determined. The Sonntag SF-4 machine applies constant-force loads
through a spring mechanism.

9. The Research Lgboratories of thé General Motors Corporation
conducted tests at 1350° F with combined rotating bending and steady
axisl tension loads. A uniform gage length specimen {fig. 1(h)) was
loaded in steady tenslon under the stress to ceuse rupture in 175 hours
(28,000 psi) and then rotating bending stresses were applied at 10,800 cpm
by caueing one end of the system to rotate in a clrcle.

10. Rotating cantilever beam tests were made at 1350° F by the
Englreering Experiment Statlion, U. S. Navy, in a machine of their design.
Tapered gage length specimens (£ig. 1(1)) loaded at one end were rotated
at 1700 cpm. ' ' o ) ‘

11. In addition to the above tests the following are in progress:

(a) Axial tension-compression tests at room temperature and
1000° F in the Syracuse Universlity Machine

(b) Additional Sonntag SF-k tests at 1000° F and 1200° F by The
Blliott Company

(c) Krause tests to complete the curves at 1200° and 1350° F in
compression to completely reversed stress tests by Battelle Memorial
Institute under sponsorship of the NACA

(d) Rotating cantilever beam tests at 1350° and 1500° F by
Syracuse University under sponsorship of Wright-Patterson Air Force
Base, Alr Materlel Command

(e) Rotating beam tests at 1200o 1350o and 1500 F by the
2.
Rolls Royce Company of England h

i
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SPECIMEN PREPARATION

All specimens were prepared by the Metal Processing Department of
the University of Michigan under NACA sponsorship. Preliminary investi-
gations of machining and finishing operations on the test material were
made in order to arrive at a procedure which would as nearly as possible
meet the requirements of constant surface roughness and constant surface
cold-work for all types of specimens included in the program. These
requlirements were established because these two varlisbles were considered
to be possible sources of variable fatigue tesit data. The objectives of
the program reguired avolding the possibility of surface finish effects
influencing the results from the variocus types of test.

The surface roughness was maintalped at 2 to 4 microinches rms.
This quality of surface finish was established to meet the most severe
specification of the several cooperators. :

The amount of cold-work on the surface after finishing 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 reguirement imposed severe restrictlions because the
very close dimensional tolerances of the speclmens had to be met with a
fixed procedure for metal removsel. The result was that the specimen
preparation was very time consuming and expensive. Because emphasis was
placed on reproducibility of surface finish on the variocus specimens 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. _ '

Machining Procedure

All of the several types of test specimens submitted toc the University
of Michigan for machining were processed by substantially traditionsl
methods. All gage sections were turned on a lathe with the exception
of the Battelle specimen for tests 1n compression. This specimen was
turned on a milling machine in a setup wherein the specimen was mounted
between centers in the spindle and the cutting toocl was mounted on a
rotary table in turn mounted on the table of the milling machine; the
rotary table was rotated manually through a worm gearset for the feeding
motion. All turning tools were 18-%-1 high-speed steel machine ground
to the following shape: 10° back rake angle, 15° side rake angle,

100 relief zngle, and 0.010-inch nose radius. All cutting speeds were
confined to the range 30 to 40 fom; the depth of cut was selected in

e descending sequence ranging from the maximum of 0.030 inch to a minimum
of 0.005 inch, while the feed rate was held conetant at 0.005 inch per
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revolution in every case except for manual feed where an attempt was made
to keep the feed above & minimum of 0.005 inch per revolution.

The sbove conditions were set up 1n 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 estaeblish a degree of control as well as lead to
a minimum of cold flow. The unique characteristics of the specimen material
make it unusually susceptible to burnishing and related effects resulting
from dull cutting edges which behave even duller at light feed rates.
This latter reason was the basis for estsblishing a minimum feed rate.

Finishing Procedure

The original finishing setup was on a Kent-Owens 2-20 milling
mechine. - The milling-machine setup was characterized by a continuocus
belt and was unique in that a system of counterbalances was used in an
attempt to minimize and control the pressure between the cloth-backed
abrasive and the specimen. However, irregularities developed and the
mass of the counterbalance system made 1t impossible to achieve control
over the pressure between the gbrasive and the speclmen.

The Battelle specimens in figure 1(d)} were finished on the Kent-
Owens sebup using only cloth-backed gbrasives as belts down through
500 grit, wherein the final step involved the use of chrome-oxide
polishing stick rubbed on thoroughly worn 500-grit belis. Irregularities
of the belts and the light pressures used mede it impossible to improve
the accuracy of the machined specimens and it is probsble in some cases
that the runout and out-of-roundness increased as a consequence of the
finishing process.

The Westinghouse specimens were finished on & special setup wherein
strips of cloth-backed abrasive were fastened to the surface of an oscil-
lating sector while the specimen was mounted between centers and rotsasted.
By this time all attempts to control finishing pressure by counterbalancing
had been abandoned in favor of precision positioning of the specimens
relative to the abrasive so that greater sccuracy could be cobtalned.
Pressure control was achieved somewhat arbitrarily by holding back on the
rate of cutting so that the speclimen did not heat. The finishing procedure
used on the Westinghouse specimens 1s considered tc be the most satis-
factory in terms of the original objective although it was very slow and
very expensive as a consequence of the relatively small aemount of ebrasive
avallsble during each setup.

All subsequent specimens were finished by one of two arrangements
of a new set-up shown schematlcally in figure 2. The specimen 1s mounted
between centers and rotated. A continuous belt is opersted over a system
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of driving and idler pulleys with the motion of the belt oriented longi-
tudinally to the specimen. When the longitudinal section of the specimen
is a radius, a pulley or wheel with a corresponding radius is mounted in
place of the form block shown in the sketch slthough a form block can be
used. for these specimens. The pulley or wheel is 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 extent that 1t is achieved, is obtalned through screw adjustments
of the position of the axis of the speclmen relative to the form block

or wheel. ) > '

The procedure for finishing specimens involved the use of contimmous
abrasive belts used in sequence of decreasing grain size with the fol-
lowing grain sizes: 6Q, 120, 240, 320, 40O, and 500. This is followed
by a final step wherein a standard tallow stick such as is used for
grease polishing was smesred on a well-worn 500-grit belt to iphibit
further its cutting action. It is vitelly important to use this belt at
highly specific operating conditions.

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

It ie significant that, 'as mentioned earlier in this report, chrome
oxide was filrst used for this final step although tallow is now belng
used. By experlmentatlon 1t became apparent that there was little or
no value in the chrome-oxide stick as an abrasive, but rather that the
beneficigl effects arose from the ability of the stearate base or bond
to inhibit the abrasive and cutting action of the belt. It was this
experience which led to the current practice of using tallow on a well-
worn 500-grilt belt for the finel finishing step.

The belts were made from commercisl rolls of Behr-Manning cloth-
backed sbrasive. 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 and cemented with a commercial grinding disc cement
(Gardner No. 2 Disc Wheel cement).

RESULTS AND DISCUSSION

The curves of alternating stress against mean stress for fracture
in 50, 150, and 500 hours of figure 3 summarize most of the results. The
tests to determine the effect on fracture time of superimposing dynamic
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loading on a steady stress of 28,000 psi are summarized by figure L.
Table III 15 a tebulation of the tensile, rupture, and fatigue properties.
The detailed test results are lncluded as tables IV to XIII and figures 5
to 13.

Additional points are being obtalned for the curves of figure 3 by
the tests still in progress. In particulsr the indicated approach of
the curves for 1000° F to those for 1200° F, suggesting the possibllity
of strengths at 1200° F equal to those at 1000° F far certaln combins-
tions of static and dynamic stress, is being checked. The compression
range 1s being filled in at all temperatures.

The increase in mean stress required for fracture in g given time
period indicated by figure 3 for low values of superimposed alternating
stress at the higher temperatures has been determined to be & true
behavior of the test material and not a testing-technique effect. All
of the completely reversed stress fatigue tests reached a fatigue limit
at less than 50 hours except at 1500° F, so that the stress for fracture
in the three time periods was identical except at 1500° F. The curves
indicate that a superimposed alternating stress was less effectlve in
reducing load-caerrying ability as the testing temperature increased.

The results of superimposed alternating stress on the fracture time
at 1350° F under a steady stress of 28,000 psi (fig. 4) were normal except
for the superimposed bending tests in the General Motors Research Labora-
tory machine. However, since the pointe from the General Motors test
which deviated from the curve did not show fracture at the point of
calculated maximum bending stress, the results of these tests are con-
gidered to be due to a testing-machine effect, and are therefore not &
true effect of bending stress.

The relationships between tensile properties and reversed-stress
fatigue limits are shown by figure 14. The ratio of fatigue strength
to tensile strength incressed with testing temperature, ranging from
0.4 to 0.65. This figure also shows that the maximum alternating stress
for failure by fatigue becomes successively higher than the static
strength (rupture strengths) for the three time periods considered in the
temperature range from 1160° to 1275° F.

The agreement in results from the various tests was surprisingly
close. In all cases the deviation between the various types of tests
was less than could be accounted for by experimental error. The rotating
cantilever beam fatigue limit st 1350° F indicated by data from the
U. 8. Navel Engineering Experiment Station was less than for the reversed
bending and completely reversed axlal stress tests because they reported
their S-N curve on the basis of the lower limit of the scatter of their
data (fig. 11) rather than on the basis of.the average curves reported
for the other tesis. The rotating cantilever beam dats actually fall
very close to the other test dats.
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The deta show very little effect from speed of stress reversal
probably because the slopes of the S-N curves are very small. This
results in very little change in stress for fracture in the three time
periods considered for the varlous types of tests even though there may
be large differences In the number of cycles of alternating stress between
the various tests. Work is in progress to establish if the differences
between Krause and Syracuse machine data can be accounted for on the basis
of number of cycles involved. A larger effect may show up 1n the lower-
temperature data being obtained. - ) :

No effect from section size in the test specimens hes been observed.
The slight variation in rupture test results between Syracuse and Michigan
tests has been checked for this effect. The cause was determined to be
for other unknown reasons rather than for differences in specimen dlameter
or heat-treatment variation. The Westinghouse machine data from the Lewis
Laboratory of the NACA checked very well with those from the Westinghouse
Laboratory (fig. 6), even though there was a considerable difference in
the slze of the section tested. Therefore the heat treatment used is
considered to have eliminated varistions from bar to bar in the test
material since the scatter in dete for the individual tests appears to
be no more than normal. '

As far as can be deduced from the data, surface finish effects were
constant. There is some questlion whether the elaborate precautions taken
to Insure uniform surface finish were necessary. Westinghouse ran tests
with specimens prepared by ordlnary shop practice with hand polishing and
obtained good checks at 1200° and 1500° F (fig. 6) with those carefully
prepared. The Lewls Leboratory of NACA checked the Westinghouse data quite
well (fig. 6) at room temperature and 1350° F with specimens prepared in
their own laboratory by technigues which differed widely from those used
at Michigan. This indicates that the results of this investigation were
not influenced by surface finish varistions. It 1s not evidence, however,
that surface finish variations cannot influence results of tests at high
temperatures. It is known that there can be large effects from this
source at low temperatures. The effect of surface finish variations at
high temperatures has not yet been established.

Creep data were obtained from the Syracuse dynamic creep tests, the
General Motors Research Leboratory combined stress tests, and the rupture
tests. The results are Included in figures T, 12, 13, and 15. The
relationships between dynamic stress and mean streas for various amounts
of total deformation are similar to those for fracture time. Dynamic
stress does increase the secondary creep rate, as l1a shown by figure 15,
but the effect on stress for a given creep rate is rather small. Syracuse
University has determined that the main effect of superimposed alternating
stress is on the amount of third-stage creep, suggesting that the creep-
rate effects shown in figure 15 may be due to the stress differences rather
than the presence of dyrnemic stresses.
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\ Examination of Fractured Specimens

All of the specdimens tested to date have been examined both visually
and microscoplically. It appears that some minimum amount of alternating
stress must be superimposed on a s8teady stress for a fatigue nucleus to
appear in the fracture. The cases where fatigue nuclei have been observed
are indicated in figures 10, 16 and 7. The microstructures of the ’
fractures were identical to those of static rupture tests unless a fatigue
nucleus was present. _ .

Fatigue nuclel always had straight transgranulsr fractures. Rupture
and combined stress tests had mixed Intergranular and transgranular
fractures which varied in detall with the testing temperature and time
perliod for fracture. The appearance of intergranular cracks on the
surface of completely reversed atress test specimens was less extensive
and the time period required for thelr appearance greatly lncreased as
compared with those in static tests. No definite correlastion between
the presence of intergranular cracks and susceptibility to, or initiation
of, fatigue failure bhas yet been observed.

Typical microstructures for the originsl test material, for a fatigue
nucleus, and for a comparable rupture test are shown in figures. 18, 19,
and 20.

NACA Headquarters ' ' o
Washington, D. C., October 20, 1950
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TABLE T - PROCESSING OF LOW-CARBON N-155 1-INCH ROUND BAR STOCK

[?epoftea'by the Universal-Cyclops Steel Cofporatioé]

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

1. Hammex cogged to a 13-inch square from a l5—-inch ingot
Furnsce temperature, 2210° to 2220° F
Three heats - Starting temperature on die, 2050° to 2070° F
Finish temperature on die, 1830° to 1870° F

2. Hammer cogged to a lO%-inch square

Furnace temperature, 2200° to 2220° F '
Three heats - Starting temperature on die, 2050° to 2070° F
Finish temperature on dle, 1790° to 1800° F

2 Tovwrmase m~ereera A A~ Tawmath amiioma
Se LQIRUICTL LUMMTU WU O |-.|.,.u.\..u oyualc

Furnace temperature, 2200° to 2220° F

Three heats - Starting temperature on die, 2050° to 2070° F
Finish temperature on die, 1790° to 1890° F

Billets ground to remove surface defects

L4, Hemmer cogged to a L-inch square |
Furnace temperature, 2190° to 2210° F
Three heats - Starting temperature on die, 2040° to 2060° F
Finish temperature on die, 1680° to 1880° F
Billets ground to remove surface defects

5. Hammer cogged to a& 2-inch square
Furnace temperature, 2180° to 2210° F
Three heats - Starting temperature on die, 20500 to 2065° F
Finish tempersture on die; 1730° to 1870° F
Billets ground to remove surface defects

6. One-inch rounds were rolled from 2-inch-square billets in one heat.
The 2-inch bars were heated in a furnace at 2100° to 21150 F; the
temperature at the start of rolling was 2050° to 2060° F; and the
finishing temperatures were from 1820° to 1840° F. The bars were
numbered in order of theilr position in the ingot.

T. Bars were assigned letters from A through Z; bar A represented the
extreme botiom of ingot and bar Z the extreme top position. All
billets were kept in mumber sequence throughout all processing,
so that ingot position of any bar could be determined by its letter.

8. A1l bars were cooled ¢n the bed and no asnneal or stress relief was

applied after rolling.
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TABLE IT - BRINELL HARDNESS RANGES

NACA RM 51a0L

[Beat treatment: 2200° F for 1 hr, water-quenched, and 16 hr at
14%00° F; NACA dats from University of Michigan]

Brinell hardness
Bar (2)
(l) Surface Cross section Range
JA 207-220 . 217-218 207-220
JB 197-212 207-214 197-214
Jc 210-212 214216 210-216
JD 207-208 210-21k 207-213
JE 204-216 212217 204-217
JF. 199-214 212-214 199-21k
JG 198-215 201-216 198-216
JH 203-212 205-212 203-212
JI 192-215 201-213 192-215
JJ 209-212 210-211 209-212
JK 203-208 205-213 203-213
JL 211-214 211-215 211-215
JM 203 200 200-203
JIN 205-208 213-214 205-21%
JO 206-208 - 212-21k 206-21h
JP 201-213 211-211 201-213
JQ 201.-215 ' 213-216 201-216
JR 211-215 212-216 211-216
JS 206-211 208-212 206-212
JT 205-211 206-210 205-211
JU 204-208 213-215 204215
Jv 205-207 211-212 205-212
IW 208-208 210-216 208-216
JX 203-211 210-214 203-214
JY 211-212 211-216 211-216
JZ 202-205 209-211 202-211
Over-all range 192-220 200-218 192-220

lSpecimens teken from 26 bars marked A through Z. A represents
bottom bar from ingot end Z, top bar from ingot; others lettered

consecutively in b

etween.

2Hardness values were taken on samples cut fram center and each

end of every bar.

“!ﬁﬂiﬂ!”
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TANLE ITT -.COWPARATIVE STFRSSES YOR FRACTURE TH 50, 190, AND 500 HWRS FOR VAHIOUS TESTE
Tent Tansile test propartiss Strsos (psl) for fracture in -
Iype tast Data sourcs veIp. 0.2-percent | Praportioml
°r) “'%"-‘-:j‘“ attast Limit 5 bours 150 howrs 500 hours
o {pn1) {os1)
Tenoile 0. of N. Foom °| 119,000 60,500 500 | emmeer | ameeee ] e
Reversed banding Westinghouse Room . 155,000 +5%,000 +5%,000
Reversed berding Levin lahoratory, MACA | Roow 55,000 +55,000 445000
Tenaile U. of M 1000 9,000 38,000 B6,000 | mmmmer | e e
Rupture U, of M. i R e B2, 500 7k, 000 67,000
Bonntag axlel fatigue Elliott 1000 | --r-—m- m— ——— 75,000 ¥ 13,000 | 75,000 * 10,000 | wueem-
£0,000 ¥ 21,000 ,000 & 18,000 | 60,000 ¥ 13,000
5,000 # 5,000 | 5,000 & 22,000 | 45,000 * kD,000
Reversed bending Hertinghouse W0 | wmmmren | e ] emeeea +19,000 *49,000 *19,000
Tenalle U, of M. 1200 Ba, %00 35,500 26,000 OV et (S
Rupture U, of M. 1200 | ------- e B ?h,tm L, 000 51,000
Xrsuse axinl fatigua Rattalle 1000 | -eeene- memmas | wmenn ;500 & 7,500 15,000 £ T,500 0,500 t 7,500
,000 & 15,000 | k0,500 % 15,000 | 36,500 * 15,000
zg,ooo * 25,000 | 33,000 ¥ 25,000 | £9,000 £ 25,000
Reversed bending Wastinghouse 1800 | mewmemm | meeee-  — 58, 500 £46,500 *h6, 500
Tensile U. of M. 13% | 60,000 | 37,000 | 23,000 | eeemee | mmmmem b ameee-
Rupture U, of H. 1350 32,000 28,500 £5,000
Rupture Byracuse 13% 32,000 28,000 23,0
Axisl fatigue fyrecuss 1350 3,250 % 7,600 28,000 * 7,000 2h,000 * 6,000
26,%0 % 17,700 | 2k,%00 J.é,lm 23,000 & 14,700
Krause axisl fatigue Rattelle 13} ----- - | e [ e - 33,000 # 7,500 28,10 + 71,50 24,000 * T,500
£9,000 % 15,000 | 26,50 % 15,000 | 23,000 * 15,000
26,000 25,000 ,000 % ag,om ;
0 * 40,000
Revarasd bending Wertinghouse 1350 | wmemman | e w—— b - -—— w30,000 39,000 139,000
Rotating cantilsver beam | KEES 1390 | memmmem | e ——— 136,000 1¢36,000 136,000
Reversed bending Lavis Laboratory, NAGA | 13850 | ~c-swan | coce- e 39,000 +39,000 39,000
Teneile U. of M, 1500 kk, 500 34,800 20,000 | eewmem | mmemee | mmeeee
Ruptire U. of M, 1500 | —memene cmimmm | m—— 20,000 17,000 1,500
Rupture Byracuse 1500 T e i 19,000 ,250 12,730
Axial fetigoe Byracuse b e I B 19,730 * L,900 | 17,850 & 4,300 | 14,%00 # 3,600
,300 * 12,300 »500 * 10,400 | 13,000 * B,700
,| 23,000 « p6,000 | 12,000 + 24,000 | 10,730 # 21,000
Zero meeu Gyracuse 1500 29,300 *BB, 000 127,500
Krause axial fatigue Battelle 1500 | eememeee B e 19,750 & 7,500 17,000 & 7,500 14,000 t 7,500
) ,500 15,000 | 16,000 ¥ 15,000 { 13,750 % 15,000
Ravarsed berding Wastinghoune b1 +,o JRN [RPRURVGTRN, [ I — 1pg, %00 7,500 25,500

HOVIC W VOVN




TABLE IV - TENSILE TBST DATA

[Speed of testing, 0.05 in./min; NACA dete from University of Michigen]

- Offset yleld strengths
Test {Tensile |Proportional {psi) BElongation|Reduction
Specimen| temp. | strength limit . in 2 In. | of area
(°F) | (pei) (psi) 0.01 0.02 0.10 0.20 |(percent) |(percent)
- .| percent|percent|percent| percent
JMl  |Room | 119,100 41,000 |46,000 [k8,700 |56,100 |59,500 k5.0 46.2
JY1 |Room { 119,000 40,000 [47,600 |50,500 [58,500 |61,500 h2.5 45.5
JF1  |1000 91,250 26,750 |31,750 32,500 |34,800 |35,800 Lh.5 49.3
JWL {1000 | 93,900 26,000 [31,750 |34,000 {38,750 | 40,000 39.5 W57
ML |1000 | gk,250| 26,250 |32,500 |33,800 {37,000 |37,750 k2,0 47.1
JP1  |1200 | 81,200 25,750 [29,%00 |30,500 3&,256 35,250 35.0 38.0
Jgl  |1200 | 79,600 26,000 {29,500 31,000 |34,900 |35,800 33.0 34.5
JX1  |1350 | 60,250| 22,250 |27,%00 {29,750 3&,750 36,500 27.5 28.5
JNl 1350 | 60,125 23,500 ]28,750 [30,730 |35,250 |37,200 26.0 28.5
JE1 {1500 | Us5,600] 20,000 [26,250 {28,500 [33,800 {35,800 | 19.5 26.8
JR1 |1500 | 43,625 20,500 {26,800 |28,500 {33,200 }35,800 25.5 27.1
A

91
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TABLE V - RUPTURE DATA

E‘IACA data from University of Michigan:]

Test Elongation | Reduction
Specimen | temp. ?triﬁs Rupt?rh:)time in 2 in. of area
(°F) ps ! (percent) (percent)
JI10 1000 85,000 36 2k 28
JT9 80,000 T0 25 25
JES 75,000 128 17 17
JP10 70,000 345 1h 13
JLG 63,000 T90 12 13
JX8 1200 65,000 26 12 1h
JB12 55,000 b7 10 11
JAL 50,000 61 10 11
JM2 7,000 83 16 10
JQl 43,000 195 15 8.5
JM8 40,000 668 10 16
JD1 38,000 1107 20 18
Jsi 1350 32,000 55 20 23
JC1 29,000 112 37 ko -
JBL 28,000 2518 25 35
JJ1 26,000 336 30 43
JTl 24,000 665 20 30
JIl 22,000 1361 12 20
Jul 1500 20,000 51 34 37
JK1 18,000 108 28 32
JOL 16,000 203 25 37
JE1 14,000 575 26 33
Js10 12,500 1361 13 20

“‘Iﬁ:ﬁ!"’
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TABLE VI - REVERSED BENDING FATIGUE DATA

FROM WESTINGHOUSE T200-CFM MACHINE

E\Testingh;)use data for O.'550-in.¢diam. .sp'ecimerig]

Test Alternating
temp. stress Cycles to fallure Time rc(a;'ri‘racture
(°F) (psi)
Room " 69,000, 0.195 x 106 - 0.15
64,000 37T ' .86
59,500 1.1 2.55
57,000 1.1 2.55
56,000 .69 1.6
55,500 ary 1645
5k, 500 8150 347
1000 59,000 .19 ph
: 51,000 .85 1.97
50,500 .90 2.08
k9,000 1.22 2.82
48,500 8210 Lat
1200 51,000 .55 1.27
47,000 2.35 5. 4
46,500 .79 1.8
46,000 200 k63.0
1200 ',ghs ;500 1.77 4.1
46,500 2.05 k.75
P15,000 @508 1175
1350 46,000 1.5 347
44, Q00 1.75° L.05
43,500 1.88
b1 ,500 kL 10.17
39,500 64 148
39,500 &430 99k
39,000 115.8 268
38,500 52 120
1500 35,000 .13 .99
33,500 5.9 13.7
31,500 h.9 11.3
30,500 20.5 - 47.5
28,000 12.8 29.6
26,500 109 252
25,500 190 Lo
1500 530,500 7.2 16.7
ba7,000 138 320
b26,000 33.45 TT.h
&piscontinued. <M, CA, \

bSpecimena machined by ordinery shop practice.
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TABLE VII - REVERSED BENDING FATIGUE DATA FROM

WESTINGHOUSE T200-CPM MACHINE

[Lewis Laboratory, NACA, data for 0.333-in.-dism. specimens|

Test |-Alternsting
Specimen | temp. stress Cycles to failure Time for fracture
(°F) | (psi) (br)
Specimens ground to shape and polished
JB20 | Room +65,000 0.389 x 106 0.90
Js20 58,800 2,764 6.4
Jc19 57,100 1.598 3.7
JK21 55,700 1.6k 3.8
JI20 . 54,100 1.252 - 3.0
JT20 1350 46,400 173 h
JI20 *hh,100 1,771 ° b1
JL1T7 h2,200 L, 363 10.1
JE20 40,700 43.3 100.2
Speclimens turned to shape and polished

Jyil | 1350 +hg,700 0.108 x 106 0.25
JK1h *45,000 .95 2.2
JI16 . 4l 000 1.21 2.8
JW1l 41,500 5.57 12.8
JO10 +h1,700 17.58 Lo.7
JP17 40,600 22,12 51.2
Jui6 139,700 30.15 69.8
Jv1ié ) +38,900 2k, 62 57.0
JJ13 38,100 | 2123.85 286.7

&piscontinued. ~NACAZ
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TABLE VIII - DYNAMIC CREEP TEST DATA FROM SYRACUSE UNIVERSITY 3600-CFM FATIGUE MACHINE

Elright-Patterson Alr Force Base data from Syracuse University} specimens
with e uniform 0.252-in.-dlem. gage section, 12- in. long:]
16

Test Ratio of Time for | Elongation

Stress Cycles

Specimen | temp. | alternating to fracture in 2 in.

(°F) mean stress (psi) to fallure (br) {percent)
JJ-6 1350 ¢ k0,000 £ 0 | cmmcmmmmeme k.0 8.4
JY-6 35,000 £ 0 | commmemmmean 22.8 31.4
JM-22 30,000 £ 0 | comcmmmanoen 58.3 24,7
JA-20 25,000 £ 0 | comememmeem 208.8 28.5
JC-5 22,000 £ 0 | cmmmmmcmenea 111k.7 17.9
JN-6 | 1350 .25 37,000 '+ 9,200 1.64 x 106 7.6 18.5
JB-13 33,000 * 8,250 5.88 27.2 7.0
JCc-10 27,500 % 6,875 35.8 165.7 24,9
JP-11 25,000 % 6,250 | 112 518.3 20.8
JG-5 23,200 + 5,800 | 147.2 682.2 22.3
Jv-13 19,000 * 4,750 | 580 2683 25.8
JK-5 1350 67 29,000 * 19,332 2.4h 11.3 12.6
Jz-19 27,000 + 18,000 k.97 23.0 8.7
JO-k £6,000 +17,332| 12.96 60.0 4.5
JIM-20 25,000 + 16,666} 23.55 105.0 9.8
JZ.-20 24,000 % 16,000 | 65.5 303.6 7.5
JY-4 22,800 +15,200] 85.75 397.2 11.9
JA-19 21,600 + 1k,400 1} 114.5 530.0 7.9
Jb-13 18,000 * 12,000 { 540 (a) ———
JB-5 1500 o} 22,500 £0 [ —mmeemmoaeo- 20.7 36.4
Jo-6 : 20,000 £ 0 | —emmcmemmem 24,9 344
Ja-16 19,000 £ Q0 | c;cmmemeee - 4r.9 28.0
Jv-8 17,500 £ 0 | ecemoemee—- 67.2 25.2
JH-10 15,000 £ 0 | mcmmecmcme—- boo1.2 b17.0
JE-5 13,0002 0 | —mmemmeeeeee 398.5 11.7
JI-5 11,000 £ 0 [ cemmmmmeeee 1004.6 11.6
Jw-h 1500 .85 24,000 + 6,000 1.728 8.0 28.1
JIM-21 22,000 + 5,500 3.22 1h.9 30.0
JL-5 19,200 = 4,800 18 . 83.4 19.9
JB-12 16,800 + k,200 5.2 209.5 21.3
JT-5 15,200 * 3,800 | 82.5 P3g2,3 9.6
JF-5 14,000 + 3,500 86.6 0.9 15.4
JH-5 10,000 2,500 | 602.5 2790.0 1.9
Jv-13 |1500 6T 22,200 % 1%,800 2.36 10.9 19.9
Ja-12 . 21,000 + 1k,000 k.26 €19.7 13.7
JL-10 18,600 + 12,k00 7.8k 36.3 21.8
JD-5 16,800 * 11,200 | 18.% 85.1 18.3
Iv-6 15,000 % 10,000 | 48.1 226.1 15.8
Jr-11 12,000 * 8,000 |138.2 640.3- 10.2
Js-5 8,000 x 5,333 |878 406.6 5.88

8controller falled at 2126 hr. Estimated rupture time is 2500 hr.
Prest discontinued at indicated time because thermocouple or other difficulties

caused overheating or overloading.
Coo® F low for 2 hr at beginning of test. N ‘@7




TABLE, JX -~ TENSION-COMPRESSION FATIGUE DATA FOR PROFILE SPECIMENS

FROM SYRACUSE UNIVERSITY 3600-CPM FATIGUE MACHINE

Eﬂright-l’atterson Air Force Base data from Syracuse University]

Specimen 3::1;. altlgiz:,gizz to ?:Zi?s Cycles to fracture Tlme f(()ir:;racture
(°r) mean stress :

JR-14 | 1500 2 15,000 # 30,000 0.086% x 100 0.4
JW-9 2 1k4,000 £ 28,000 3.18 1h.7
Js-13 2 13,000 + 26,000 10.96 50.7
JY-10 2 12,000 # 24,000 32.4 150
JK-11 2 11,000 * 22,000 4.3 313.7
JY-9 2 9,000 * 18,000 275 1273.0
Js-14 | 1500 80 + 30,000 1.7 8.3
JI-15 00 + 29,000 23 106.1

- JX-9 % t 27,000 230 1048.0
----- 1500 67 17,000 * 11,390 29.16 135
®completely reversed (zero mean) stress tests. NAGA

WY VOWN

HOVIS
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TABLE X - KRAUSE AXTIAL TENSION 1500-CEM FATIGUE TESTS

[Office of Naval Research dats from Battelle Memorial Institute ]

Test

Stress : . Time for fallure
Specimen ‘(t,%gz (psi) Cycles to fallure (br)
JL7 1200 | 40,000 # 25,000 1.32 x 106 1h.7
Jn2 ' 38,000 % 25,000 6.16 . 68.5
JP2 35,000 * 25,000 5.27 58.6
JGT7 35,000 * 25,000 "5.63 62.5
JI-2 32,500 * 25,000 11.90 132
JT-7 30,000 + 25,000 37.10 o
 JET 1200 | 55,000 % 15,000 .31 3.45
Jvée k5,000 £ 15,000 2.63 2g.2
JJe . 39,000 & 15,000 27.0h 300.5
Jc3 1200 .| 50,000 ¥ T,500 4.18 k6. b
J@ 45,000 % 7,500 11.79 131
JQ6 39,000 * 7,500 69.01 767
JPT 1350 | 30,000 % 25,000 .378 2
JcT 28,000 + 25,000 .66 7.3
JGg2 26,000 * 25,000 5.23 58.2
JML8 1350 | 32,500 + 15,000 2.25 25
JN2 27,500 = 15,000 5.10 56.6
JR2 25,000 * 15,000 22.0 24y
JD8 22,500 * 15,000 55.0 611
Jz6 - 1350 | 32,500 * 7,500 5.62 62. L4
JZ.8 30,000 = 7,500 9.04 100.3
JK2 25,000 + 7,500 ° 36.67 Lo8
Jo8 1350 | 15,000 + 35,000
JQL . 10,000 % 35,000 17.9k 197
Jp1z 1350 0 £ 45,000 .005 .055
JCY 0 * k2,500 .022 .2hk
Jviz 0 + 41,000 .016 .18
JKl2 . 0 £ 40,000 13.19 146.5
JM6 1500 |'20,000 * 15,000 2.1% 23.9
Js2 17,500 # 15,000 11.58 - 128.7
Jal2. 16,000 * 15,000 18.72 208
JKT 16,000 # 15,000 13.63 151.5
JT2 1500 | 20,000 * 7,500 4.0 o ohhh
JHT 17,500 & 7,500 11.8 131
Jv3 16,000 * 7,500 21.91. a4y
JZ13 14,500 * 7,500 39.78 kho
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TABLE XI - SONNTAG SF-4 3600-CPM TENSILE FATIGUE DATA

[E1liott Company datal

23

. Test | SteadylAlternating '

Specimen|temp.| stress| stress Cycles to fallure Time f?;rgracture

(°F) | (psi) (psi)

Jx-5 |1000 | 75,000 14,470 1.65 x 106 7.63
Jv-11 75,000 ih4,840 51.5 - 239
Jr-12 60,000| 29,880 21 ©1.95
Js-11 60,000 *19,910 17.16 79.5
JW-5 60,000 *16,500 53.7 29
JY-5 45,000 *26,880 6.181 28.6
JR-8 45,000 #19,410 ar7.2k2 8357.0
JE-11 |1350 | 28,000 *25,000 (p) (1)
Je-11 . 28,000| *25,000 (c) {c)
JI-11 28,000} *19,080 12.84 59.5
Jc-8 28,000{ *¥15,039 11.67 54
JH-8 28,000 *7,469 25.75 119
Jp-11 28,000 *7,469 33.88° 157
JF-10 28,000 £3,969 46,9k 217

&Tnterrupted at T75121,000 cycles to change bearings in machine.
Ppailed during starting.
CExcessive deformetion durlng starting stopped test.

~wE
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TABLE XII - STRESS-RUPTURE TESTS WITH SUPERIMPOSED ALTERNATING EENDING STRESS

E%eaearch Laboratories Division, General Motors Corporation, machine and data]

Test Steady 10,800-cpm
Specimen | temp. | teneile stress bending gtress % C:écﬁs ch?l};rn; tiue %10:,3&;13311
(°F) (pei) (pe1) © tailire peree
w17 | 1350 28,000 19,250 k.6 x 100 838,0 6.78
JX1k 28,000 +12,800 35.3 bs5h.5 11.75
JW12 28,000 +5,100 3L CH2.5 13.05
JO11 28,000 7,250 33 bs1.0 13.95
WLl 28,000 10 0 43180 - 15.37

8Fatigue failure at point of maximum stress (3/8 in. above lower shoulder of specimen).

bRu];rt-,ure failure at thermocouple strap weld remote from point of maximm streses (11 in.
from upper shoulder of specimen).

CRupture faellure remote from point of maximm stress and thermocouple welds.

dgpecimen deformetion resched limit of machine at 180 hr; creep data Indicated fallure

before 200 hr.

SNAG
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TABLE XIII - ROTATING CANTILEVER FATIGUE TEST DATA

25

[U. S. Neval Engineering Experiment Station-1700-cpm machine and data]

Specimen EZZE. M traes & Cycles to failure | T10° f?§r§ra°ture
(°F) (psi)
JXl2 |1350 43,000 0.09 x 106 0.88
JJL5 40,000 37.69 369
JY13 38,000 7-79 76.3
Jwiz 37,000 5.202 51.1
Jx13 35,000 56.75 556. 4
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(a) Westinghouse high-frequency fatigue specimen. One-half scale.
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(b) NACA modified Westinghouse fatigue specimen.

Figure 1.- Iatigue specimens used by the cooperators in the investigation.
(All dimensions in inches.)



NACA RM 51a0k 27

33

ﬂ-'—— 1.29——*'!'1.451‘——- ) -———T.45ﬂ-—— 1,29 —»d

le-,438 1+ ,002
252 t 001

_,,
H
l
I
.

"H
—
I

e— 1 ——

1
°F

- (¢} Syracuse dynamic creep speciﬁen.

::ﬂ:,"
XA |
49575 L‘/<45°
_ Dl --LFH 122 § 9IS
T =LY S
k‘ T % §
8 +1 \
: 4‘21‘ —> ‘
! SNACA S

(d) Syracuse radius fatigue specimen.

Figure 1.~ Continued.
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(f) Battelle zero mean stress axial fatigue specimen.’

Figure 1.- Continued,
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(g) Sonntag SF-4 axial fatigue specimen used by Ellioti.
i1n ﬁ
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{h) General Motors combined stress fatigue specimen, One-half scale.

Figure 1.- Continued.
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(i) NEES rotating cantilever fatigue specimen, l

Figure 1.- Concluded.
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Figure 2.~ Dolishing machine.
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Alternating stress, ps)
1

O Rupture test
@ Syracuse axlal fatigus test (3600 cpm)
*a0,000 X Kranse axial fatigue teat (1500 cpm)
D Sommtag axial fatigue test (3800 ¢cpm)
AAA A Westinghouge reversed bending fatigue test (7200 cpm) -
Bt P 0 0.8, Navel Eng, Exp, Station rotating cantilever beam fest (1700 cpm)
- .
im,oogm =~ Note: B8yracuse data which po into corapression ware made on profile
I~ >~ - apecimeans; other data, on onfiform dismefer gege langth specimens.
o \1\ . ’
~ .
> ~
+ . By . ~
40 T T~ ~
e
‘!.IJ -~ \\\ ™~ \’:*:q‘;.\:-.\ [P .fooa: &
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Mean stress, pal

Figure 3.- Relationship between alternating and mean stresses for fracture in 50, 150, and 500 hours at room
temperature, 10009, 1200°, 13509, and 1500° F.
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Alternating stress, psi

Figure 4.~ Influence of superimposed alternating stress on rupture time at

130,000 ———a T
Steady stress, 28,000 psi
N
120,000
’ )
©
\
o
xl.
*10,000 \l
xl- B O® O
xl-
>~ - @
~

xonoe

~0 O

~
0 &
0 100 200 300
Rupture time, hr

Krause - 1500 cpm Superimposed axial

Syracuse machine - 3600 cpm alternating stress test
General Motors combined stress machine -
10,800 -cpm superimposed bending stress
Indicates fatigue nucleus in fractured surface
of specimen
Rupture test _
Specimen failed away from point of calculated
maximum stress ' :

Sonntag SF'-4 - 3600 cpm }

1350° F under a steady stress of 28,000 psi.
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Figure .- Curves of stress against time for rupture at 10009, 1200°, 13509,
and 1500° F (University of Michigan rupture test data).
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Alternating stress, psi

H |
2
@
180,000 §
e \\&
+2),000
g o“"--%\%l Room tempersature _or
. Nwo F o oF
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+ — <_"‘.—‘ =
g a X ("} f’
xx H 1
: X 130°F X
40,000 3%
, . p o
+3),000. : = — ]
--—.__
280 00 ;
- 3 b b )
Y18 108 _ 107 108 1f
; Cyclea . W
' OANX @ Specimens prepared by specially controlled machining practice
Westinghouse dats for 0,550 at Unlveraity of Michigan
inch-dinmeter specimens |O# Specimans prepared by ordinary machine shop practice at
University of Michigan
D“‘;;g{fiﬁl‘:‘ﬁ;{ﬁﬁm o Specirnens ground to shape and polished by NACA
Hameter spa-clmens = Specimens turned to shape and pollalied by NACA

Figure 8.- Reversed bending S-N fatigue curves at room temperature, 1000° 12009, 1350°, and 1500° F from

Waestinghouse 7200-cpm machine. -
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Figure 11.- Rotating cantilever beam S-N fatigue curve at 1350° F (U. S. Naval Ehgineering Experiment

Station, 1700-cpm machine),
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fracture in 60, 150, and 500 hours at 1350° and 1600° F (Syracuse machine).
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Figure 13.- Influence of alternating bending stress at 1350° F on time for 0.5-, 1.0~, 1.5~, and 2-percent
total deformation and rupture time under a steady stress of 28,000 psi. (Gereral Motors machine,)
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