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SUMMARY

A study of cumiletive fatigue damsge at elevated temperatures was
conducted using heat-treated SAE 4130 alloy steel. The S-N curves at
room temperature, 400° F, and 800° F were obtained from rotating-beam
fatigue tests. Two-step, three-step, and five-step cumulative-damage
fatigue tests were conducted on rotating-beam fatigue specimens at
room temperature, 400° F, and 800° F. The results of the cumlative-
damage tests are compared with those of a theoretical analysis.

INTRODUCTION

The behavior of a material subjected to repeated applications of
loed is of importance in the structurel design of aircraft. Consequently,
investigators have compliled volumes of date on the fatigue properties
of aircraft materisls and the effect of numerous variables on these
properties. Most of these data were obtained by repeatedly applying
a constant amplitude of alternating stress to a specimen untll failure
occurred. By testing a number of specimens at different stress levels,
sn S-N curve is obtained in which stress is plotted against cycles to
failure.

The date obtained from conventional fatigue tests at constant stress
amplitudes are of questionsble value for design spplications in which the
meximum intensity of stress is not constant during the life of the struc-
ture. This problem is of particular interest in aircraft design since
the stresses produced by alr loads, gust loads, engine vibretions, and
landings vary in magnitude and duration. The problem is further com-~
plicated by the fact that repeated stressing of e material at one stress
amplitude may have pronounced effects on the fatigue propertles at other
stress amplitudes.

A number of investigations have been conducted (refs. 1 to 17) to
determine the effect of stressing a materisl at one stress amplitude on
the fatigue life &t a second stress amplitude. The evidence indlcates
that for both ferrous and aluminum alloys understressing, overstressing,
and coaxing may produce considersble change in the fatigue properties
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of a materisl. There have been attempts to explain these effects as the
- result of cold-working, strain-aging, residual stresses, and specimen
selectivity. None of these explanations appear to be sdequebte since
they fail to account completely for all the experimental evidence.

Additionsl investigations have been conducted (refs. 18 to 22) in
which the stress amplltude was varied asccording to some definite, usually
periodic, program during the test. The results of tests of this type
are difficult to interpret for deslgn purposes unless the test load was
varied in the same manner as that in which the load will vary in the
part being designed. Since there are an infinite number of possible serv-
ice stress histories, the accumulation of data in this manner would
appear to be an endless task. :

In order to obtain a rational design procedure it 1s necessary first
to establish a hypothesis of fatlgue damsge. It appears reasonaeble to
gssume thet a material subJected to repeated stressing undergoes some
damaege during each cycle of stress and that this damage accumilates to
the point of failure. With such a hypothesis it is possible to relate
the behavior of a material subjected to cycles of varying stress ampli-
tude to its behavior when subjected to cycles of constant stress ampli-
tude. It is then possible to design s member that will be subjected
to varying stress amplitudes during its life by use of the conventional
S-N curve and the loesding spectrum for the member (refs. 20 and 23 to 25).

This investigation was carrled out at the University of Algbama
under the sponsorship and with the finsncial assistance of the National
Advisory Committee for Aeronsutics.

SYMBOLS
D fatigue damsage
E endurence limit
k constant
N number oflloading cycles to failure at stress S
n : number of loading cycles applied at stress 8
R cycle ratio, %

S stress
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W net work gbsorbed at failure or work done to failure
_S -E

7 E

Subscripts:

1, 2, . «. . n indicates steps or levels

CUMULATIVE-DAMAGE STUDIES

Miner (ref. 26) proposed the first ussble hypothesis of fatigue
demage by relating damsge at each stress amplitude to the net work that
may be sbsorbed by & material. Miner assumed that fatigue demsge could
be expressed as the ratio of the number of loading cycles applied at a
given stress to the number of cycles reguired to produce failure at the
given stress. This ratio is referred to as the cycle ratio. Miner
further assumed that if a msteriasl was subjected to repeated loading at
more than one stress emplitude fallure would occur when the sum of the
cycle ratios became unity. This simple concept of cumilative damsge
mey be expressed symbolicelly as follows: If

W net work absorbed at failure or work done to failure
W1 work absorbed et stress S; in n; cycles

ny number of loading cycles spplied at stress S,

Ny number of loading cycles to failure at stress S,
Ry cycle ratio st stress Sy

then, the first assumption may be expressed as

and the second assumption may be expressed as

W1+W2+W3+- . .Wn=W
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or
W W W W
e - S |
W W W W

from which
n. n 1.
123 .%:1
N Ny Ry n

or

The last equation which may be expressed as ZE:‘% = 1 4is frequently
referred to as Miner's sum or the cumilative cycle retio.

To verify this hypothesis, Mliner performed a series of 22 axial-
load fatigue tests on sheet specimens and riveted specimens of 2024-T3
aleclad aluminum. Individual specimens were each subjected to two,
three, or four different stress amplitudes. _The average value of the
curulative cycle ratio was 1.015 with a minimmm of 0.61 and e maximum
of 1.45. Although the average value of the cumulative cycle ratio is
very nearly unlity as predicted by Miner's theory, the experimental
evidence 1s not conclusive becsuse of the relatively small number of
teste and the scatter of the data.

Further investigations have shown that there are a number of addi-
tional factors not considered by Miner that influence fatigue damage.
For example, it has been shown that regardless of whether a high or low
stress is applied first, the number of different stress amplitudes
applied and the magnitude of each stress level relative to the endurance
limit are among the varisbles affecting fatigue damage.

Brueggeman, Mayer, and Smith (ref. 27) conducted a series of axial-
load tests on 93 specimens of 2024-T3 gluminum-alloy sheet containing
a drillied hole. All specimens were subjected to two-step tests in
which a given number of cycles were applied &t one stress followed by
stressing at a second stress until fallure. When the initial stress was
less than the second stress, the cumulative cycle ratio at failure
exceeded unity. When the initial stress was greater than the second
stress, the cumulative cycle ratic was less than unity.
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Bennett (ref. 10) performed & series of tests on SAE 4130 steel
using both axial load and rotating bending machines. His results with
respect to the effect of the sequence in which the stresses are epplied
are identlical to those of Brueggemsn, Meyer, and Smith.

Richart and Newmark (ref. 28) have proposed a hypothesis in which
the effect of the sequence in which the stresses are epplied i1s consid-
ered. If fatigue damage is denoted by the term D, curves of cycle ratio
egainst damage may be plotted. It is assumed that the damage is zero
before applying any stresses and unity when a specimen has failed because
of repeated stressing. Points on the conventional S5-N curve represent
a cycle ratio of unity and e demsge of unity. As a meterial is subjected
1o repeated stressing the cycle ratio Increases and the damage increases.
However, the exact relationship between cycle ratio and damage is not
known.

Miner assumed a linear relationship between cycle ratioco and damage
as shown by the line D =R in figure 1. Richart and Newmerk assume
that the relstion between cycle ratio and damsge is a function of the
stress as shown by the curves B5,, 5o, and 83 in figure 1 in which

S, >85> SB' The assumption of Richart and Newmark sgrees with the

experimental evidence which indicates that at low stress levels a
relatively small amount of damage occurs during the early cycles but
increases rapidly toward the end of the endurance lift. On the other
hand, at high stress levels s greater emount of dasmage occurs during
the early cycles than during the latter stages. This assumption agrees
with the conclusions of other investigators that the cumilative cycle
ratio at fallure is greater than unity when the initlal stress is less
then the finel stress and less than unity when the initial stress is
larger than the final stress.

In order to apply the hypothesis of Richart and Newmerk it i1s
necessary to determine experimentally curves of damage plotted against
cycle ratio for verious stresses in addition to the conventional S-N
curve. Since curves of damage plotted against cycle ratic are not
readlly availeble for most materials, it would be difficult to use this
procedure in design.

Grover, Bishop, and Jackson (ref. 29) conducted & number of two-
step cumulative-damage axial-load fatigue tests on sheet specimens of
2024~T3 aluminum alloy, TO75-T6 sluminum alloy, and SAE 4130 steel.

For the tests in which the low stress was applied first, the cumlative
cycle ratio et feilure exceeded unity for all three materiasls. For

the tests in which the high stress was applied first, the cumilative
cycle retio at failure was less than unity for the SAE 4130 steel speci-
mens. However, the tests on the aluminum-glloy specimens in which the
high stress was spplied first had a cumilative cycle ratio at failure
greater than unity.



6 : NACA TN 4284

Marco and Starkey (ref. 30) reported e muber of rotating-beam
fatigue tests of 76S-T6l aluminum alloy end SAE 4340 steel in which
cumilative damage was studied. The results of these tests also show
the effect of the order in which the stresses are epplied. During the
course of each test the stress was changed 2, 4, 6, 10, 15, or 20 btimes.
There was no well-defined effect due to the number of different stresses
applied.

A very extensive axial-load cumlative-fatigue-demage study of
alclad TO75-T6 and alcled 2024-T3 sluminum-slloy sheet was conducted
by Smith, Howard, and Smith (ref. 31). A total of 805 specimens were
tested under various loading conditions with all the cumuletive~damage
tests being two-step tests. Beventy-two percent of the average cumla-
tive cycle ratios were within 20 percent of unity and 40 percent were
within 10 percent of unity. The smellest sverage cumulative cycle ratio
of a group of four similar specimens was 0.568 and the largest, 1.440.
There was no systematic variation of the cumulative cycle retio with
the stress amplitude, the sheet thickness, the mean stress, or the alloy
used.

Schijue and Jacobs (refs. 32) reported a number of cumulative-
damsge axial-load fatigue tests on both notched and unnotched specimens
of 2024-T3 alclad. Considersble scatter in the results mekes interpre-
tation difficult. For exemple, in one series of 10 identical tests on
notched specimens in which the high stress was epplied first, the cum-
lative cycle ratio at fallure varied from 0.19 to more than 18.

Low (ref. 33) conducted a number of reversed=bending cumulstive-
demage tests on aluminum-slloy sheet. Instead of the conventional
cycles to failure was obtained which was similer in shape to the con-
ventional S-N curve for nonferrous meterisls. In the cumulative-damage
tests, the value of the cumulative cycle ratio at failure varied from
0.75 to 1.#9. A plot of the meximum fiber strain sgainst the number
of cycles to fallure at the f£insl strain is linesr which suggests another
varieble that mey influence the value of the cumulsastive cycle reatio.

Henry (ref. 34) has made a theoretical analysis of fatigue-damsge
accumilation based on the assumption that the S-N curve may bhe repre-

sented by the equation N = S.k where k 1s & constant and E is

the endurance limit. An expression denoted by ¥ i1s called the over-
stress ratio and defined as : .

L4
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Henry assumes that as a material accumulates fatigue demage the values
of k and E change so that after a material has asccumulated a cer-
tain amount of fatigue damage it has an S-N curve different from the

S-N curve of the virgin materiel. Using these assumptions, Henry has
derived the following expression for the fatigue damage D (where R

is cycle ratio):

Using this expression Henry has analyzed the experimental data of
Bennett (ref. 10) and Kommers (refs. 9). There is close sgreement
between the experimental resulits and the results predicted by Henry's
theory. Henry's theory may be applled to predict the cummlative cycle
ratio when only the conventional S-N curves of a material are availgble.

A1l the fatigue-damage tests reported in the literature were con-
ducted at room temperature. The present investigation was undertasken to
determine the fatigue-damage characteristics of a typical aircraft steel
at elevated temperatures.

MATERTAL

The material used in this investigation was supplied as 225 feet
of %-—inch—diameter round rod from one heat of SAE 4130 steel which was

heat-treated to military specificstion S 6758, condition F5.

The chemical analysis was as follows:

Carbon, percent by wedght . . ¢« ¢« ¢ ¢ ¢« ¢« v ¢ v ¢ &« ¢ « 4 o « « « 033
Mangsnese, percent by Weight « + « « ¢ « + ¢ o « o« o o o« .« . 046
Phosphorus, percent by wedght « « « « + ¢ v v ¢ v ¢ ¢ « ¢« ¢ « « . 0.0l
Sulphur, percent by welght . . .« « ¢ = ¢« ¢« ¢ ¢ ¢ « ¢ ¢ ¢« « « « o 0.010
Silicon, percent by wedght . . « ¢« & + ¢ v ¢« ¢ ¢« + ¢« ¢« o « « » - 0.30
Nickel, percent by weight . « ¢« ¢« ¢« ¢ ¢« ¢ ¢ 4 ¢ ¢ ¢« « o « » o« o « 0.17
Chromium, percent by weight . . . . . . . ¢ ¢ « ¢« ¢« ¢« ¢« ¢ ¢ ¢« « « 0.90
Molybdenum, percent by weight . « « ¢« « « ¢« ¢ ¢« ¢« ¢ ¢« ¢« ¢ « &« « » 0.20

The room-temperature mechanical properties were determined using
Americen Society for Metals standard 5/16-inch tension specimens. These
tests were performed in a Baldwin 60,000-pound universsl testing machine
with Huggenberger Tensometers used to measure strains. The average room-
temperature mechanicel properties from six tests were as follows:
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Ultimate strength, Psi « « « ¢ ¢ v v v ¢ ¢ 4« v 0 e . .. 133,800
Proportional limit, PSi .« « + o « ¢ ¢ 4 e s e e e e s 80,000
Yield strength (0.2-percent offset), PSL ¢ ¢ v v v e e e e 111,300
Young's modulus, PSL « » ¢ « o ¢ ¢ 4 o+« 4 s 4 s . s« . 30,040,000
Elongation in 1 inch, percent . . « « « v o ¢ o o « « o o 26
Reduction of area, Percent + « « « o « o o o « o o « o o 65.7
Rockwell hardness . « « o + o o o o + o o o s « « o o o » c26.3%

The average tensile stress-strain curve is shown in figure 2.
APPARATUS AND PROCEDURE

For comparison purposes, & series of cumulative fatigue tests were
conducted at room tempersture using a Krouse rotating bending fatigue
machine operating at 4,800 rpm.

The elevated-temperature tests were conducted in & Krouse high-
speed, high-temperature, repeated-stress machine at a testing speed of
4,800 rpm. This machine is described in detail in reference 35.

The dimensions of the specimens used for all the fatlisue tests are
given in figure 3. The specimens were machined from the %-—inch—diameter

rod and then polished. The machining marks were removed with 120-grit
Metalite cloth and 280-grit Metalite cloth was used for the final polish.
A1l circumferential scratches were removed by polishing parallel to the
longitudinal exis of the specimen while it was slowly rotsted in a lathe.
Approximately 0.002 inch of the material was removed in the polishing
operation. '

For the elevated-temperature tests the specimens were inserted in
the furnace at room temperature and rotated at zerc stress while the
furnace temperature was increased to the test temperature. The testing
tempersture was obtained in approximstely 45 minutes. After reaching
the test tempersture an additional 15 minutes was allowed to obtain
temperature equilibrium before applying the load.

To obtain the S-N curve at each temperature, a series of conven-
tional fatigue tests were performed. A minimum of four speclmens were
tested at each of 10 different stress levels.

The cumulative-demage tests at each temperature were conducted in
three parts: A series of two-step tests, a series of three-step tests,
and e serles of five-step tests.
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The two-step tests were conducted according to the following
schedule:

(1) Initiel stress S; less than final stress S,
(a) Cycle ratio of 0.25 at §; to failure at §,
(b) Cycle ratio of 0.50 &t 851 to fallure at S,
(c) Cycle ratio of 0.75 at 8, to failure at S,

(2) TInitial stress S, grester than final stress S,
(a) Cycle ratic of 0.25 at S; to failure at 8,
(b) Cycle ratio of 0.50 at S, to feilure at Sp
(c) Cycle ratioc of 0.75 at S, to failure at S,

A minimum of four specimens were tested in each stress sequence. The
entire schedule was then repeated for a different set of stresses Sl

and SE‘

The three-step tests were conducted according to the following
schedule:

(1) Stress level progressively increasing, S <85 < 832
Cycle ratio of 0.30 at 5y followed by cycle ratio of 0.30
at Sy, to fallure at 85

(2) Stress level progressively decreasing, S > Sp > Szt
Cycle ratio of 0.30 at S; followed by cycle ratio of 0.30
at S, to failure at 83

A minimum of four specimens were tested in each sequence.

The five-step tests were conducted according to the following
schedule:

(L) Stress level progressively increasing, S; < 85 < 83 < 8y, < 85
(2) Stress level progressively decreasing, S > S, > 8z > 8), > 55

(3) Stress level alternating, 8; <8, 83> 83, 83 <8,, 5,>355
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A cycle ratio of 0.20 was applied at each of the first four stress levels
followed by stressing until faillure at the finel stress level. A minimum
of four specimens were tested in each sequence. .

RESULTS AND DISCUSSION

Room Temperature

The data used to obtain the S-N curve at room ftemperasture are
summarized in table I. The mean S-N curve shown in figure 4 was obtained
by the method of reference 36, as illustrated in esppendix A. The reason-
able range (ref. 36) of the mean S-N curve is +300 psi. For a single
specimen, the average value of cycle ratio § was 1.035 with e minimum

value of 0.780 and a maximum vaelue of 1.343, Seventy~-five percent of the

specimens had a value of % within 15 percent of unity and 61 percent
of the specimens had a value of % within 10 percent of unitby.

The results of the two-step tests at room temperature are summerized
in table II. For 24 specimens to which the low stress was applied first,
the aversge value of the cumulative cycle ratio at failure was 1.169.

For 24 specimens to which the high stress was applied first, the average
value of the cumulstive cycle ratio was 0.809.

The results of the three-step tests at room temperature are given
in table III. For the specimens for which the stress level was pro-
gressively incressed during the test, the average wvalue of the cumila-
tive cycle ratio was 1.644. For the specimens for which the stress
level was progressively decreased during the test, the average value of
the cumulative cycle ratio was 0.787.

The results of the five-step tests at room temperature are summa-
rized in table IV. When the stress level was progressively lncreased
the average value of the cumulaetive cycle ratio was 1.107. When the
stress level was progressively decreased the average value of the cumu-
lative cycle ratio was 0.875. For specimens for which the stress level
was alternately increased and decreased, the average cumulative cycle
ratio was 0.846.

As other investigations have shown, the data given in tables II,
III, and IV indicate that at room tempersature the order in which the
stresses are gpplied affects the cumulative cycle ratio. In general,
when a low stress is applied first, the damage at the low stress is less
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than that predicted by Miner and when a high stress is applied first
the demage is greater than that predilcted.

Henry (ref. 34) considered the effect of the order in which the
stresses are applied in developing his theory. For each of the
cumulative-damage tests, the theoretical cumulative cycle ratio has been
computed using Henry's theory and compared with the experimental results
in table V. A sample computation using Henry's theory is given in
appendix B. In general, the test results at room temperature show close
agreement with the values predicted by Henry.

Temperature, 400° F

The test results used to obtain the mean S-N curve at 1oo® F are
presented in tebular form in table VI and shown graphically in figure 5.
The reasonable range of the mean curve is 730 psi. For a single speci-

men, the average value of % -was 1.016 with a minimim value of 0.465

and s maxlmm velue of 1.595. Fifty-one percent of the specimens had

a vaelue of % within 15 percent of unity and 41 percent of the speci-
mens had a value of % within 10 percent of unity. The scatter is
somewhat larger than that found in the room-temperature tests. This
greater scatter may be atitributed to the lntroduction of the tempersa-
ture variable.

The results of the two-step tests at 400° F are presented in
tables VII and VIII. In teble VII the cycle ratio was computed using
the mean S-N curve whereas in table VIII the computations were based
on the minimum S-N curve. The computations based on the minimum
S-N curve are presented to show that, in the cumilative-demage tests,
the range of values obtained for the cumulative cycle ratio cannot be
explained solely on the basis of scatter. Table VIII shows that the
cumulative cycle retio is less than unity when the high stress is
applied first even when the computations are based on the minimum fatigue
life. Teble VIII also shows that if the computations are hased on the
minimum S-N curve the effect of the order in which the stresses are
applied is the same at elevated temperature as it is at room tempera-
ture. For specimens to which the low stress was applied first the
average value of the cumilative cycle ratio was 1.283. For specimens
to which the high stress was epplied flirst the average value of the
cumulative cycle ratio was 0.848.

Tebles IX end X present the results of three-step tests at Loo® F.
Based on the minimum S-N curve, the average value of the cumulative cycle
ratio was 1.862 for specimens subjected to progressively increasing
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stresses and 0.865 for specimens subjected to progressively decreasing
stresses.

The results of the five-step tests at Loo° F are given in tebles XI
and XII. Based on the minimum curve, the average value of the cumula-
tive cycle ratio was 2.456 for specimens subjected to progressively
increasing stresses and 1.128 for specimens on which the stress level
was alternately increased and decreased.

In table XIII the experimental results are compared with the results
predicted by Henry's theory. All the computetions in this table are
based on the minimum fatigue life. Although the agreement is not so
close as that at room temperature, Henry's theory sppesrs to predict
sgtisfactorily the effect of stress sequence on the cumuletive cycle
ratio.

Temperature, 800° F

The test results used to obtain the mesn S-N curve at 800° F are
presented in tebular form in table XIV and shown graphlcally in fig-
ure 6. The reasonsble range of the mean curve is 410 psi. For a

single specimen, the average value of ﬁ was 1.161 with a minimum value

of 0.345 and a meximum value of 2.567. Although this represents grester
scatter than the room-temperature tests or the tests at 400° F, the
reasonsble range of the mean curve 1s less because of the larger number.

of specimens tested. Only 20 percent had a value of % within 20 per-

cent of unity and 15 percent of the specimens had a value of % within
10 percent of unity.

The results of the two-step tests at 800O F are presented in
table XV. TFor 27 specimens to which the low stress was applied first,
the averasge value of the cumilative cycle ratio at failure was 1.302.
For 26 specimens to which the high stress was applied first, the average
value of the cumulative cycle ratio at failure was 0.594. The effect
of the order in which the stresses were applied is the same as that
noted at room tempersture and at 4oo° F.

Teble XVI presents the results of the three-step tests at 800° F.
For the specimens on which the stress level was progressively increased
during the test, the average value of the cumulative cycle ratio at
failure was 0.584. For specimens on which the stress level was progres-
slvely decreased during the test, the average value of the cumulative
cycle ratio st failure was 0.450. These data again indicate the effect
of the order of application of stress on the cumulatlve cycle ratio atb
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failure. However, in the progressively increasing stress tests, the
cumilative cyecle ratio was not greater than unity.

In table XVII, the results of the five-step tests at 800° F are
given. The average value of the cumulative cycle ratio at failure was
0.884 for specimens subjected to progressively increasing stresses,
0.459 for specimens subjected to progressively decreasing stresses, and
0.379 for specimens on which the stress level was alternately increased
and decreased. As in the three-step tests, the cumulative cycle ratio
at failure was less than unity regardless of the order in which the
stresses were applied.

The comparison of the experimentel results at 800° F with those
obtained by Henry's theory is given in teble XVIIT. Although Henry's
theory appears to predict the proper trend, the agreement 1s not close
in the progressively increasing three-step and five-step tests.

CONCLUDING REMARKS

A study of cumulative faetigue damage at elevated temperatures using
heat-treated SAE 4130 alloy steel has been made. In using fatigue data,
it is important to recognize that the fatigue curve represents only aver-
age values. An individual specimen mey exhibit a fetigue life consider-
gbly different from the average. The data obtained indicate that fatigue
testing at elevated temperatures may be expected to result in even greater
scatter than that which appears at room temperature. When this already
large scatter is coupled with further inaccuracies introduced by testing
gt more than one stress level, the scatter may become large enough to
overshadow the effects of the varisbles being studied. However, the
results indicete that the frequently accepted assumption that damage is
proportional to cycle ratic errs on the unsafe slde under certain condi-
tions. These results cannot be explained solely on the basis of scatter.

Since Henry (Transactions of A.S.M.E., August 1955) assumed an
equation for the S-N curve that does not fit the elevated-temperature
data, closer agreement mey be obtained by the use of a different equa-
tion In the analysis.

The analysis developed by Henry ssatisfactorily predicts the cumu-
lative cycle ratio at failure in room-temperature tests. At elevated
temperatures, further study ls indicated to arrive at a satisfactory
analysis.

University of Alabams,
University, Ala., March 25, 1957.
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APPENDIX A
METHOD FOR OBTAINING MEAN S-N CURVE

In order to obtain the meen life at each stress amplitude, the meen
S-N curve was determined by the method proposed in reference 36. This
method assumes that fatigue datae follow a normel distribution on the
stress scale which has been shown to be reasonably correct (ref. 37).
The mean S-N curve 1ls established by a statistical technique through
trial and error. To illustrate this method, a portion of the room~
temperature data has been replotted in figure T.

Groups of points are selected so that each group contains at least
5 test points within a 10 to 1 life scatter. The data plotted in fig-
ure 7 have been divided into two groups denoted A and B. After selecting
the groupe, the center of each group is determined by inspection and the
vertical lines TT' drawn through the center. The center of each group
represents the approximeate mean-log-life of the group.

The mean stress of each group at the mean life is then determined.
For each plotted point, the vertical displacement from the estimated
curve is measured end expressed in terms of stress. In figure T, the
vertical displacement of one of the points in group A is shown as )
AS = 1,500 psl. This displacement 1s considered positive when the point
lies above the curve. The algebraic sum and the mean of these vertical
displacements are then computed for each group. For group A, the alge-
braic sum is given by

§:(£6) = 700 + 500 - 500 - 1,100 + 1,500 + 1,100 + O - 450 = 1,750 psi

and the mean stress is }1%29 = 219 psi.

The mean is then measured off on line TT' from points z to w.
Point w lies ebove the curve when the mean is positive and below the
curve when the mean is negetive. The mean of each group is computed
and a new curve, shown in figure 7 as the corrected curve, is drawn
through the points labeled w in each group.

In reference 36 it is recommended that the entire procedure be
repeated until the stresses of -any curve are within 2 percent of the
stress of the preceding curve. The final curve obtained is the mean
curve. The reasonable range is defined as
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£ 2
il
where
N nmumber of specimens
52
2 (N’- 2]
2 .
N —\2
(Xi"X)
(o uncorrected standard deviation, E: _—-—ﬁ__—_

i=1

Xﬁ -X vertical displacement of any point from corrected mean curve

For the room-temperature date, the standard devietion of the 41 speci-
mens was 945 pei and the reasonsble range 302 psi. This indicates that
the probable position of the real mean curve is within £302 psi of the
position shown in figure k.



16 _ NACA TN Lo8h
APPENDIX B
EXAMPLE OF COMPUTATION OF CUMULATIVE CYCLE RATIO

To 1llustrate the method of analysis proposed by Henry, the com-
putation of the theoretical cumilative cycle ratio is carried out in
detall for one specimen at roon temperature.

Assume that a specimen is to be subjected to a cycle ratio R;
of 0.250 at a stress Sl of 80,000 psi followed by stressing at 82

of 88,000 pei until failure. From figure 4 the endurasnce limit E at
room temperature is T7,000 psi. The oversitress ratic atb Sl is given
by

y =17 F 80,000 - T7,000 _ ¢ os9
1 E 77,000
The overstress ratio at 82 is
7 = 82 - E = 88on - 77’000 = 0-1“3
2 E TT,000

The damaege due to imposing a cycle ratlo of 0.250 at Sl is

R
D, = 11 — = 0.230 _ _ 6.012
71 ~0-039

The damage due to stressing at Sl. represents a cycle ratio at 82
equal to

- D1(L+7p) = 0.012(1.143) _ 4 g9
2 Dl + 72 0.012 + 0.143

The life remsining st S, is (1 - R2) or 0.910. The cumlstive cycle
ratlo 1s the result of a cycle ratio of 0.250 at Sl plus a cycle ratio
of 0.910 at 82{ Therefore,
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Z 2 - 0.250 + 0.910 = 1.160

As shown in teble II, the average experimental value obtained for this
condition was 1.13L.
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TABLE I.- RESULTS OF ROOM-TEMPERATURE TESTS AT ONE STRESS IEVEL

EN obtained from mean S-N curwﬂ

21

cle Deviation
Specimen | Stress, C?:iiirzo lﬁ?:n rgzio, from
number psi n ? N’ n average,
N percent
12F75 98,000 28,700 33,500 0.857 10.h
12876 98,000 30,700 33,500 .916 4.3
12Fr80 98,000 34,200 33,500 1.021 6.7
12FT7h 98,000 3k, 600 33,500 1.033 7.9
Av. 957 |Av. 7.3
12F63 9k,000 50,000 53,500 .935 12.2
12F67 9k, 000 53,300 53,500 -996 6.5
12F6L 94,000 60, 300 53,500 1.127 5.8
12F65 9k, 000 64,300 53,500 1.202 12.9
Av. 1.065 |Av. 9.k
12F61 90,000 67,100 86,000 .780 9.3
12762 90,000 73,400 86,000 .853 .8
12F59 90,000 75,000 86,000 .872 1.4
12F60 90,000 80,200 86,000 . 8.4
Av. .%%o Av. 5.0
12F72 88,000 105,300 {110,000 957 ik.1
12F79 88,000 110,200 | 110,000 1.002 10.1
12771 88,000 132,200 | 110,000 1.202 7.8
12F78 88,000.| 1k2,200 |110,000 1.293 16.5
Av. 1.114 [Av, £12.1
12F2 85,000 138,000 | 158,000 .87% 17.6
1oFk 85,000 164,500 | 158,000 1.041 1.7
12F5 85,000 173,000 | 158,000 1.095 3.3
12F3 85,000 193,600 | 158,000 1.225 15.7
Av. 1.059 |Av. =9,
12F9 84,000 170,100 | 173,000 983 3.6
12¥F11 84,000 173,800 | 173,000 1.005 1.5
12F6 84,000 175,800 | 173,000 1.016 b
12F10 84,000 186,200 | 173,000 1.076 5.5
Av. 1.020 |Av. *2.8
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TABIE I.- RESULTS OF ROOM-TEMPERATURE TESTS AT
ONE STRESS LEVEL - Concluded
Cycle Devliation
Specimen | Stress, c%:iizrzo 1§§:n ratio, from
number psi ? N’ n average,
: n N percent
12712 82,000 225,000 | 224,000 1.004% 6.3
12F13 82,000 24k . 000 | 224,000 1.091 1.9
12F15 82,000 244,800 | 224,000 1.093 2.1
12F1h 82,000 245,500 | 224,000 1.096 2.3
Av. 1.071 |Av. #3.2
12F17 80,000 228,000 | 282,000 .809 18.1
12F19 80,000 270,500 | 282,000 .959 3,0
12F18 80,000 276,400 | 282,000 .980 .8
12F16 80,000 339,200 | 282,000 1.205 21.8
Av. .9 Av, £10.9
12F23 78,000 396,300 | 410,000 .967 18.3
12F25 78,000 kil 300 | 410,000 1.084 8.5
12F21 78,000 549,600 | 410,000 1.340 13.2
12F22 78,000 550,600 | 410,000 1.343 13.4
Av. 1.18% [Av. #13.k
12F28 77,000 495,900 2&)
12F30 77,000 537,100 8)
12F29 77,000 1,001,000 (a)
12F81 77,000 | 11,793,700 Ea b)
12F27 77,000 | 12,404,800 a b)

BStress corresponds to endurance limit.

Specimen did not fail.
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TABLE II.- RESULTS OF TWO-STEP TESTS AT ROOM TEMPERATURE

From meen curve: N at 80,000 psi 1s 282,000 cycles, N at 82,000 psi
is 224,000 cycles, N at 88,000 psi is 110,000 cycles, and N at
9,000 psi is 53,500 cycles] .

Cunulstive

Rys Rys cycle Deviation

Specimen Sl’ SE’ n ratio, from
number psi 1 1 D2 average,
ps Ny N, Z-l% percent
12F90 80,000 | 88,000 | 0.250 { 0.935 1.185 k.5
12¢r119 | 80,000 | 88,000 . 250 .833 1.083 5.5
12¥F120 80,000 | 88,000 .250 .Tho .999 12.0
12Fr122 80,000 | 88,000 .250 | 1.018 1.268 11.8
Av. 1.13k |Av. 8.5
12F123 80,000 | 88,000 .500 93k 1.434 3.2
12F124 80,000 | 88,000 .500 .935 1.435 3.1
12F125 |- 80,000 | 88,000 .500 .997 1.k97 1.1
12F131 80,000 | 88,000 .500 | 1.061 1.261 5.k
Av. 1.481 }jAv. 3.2
12F127 80,000 | 88,000 750 .Tok 1.544 2.k
12F128 80,000 | 88,000 .750 . 792 1.542 12.2
12F132 80,000 | 88,000 .750 .36k 1.11h 18.9
12F133 80,000 | 88,000 750 Sh7 1.297 5.6
Av. 1.37 Av, £12.3
12F134 88,000 | 80,000 .250 5k5 795 Tk
12F135 88,000 | 80,000 .250 567 817 10.4
lEFlBg gg,ooo gg,ooo .250 .Zgg .61% 16.4

12F13 000 000 .250 . T .
’ ’ Av. _7-% Av :'l%_%

12F139 88,000 | 80,000 500 136 631 23.9
12F140 88,000 | 80,000 .500 347 .87 2.2
12F1Th 88,000 | 80,000 .500 .382 .882 6.4
12F175 88,000 | 80,000 .500 LAs57 .ggz 15.4
_ Av. .829 |[Av. £12.0

12F143% 88,000 | 80,000 .50 .325 1.075 2.9
10F1 4k 88,000 | 80,000 .50 713 1.463% 32,2
12F145 88,000 | 80,000 750 266 1.016 8.2
12F146 88,000 | 80,000 .T50 .123 873 . 21.1
Av. 1.107 lAv. #16.1
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TABLE IT.- RESULTIS OF TWO-STEP TESTS AT ROOM TEMPERATURE - Concluded

R R Cumiletive Deviati
] 02 1 Vviation

Specimen Sy S2s n n ;Z-Eig , from
number psi psi 2 2 average,
l\I}. I\12 Z% percent

12F178 82,000 | 94,000 | 0.250 | 0.587 0.837 11.0
12F179 82,000 | 94,000 .250 .630 .880 6.4
12F180 82,000 | 94,000 .250 .59k .84k 10.2
12F181 82,000 | 94,000 .250 .948 1.198 27.4
Av. .9%0 [Av. £13.8

12F182 82,000 | 94,000 .500 540 1.0k0 3.4
127183 82,000 | 94,000 .500 .867 1.267 25.9
12F184 82,000 93,000 .500 Lok .92h 6.2
128185 82,000 | 94,000 .500 .292 792 21.3
’ ’ Av. 1.00 Av, +£14.2

12F187 82,000 | 9k,000 .750 JA26 1.176 8.9
12F188 82,000 | 94,000 .T50 .368 1.1318 3.5
127189 82,000 | 94,000 .750 .204 .954 11..8
12F230 82,000 | 94,000 <750 .320 1.070 .9
Av. 1. Av, 3

12Fr190 gk,000 | 82,000 .250 .25h . 504 22.7
12F191 9k,000 | 82,000 .250 .291 S5kl 17.0
127192 9k,000 | 82,000 .250 .633 .883 35.h
12F193 ohk,000 | 82,000 .250 431 681 L4
Av. .652 Av. *19.9

12F194 9k,000 { 82,000 .500 .039 .53%9 17.7
12F195 9,000 | 82,000 .500 .138 .638 2.6
12F196 9k,000 | 82,000 .500 252 .752 14.8
12F197 94,000 | 82,000 .500 192 .692 5.6
Av. .655 |Av. #10.2

12F198 94,000 | 82,000 .T50 162 .912 4.8
12F199 94,000 | 82,000 .T50 .03k . T84 10.0
12F201 g9k,000 | 82,000 | - .T50 .010 .T60 12.6
12F231 9k,000 | 82,000 .750 275 1.0 17.8
Av. 870 |jAv. #11.3
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TABIE III.- RESULTS OF THREE-STEP TESTS AT ROOM TEMPERATURE
[From meen curve: N at 82,000 psi is 224,000 cycles, N at
88,000 psi is 110,000 cycles, and N at 94,000 psi is
53,500 cycles]
R Cumulative Deviatio
R R n
Specimen SJ_’ SE’ 83’ v 27 > gﬁﬁ, from
pumber psi psi psi oy 2 f_z_ average,
R Nl N, N5 ZE percent
N
12F232 |82,000|88,000|94,000|0.300(0.300|1.125 1.725 k.9
- 12F233 {82,000{88,000|9%,000| .300| .300|1.052 1.652" 5
12F235 {82,000]88,000{94,000( .300| .300| .746 1.346 18.1
12F236 |82,000(88,000|94,000| .300| .300{1.25k 1.854 12.8
Av. 1.64L |Av. 0.1
12F237 {9k,000|88,000!82,000| .300| .300( .175 175 1.5
12F238 {94,000} 88,000(82,000| .300| .300| .169 .T69 2.3
12F240 |9k,000]88,000(82,000| .300]| .300| .218 .818 3.9
12F241 [94,000|88,000|82,000) .300| .300| .186 .786 .1
Av. 787 |Av., £2.0




NACA TN 4284

26

S 8T "AY| o4Q° Ay

G2 Geg” G20* |002° (002 [002° 002" [0000g|000°eR1000¢08|000¢gg 0000 9GeasT
6L ¢T16° ¢TT* |002* (002 [oo2* |002* 00003 |000g8|000408]|000¢gg |000‘0g| GCadeT
6°¢T gelL: 0 |88T" |o02* |o0e2* |002* [000¢0Q[000¢gR|000¢08|000°gR |000‘0R| HGadeT
%8 L16° LTT* [002° [002* |002° |002° |000‘0R |000°88| 000408 |0004gQ {0000 SCadaT
0" STF AV m»m : _
I-¢t g%L* 0 |81 |002° |002® {002° (000¢2g 00048 |000°88{000°T6[000¢ 6| TCedet
KT 64L° 0 |6yt [o02° |002° |002" 00028 (00048 [000“881000“T6 (000 ‘46| 0G2AST
¢°et ¢g6° ¢gT° [002° [002° [002* {1002° -{000¢2Q |000“GE 1000488 |000“TE {000 6| 63T
L¢ Lo6* LOoT* |o02* |00z [002° j002° |000¢2g|000¢4g|000¢g8|000¢T6|000KE| BHadeT
Q°¢T 966" 96T* [002* {002° |00e® [002* 00028 0004800088000 T6[00046| LyadsT

G 9TF AV| LOT'T °AY .

.wH 9IS T gTG* |002* [002° |002° |002° 00046 |000¢T6|000¢881000¢6g |000428| ISt
¢°6 ceg” ¢60° |002* |002° |002* [002° 0006 |000¢T6]000°98{000¢6g (000428 GHadST
T m on6* oftT* [002° [002° [002° [00Z° [000“H6|000“T6{000°ER {0006 000¢2g] HH2deT
2°ee €ee T ¢6G* 002 |o02° [002* 002 00046 |000“T6]000°88 000448 |000128| ¢HedeT
9°9 20T 2¢£2°0}002°0]002°0{002 0| 002" 0{000¢6 |000°T6|000¢88 0004 00028 ST

quoogad hma N mm :‘z mz 'N.m MWH.
‘aBerase ‘oTqBI Cq 1 (- S Ty Tsd ted tad Tsd ﬁmm Joqunu
WOXT oTo4kd 6 2 (T «mm q:m nmm 2 ¢lg uswroadg

UOTHBTA | op pqpTrmmmy g | Mg by q 8

wwmﬁoho 006“¢C ST T8d 00046 48 N Dpus ‘saTofd 000°LL
sT 18d Q00‘T6 98 N “s9T94£0 000°OTT ST Ted 000°gg 38 N Nmmaoho 000°Q4T sT Tsd 000°CR
1e N ‘soTo£o 000‘Hge sT ted 000°cg 28 N “saToho 000°2ge ST Tsd 000°0Q 98 N :oAJMO uBem ao.H&

HINLYHHANLL WOOH {V SLSHL JHLS-EATS J0 SITASHY -'AT dI9VL




27

NACA TN L2o8h

ge6° Q" 003" 00e* oo2* oog* 000¢0g | 000°gg | 000‘0g | 000¢gg | 000‘0Q
THE* clg: 3" ooe* 002" ooe* 000¢2g | 000°Cg | 000‘ge | OOO‘T6 | 00O‘y6
Loz 1 Lot T 002°0 | 002°0 | 0020 | 002°0 | 00046 | 00016 | 000°QgE | 000‘GE | 00O‘eg
gqg91 deore-oATd
agl- 1gl: 00¢* 00%* 000°2g | 000°gE | 0006
gre"T M9 T 00£'0 | 00£°0 000¢46 | 000°gg | 000‘ey
gqg99 doge-saayy,
16Q° 0lg- ogL- 00028 | 0006
¢Gl. GGo* 006" 000¢2g | 000446
oGL® 249" oge* 000¢2g | 000‘H6
et 080T 0GL* 00046 | 000°‘2Q
94T 900°T 006" 00046 | 000‘2Q
0ST T 6" oge* 000¢(6 | 00028
ong* Lot't 0GL" 00008 | 000‘g8
19N 628" 006" 000¢0g | 000Gy
gTL: oxl- . 0Ge” 000°0g | 000‘gQ
6Lz T LS T 0GL* 000¢gg | 000‘0g
Tl2'T Toh'T 006" 000¢gg | 000¢0g
09T"°T HET'T 062" 0 000ge | 000¢08
g9.899 doq.s-0M]
Kaooyq. | o8svassm
g, Lxusg [ gseL | N oy Ty T8d T8d Tsd 18d T8d
0T98I OTo4d Ty u Su Ty ¢ mm Mg .‘mm_ \mm a.mm

SATIRTIEIY

(he *aEy) XMOWHI S(XMNGH Xd CALOAWOD SKINSTY HITM SHINSTY LSHL MINTVIAINEL-WOOY J0 NOSIHVAWOD -°A TTAVE




28 NACA TN 4284
TABIE VI.- RESULTS OF 400° F TESTS AT ONE STRESS LEVEL
[N obtained from mean S-N curve]
' M Cycle Deviation
Specimen | Stress, ng?{iﬁrZT li;:? ratio, from
number psi N a everage,
n N

percent
127114 84,000 55,500 k9,000 1.133 7.5
12F102 84,000 52,400 hg,000 1.069 1.4
12F115 gi,ooo Zg,ooo ﬁg,ooo 1.022 3.3
12F103 000 700 9,000 .99 E.z
’ ’ ’ Av. 1.05 Av. *.5
12F98 80,000 82,500 80,000 1.031 10.6
12F99 80,000 77,200 80,000 .965 3.5
12F116 80,000 72,200 80,000 .903% 3.1
12F100 80,000 66,400 80,000 .830 11.0
Av. 932 Av. *7.1
12F95 78,000 | 116,000 | 102,000 1.137 1k.2
12797 78,000 110,500 102,000 1.083 8.8
12F96 78,000 gk, 500 102,000 .926 7.0
12F9L 78,000 85,200 102,000 .835 16.1
Av. .995 | Av.%11.5
12F111 76,000 159,000 133,000 1.195 19.7
12F110 76,000 146,500 153,000 1.102 10.k
12F113 76,000 139,100 133,000 1.046 4.8
12F117 72,000 110,280 133,000 .830 16.8
12F112 76,000 108, 400 133,000 .812 18.2

’ ’ ’ Av. .99 Av.+1Lk.0 .
12F92 72,000 324,400 220,000 1474 28.4
12F93 72,000 321,200 220,000 1.460 27.1
12F118 72,000 23k, 600 220,000 1.066 7.2
12F58 72,000 130, 400 220,000 .592 48.4
Av. 1.1%8 Av.+27.8
12F39 70,000 388,400 280,000 1.387 32.2
12F38 70,000 331,900 280,000 1.185 13.0
12F43 70,000 273,100 280,000 975 7.1
12Fi2 70,000 253,500 280,000 .905 12.7
12Fh1 70,000 221,800 280, 000 .122 2k.5
’ ’ ’ Av. 1.049 | Av.+18.1
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TABLE VI.- RESULTS OF 400° F TESTS AT ONE STRESS ILEVEL - Concluded

Cycle Deviaetion
Specimen | Stress, gzzizieto 1§§Zn ratio, © from
nunber psi n ’ N, n average,
N percent
12F109 68,000 502,900 | 356,000 1.413 27.9
12FL8 68,000 403,200 | 356,000 1.133 2.5
12Fhg 68,000 343,800 | 356,000 .966 12.6
12F108 68,000 323,400 | 356,000 .908 17.8
Av. 1.105 | Av.#15.2
12F55 66,000 691,800 | 460,000 1.504 ko2
12754 66,000 558,500 | 460,000 1.214 1.9
12756 66,000 ho2,900 | 460,000 .919 13.1
12F1k49 66,000 271,500 | 460,000 .590 4y, 2
Av. 1.057 | Av.+28.6
12F157 64,000 940,900 | 590,000 1.595 97.6
12F156 64,000 54kh,600 | 590,000 .923 1h.h
12F150 64,000 326,200 | 590,000 553 31.5
12F155 64,000 29%,800 | 594,000 .498 38.6
12F152 64,000 274,500 | 590,000 465 ko L
Av. .867 Av.+hl,
12F160 62,000 10,106,800 (a b)
12F161 62,000 8,117,200 (b)
12F158 62,000 3,949,000 (b)
12F159 62,000 376,300 (b)
12F162 60,000 11,572,400 (a c)
12F163 60,000 16,837,700 (a c)

85pecimen did not fail.
Stress corresponds to endurance limit.
CStress below endurance limit.
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TABLE VII.- RESULTS OF TWO-STEP TESTS AT 400° F BASED ON MEAN S-N CURVE

[__From mean curve: N at 68,000 psi is 356,000 cycles, N at 70,000 psi
is 280,000 cycles, N at 78,000 psi is 102,000 cycles, snd N at
80,000 psi is 80,000 cycles]

R., R, Cumalative

5 g 1 2 cycle Deviation

Specimen 1’ 27 ng n, ratio, from
number psi pel = T n average,
1 2 Z-ﬁ percent

| 1or16hk | 68,000 | 80,000 | 0.250 | 0.193 0.743 2.7
12F165 68,000 | 80,000 .250 .563 .813 6.4
12F166 68,000 | 80,000 .250 379 .629 17.7
12F168 68,000 | 80,000 .250 621 871 14.0
Av .7%E Av.+10.2

12F169 68,000 | 80,000 .500 .166 .666 6.1
12F170 68,000 | 80,000 .500 .069 .569 9.4
12F171 68,000 | 80,000 .500 .169 .669 6.5
12F172 68,000 | 80,000 .500 .108 .608 2.2
Av.  .628 Av. 6.3

12Fr203 68,000 | 80,000 569 o] .569 16.9
12F204 68,000 | 80,000 .60k 0 604 11.8
12F205 68,000 | 80,000 .T50 .018 768 12.1
127206 68,000 | 80,000 750 .0hg . 16.6
_ Av. _£%5 Av.£1L L

12F210 80,000 | 68,000 .250 .231 81 k.3
12F211 80,000 | 68,000 .250 .15k .hok 12.4
12F212 80,000 | 68,000 .250 248 .498 8.0
12F215 80,000 | 68,000 .250 .212 L62 .2
Av. 161 Av. +6.2

12F216 80,000 | 68,000 .500 .128 .628 k.o
12F217 80,000 | 68,000 .500 .093 .593 1.8
12F219 80,000 | 68,000 .500 .094 594 1.7
12F220 80,000 | 68,000 .500 .102 .602 .3
Av. .60k Av. 2.0

12F22h 80,000 | 68,000 .648 o} .648 9.1
12F225 80,000 | 68,000 656 o] .656 8.0
12F226 80,000 | 68,000 .68k 0 684 h,1
12F227 80,000 | 68,000 750 112 .862 20.9
Av. 713 Av.x10.5
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TABLE VII.- RESULTS OF TWO-STEP TESTS AT 400° F BASED ON
MEAN S-N CURVE - Concluded

R., R, Cumuilative
s s 1 2 cycle Deviation
Specimen 1’ o’ 1, Dy ratio, from
number psi psi N N average,
1 2 Z% percent
12F228 70,000 | 78,000 | 0.250 | 0.436 0.686 1.2
12F229 70,000 | 78,000 .250 .585 .8%5 LY
127258 70,000 | 78,000 .250 651 .901 12.6
19F259 70,000 | 78,000 .250 .528 778 2.7
Av. .go Av. 8.5
12F261 70,000 | 78,000 .500 672 1.172 1.k
125262 70,000 | 78,000 .500 .5h7 1.047 5
12F264 70,000 | 78,000 500 .296 .T96 24,3
12F272 70,000 | 78,000 .500 691 1.191 13.2
: Av. 1.052 |[Av. #12.h
12F266 70,000 | 78,000 .T50 .133 .883 18.4
12F267 70,000 | 78,000 .654 o} 654 12.3
12F268 70,000 | 78,000 .750 .039 .789 5.8
12F269 70,000 | 78,000 .659 0 .622- 11.7
Av. .T Av. £12,1
127275 78,000 | 70,000 .250 271 .521 5.5
12F276 78,000 | 70,000 .250 176 ko6 13.8
12F278 78,000 | 70,000 .250 .198 448 9.3
12F279 78,000 | 70,000 .250 332 .282 17.8
Av. .49 Av, #11.
12F280 78,000 | 70,000 .500 .13k 634 2.3
12F281 78,000 | 70,000 .500 .158 .658 1.k
12F282 78,000 | 70,000 .500 .118 .618 4.8
12r28k 78,000 | 70,000 <500 .185 .685 5.5
Av. —.BL9 |Av. *3.5
12F285 78,000 | 70,000 .750 .054 .80k 4.8
12oF286 78,000 | 70,000 .T728 o] .728 5.1
127288 78,000 | 70,000 676 0 676 11.9
127289 78,000 | 70,000 .750 .110 .860 12.1
Av. .737 Av, 'E.B
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TABLE VIII.- RESULTS OF TWO-STEP.TESTS AT 400° F BASED ON

MINIMUM S-N CURVE

fFrom'minimum curve: N at 68,000 psi is 181,000 cycles, N at
70,000 psi is 154,000 cycles, N at 78,000 psi is 79,000 cycles,
and N at 80,000 psi is 67,000 cycles1

R s R R Cumilative
s g 1 2 cycle Deviation
Specimen v’ 2’ o, n, ratio, from
number psi psi h ¥ average,
1 2 Z-r-l- percent
N

12F164 68,000 | 80,000 | 0.492 | 0.588 1.080 2.4
127165 68,000 | 80,000 .hop 672 1.164 5.2
12F166 68,000 | 80,000 o2 452 .Ohh 14.6
12F168 68,000 | 80,000 9 iTs7= LTh2 1.234 11.2
Av. 1.106 |Av. *8.%

127169 68,000 | 80,000 .983% .199 1.182 k.0
12F170 68,000 | 80,000 .98% .082 1.065 6.2
12F171 68,000 | 80,000 .983 .201 1.184 h.2
12F172 68,000 | 80,000 .983 .128 1.111 2.2
Av. 1.136 |Av. *h.2

12F203 68,000 | 80,000 | 1l.119 0] 1.119 16.1
12F204 68,000 | 80,000 | 1.189 o] 1.189 10.9
12F205 68,000 | 80,000 | 1.475 .021 1.496 12.1
12F206 68,000 | 80,000 | 1.475 .058 1.5 14.9
Av. 1.33% Av. ¥13.5

12F210 80,000 | 68,000 .299 455 .T54 5.5
12Fr211 80,000 | 68,000 .299 .30k .603 15.7
12r212 80,000 | 68,000 .299 187 786 |- 9.9
12F215 80,000 | 68,000 .299 a7 .T16 .1
Av. —.715 |Av. #7.8

12F216 80,000 | 68,000 <597 .251 .848 5.7
12F217 80,000 | 68,000 <597 .183 .780 2.7
12F219 80,000 | 68,000 597 .186 .783 2.4
12F220 | 80,000 | 68,000 597 .200 _%1 .6
Av. .802 {Av. 2.9

12F22k 80,000 | 68,000 T3 o} .783 10.5
12F225 80,000 | 68,000 LT84 0 . 784 10.k
127226 80,000 | 68,000 816 0 816 6.7
12F227 80,000 | 68,000 .896 .219 1.11 27.4
Av. ~.875 |Av. #13.8
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TABLE VIII.- RESULTS OF TWO-STEP TESTS AT k0o° ¥ BASED ON
MINTMUM S-N CURVE - Concluded
R., R, Cumulative
S g 1 2 cycle Deviation
Specimen 1’ 2’ B, o, ratio, from
nunber psi psi . N. average,
1 2 ZE percent
N
12F228 70,000 | 78,000 | 0.455 | 0.563 1.018 12.7
12F229 70,000 | 78,000 455 756 1.211 3.9
12F258 70,000 | 78,000 455 .8k1 1.296 11.1
12r259 | 70,000 | 78,000 455 .682 1.1 2.5
Av. 1.1 Av. *7.6
12F261 70,000 | 78,000 .909 867 1.776 9.6
12F262 70,000 | 78,000 .909 . 706 1.615 A
127264 70,000 | 78,000 .909 .382 1.291 20.4
19F272 70,000 | 78,000 .909 .892 1.801 11.1
Av. 1.621 |Av. +10.%
12F266 70,000 | 78,000 1.364] .172 1.53%6 15.1
12F267 70,000 | 78,000 1.190 0 1.190 10.9
12F268 70,000 | 78,000 1.364 .051 1.415 6.0
12F269 70,000 | 78,000 1.197 o] 1.197 10.
Av. 1.335 [Av. ilo.g
12F275 78,000 | 70,000 .323% Joo .815 6.3
12F276 78,000 | 70,000 .323 .319 642 16.3
12F278 72,000 70,000 .323 .Zgo .682 11.0
12F279 78,000 | 70,000 .323 .603 .92 eo.g
’ Av. .T6T lAv. 13,
12F280 78,000 | 70,000 .66 .243 .889 2.9
12F281 78,000 | 70,000 646 .288 .93k 2.0
12F282 78,000 | 70,000 .646 .21k .860 6.1
12F28L4 78,000 | 70,000 .646 .336 .982 .2
Av. .916 |Av. Er.
12F285 78,000 | 70,000 .968 097 1.065 5.2
12F286 78,000 | 70,000 .9kl 0] .9kl 7.0
12F288 78,000 | 70,000 .873 o] 873 13.7
12F289 78,000 | 70,000 .968 .200 1.168 15.4
Av. 1.012 Av. #10.3
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TABLE IX.- RESULTS OF THREE-STEP TESTS AT 40OO® F BASED ON MEAN S-N CURVE
From mean curve: N at 68,000 psi is 356,000 cycles, N at Th,000 psi
is 170,000 cycles, and N at 80,000 psi is 80,000 cycles]

Rys | Bys | By Cumulative
g g s 5 cycle Deviation
Specimen 1’ 2’ 3 | Iy Dy Nz ratio, from
number pei psi psi | N N average
1 o N5 Z% percen‘b,
12F290 |68,000| 74,000} 80,0000.300/0.300{0.911 1.511 18.0
12F291 |68,000] T4,000{80,000| .300| .300| .649 1.249 2.5
12F292 |68,000| Tk,000{80,000] .300| .300| .393 .993 22.5
12F293% |68,000| T4,000]80,000{ .300| .300| .7TL 1.371 7.0
Av. 1.281 [Av.+12.5
12F295 |80,000} Tk,000]68,000] .300} .266}] © .566 9.1
12F297 | 80,000} T74,000|68,000f .300| .300| .024 624 2
12Fr298 {80,000| 7k,000168,000f .300{ .300| .036 636 2.1
12F299 |80,000|Th,000}68,000f .300| .300} .064 . 664 6.6
Av. .623 |Av. .5
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TABLE X.- RESULTS OF THREE-STEP TESTS AT 400° F BASED ON
MINIMUM S-N CURVE

[From minimim curve: N at 68,000 psi is 181,000 cycles,
N abt 74,000 psi is 111,000 cycles, and N at 80,000 psi
is 67,000 cycles] -
R Cumuletive
s S s v’ RE’ R3’ cycle Deviation
Specimen 1’ 2’ 3] n, Oz ratio, from
number psi psi psi | W N_ N average,
1 2 3 Z-ﬁ- percent
12F290 |68,000|74,000}80,000(0.590|0.459{1.088 2.137 14.8
12F291 }68,000|74,000|80,000} .590| .459| .775 1.824 2.0
12F292 |68,000| T4,000{80,000( .590| 459 .469 1.518 18.5
12F293 |68,000f Th,000(80,000| .590} .459| .921 1.970 5.8
Av. 1.%%2 Av.*10.3
12F295 |80,000]{T74,000|68,000| .358| .ko7| O .765 11.6
12F297 180,000| T4,000]68,000| .358| 459! .046 .863 .2
12F298 [80,000|T4,000{68,000| .358} .459| .071 .888 2.7
12F299 |80,000|T74,000[68,000{ .358! 459 .126 .%43 9.0
Av. (065 |AV. 5.9
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TABLE XIV.- RESULIS OF 800° F TESTS AT ONE STRESS LEVEL

[N obtained from mesn S-N cﬁrve]

39

Cycles to Mean Cycle Deviation
Specimen | Stress, failure, 1ife, ratio, from

number psi n N n average,
N percent

12F342 82,000 41,100 Lo,000 1.028 18.5
12F363 82,000 49,400 40,000 1.235 2.9
12F344 82,000 53,100 Lo,000 1.328 5.2
12F345 82,000 58,200 40,000 1.455 15.3
Av. 1.222 Av. +10.5

12F347 80,000 40,900 65,000 .629 33.4
12F346 80,000 43,200 65,000 .665 29.6
12F365 80,000 45,200 65,000 .695 26.4
12F364 80,000 47,200 65,000 .T26 23.1
12F325 80,000 62,800 65,000 .966 2.3
12F330 80,000 79,800 65,000 1.228 30.0
12F327 80,000 110,200 65,000 1.700 80.0
Av. .9 Av. £32.1

12F3L8 78,000 65,800 110,000 .598 ko1
12FL31 78,000 75,000 110,000 .682 3Lk,0
12FL35 78,000 102,100 110,000 .928 10.2
12F323 78,000 103,600 110,000 .9ko 8.8
12Fh32 78,000 111,200 110,000 1.011 2.1
12F33h 78,000 127,700 110,000 1.161 12.3
12743k 78,000 131,800 110,000 1.198 16.0
12F335 78,000 192,200 110,000 1.747 .1
Av. 1.033 lAv. *24.3

12F350 76,000 93,800 18k, 000 .510 50.6
12F372 76,000 132,600 184,000 721 30.0
12F371 76,000 222,800 184,000 1.211 17.2
19F322 76,000 226,900 184,000 1.233 19.4
12F%52 76,000 274,600 184,000 1.ko2 bk
Av. 1.033 |Av. +32.3

12F353 Th, 000 360,800 308,000 1.171 8.4
12F35k 4,000 377,800 308,000 1.227 .0
12F355 Tk, 000 k37,300 308,000 1.355 6.0
12F321 T4, 000 418,100 308,000 1.§§£ 6.2
Av. 1.278 |Av. 6.2
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TABLE XIV.- RESULTS OF 800° F TESTS AT ONE STRESS LEVEL - Continued

Cycle Deviatlion
Specimen | Stress, Ca;:i.;sw:o l?;:n ratio, from
number psil ? N, n average,
- N percent
12F367 72,000 181,100 518,000 0.350 7i.1
127433 T2,000 235,000 518,000 L5k 62.5
12F320 72,000 493,000 518,000 .952 21.h4
12F368 72,000 571,400 518,000 1.103 8.9
12F436 72,000 732,800 518,000 1.415 16.8
12F369 72,000 867,100 518,000 1.674 38.2
12F366 72,000 1,118,500 518,000 2.159 78.
Av. 1.211 |Av. iEE.E
12F356 70,000 759,300 860,000 .883 33.3
12FrLh38 70,000 803,500 860,000 .93k 29.4
12F340 70,000 1,043,000 860,000 1.212 8.4
12Fh37 70,000 1,141,700 860,000 1.327 .3
12F4ho 70,000 1,193,800 860,000 1.388 k.9
12F3h1 70,000 | 1,223,000 860,000 1.h22 7.5
12F319 70,000 1,328,300 860,000 1.544 16.7
12F339 70,000 1,617,500 860,000 1.880 ho,1
Av. 1.323 [Av. £17.8
12F381 68,000 518,100 | 1,500,000 .345 60.1
12F 38k 68,000 654,300 | 1,500,000 A43€ 49.5
12F383 68,000 742,100 | 1,500,000 495 2.6
12F382 68,000 820,300 | 1,500,000 547 36.6
12F358 68,000 1,113,300 | 1,500,000 .The k.1
127357 68,000 1,671,000 | 1,500,000 1.11h 29.0
12F318 68,000 2,293,300 | 1,500,000 1.529 7.1
12¥337 68,000 2,545,800 | 1,500,000 1.621 96.6
Av. .803 |Av. #50.7
127317 66,000 3,374,800 | 3,120,000 1.082 19.9
12F3%2 66,000 3,994,000 | 3,120,000 1.280 5.2
121326 66,000 4,303,700 | 3,120,000 1.379 2.1
12F328 66,000 5,178,500 | 3,120,000 1.660 0.0
: Av. 1.350 |Av. #15.3
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TABIE XIV.- RESULTS OF 800° F TESTS AT ONE STRESS LEVEL - Concluded
Cycle Deviatlon
Specimen | Stress, Cg:i‘le:rzo lii;a.n ratio, from
number psi ? PeI, n average,
o N percent
12F362 | 65,000 2,807,600 | 5,150,000 0.545 58.4
12F360 | 65,000 4,287,700 | 5,150,000 .833% 36,4
12F359 | 65,000 4,748,700 | 5,150,000 922 29.6
12F370 | 65,000 8,677,600 |5,150,000 1.685 28.6
12F361 | 65,000 |13%,223,500 | 5,150,000 2.567 6.0
Av. 1.310 | Av. 1%9.8
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TABIE XV.- RESULTS OF TWO-STEP TESTS AT 800° F
[From mean curve: N at 74,000 psi is 308,000 cycles and
N at 78,000 psi is 110,000 cycles]
R R Cumulative
1’ 2’ cycle Deviation
Specimen Sl’ S2’ n:L n2 ratio, from

number ° psi psi N T n avereage,
E 2 Zﬁ percent

12F478 74,000 | 78,000 | 0.250 | 0.709 0.959 21.3
12oFkh6 74,000 | 78,000 .250 837 1.087 10.8
1oFhho 74,000 | 78,000 .250 .865 1.115 8.5
12F473 4,000 { 78,000 .250 | 1.211 1.h61 19.9
1oFhih 74,000 | 78,000 250 | 1.225 1.475 21.0
Av. 1.219 |Av. #16.3

127451 74,000 | 78,000 .500 426 .926 21.1
12F482 74,000 | 78,000 .500 468 .968 17.5
12F4TT Th,000 | 78,000 .500 .567 1.067 9.1
12Fhh7 74,000 | 78,000 .500 .930 1.430 21.8
127483 74,000 | 78,000 .500 .981 1.481 26.1
Av. 1.17F |Av. #19.1

12F454 74,000 | 78,000 .581 0 .581 43 4
12rL81 74,000 | 78,000 .750 .250 1.000 2.6
127452 74,000 | 78,000 750 327 1.077 k.9
12FL56 74,000 | 78,000 .T50 .699 1.4ko 41.1
Av. 1.027 [Av. #23.0

12Fh60 78,000 | Th4,000 .250 b1 .391 22.9
12Fk59 78,000 | T4,000 .250 .22k LTk 6.5
12F457 78,000 | Tk&,000 . 250 273 .523 3.2
12FL61 78,000 | 74,000 .250 .390 640 26.2
Av. .507 Av. il):l-.'?

12Fh67 78,000 | Th,000 .500 .006 .506 18.4%
12rh63 78,000 | Th4,000 .500 .069 .569 8.2
12FL66 78,000 | 74,000 .500 .100 .600 3.2
12FL65 78,000 | 74,000 .500 .305 .805 .8
Av. .620 |Av. #14.9

12F470 78,000 | 74,000 623 0 .623 12.1
12FhT2 78,000 | Th4,000 .626 0 626 11.7
12F469 78,000 | Tk,000 .719 o} .T719 1.4
127485 78,000 | 74,000 .750 .027 STTT 9.6
12Frh68 78,000 | T4,000 .750 .0k9 . 799 12.7
Av. .T709 |Av. £11.9




NACA TN L4284 L%
TABLE XV.- RESULTS OF TWO-STEP TESTS AT 800° F - Concluded
) 5 5 Rys | Ry | CUENIEHVe | pevigtive
Specimen 1’ 2’ n by from

number psi psi n_l_ 2 re no, average,
Ny N, ¥ percent

12Fh91 80,000 | 72,000 | 0.250 | 0.085 0.335 41.8
127L87 80,000 | 72,000 .250 .309 559 2.9
127488 80,000 | 72,000 .250 .343 .593 3.0
12Fhg2 80,000 | 72,000 .250 .566 .816 hi.7
Av. 576 |Av. 22k

12FL96 80,000 | 72,000 sk o} Jsh 10.8
12F4gl 80,000 | 72,000 .500 .001 .501 1.6
12Fkg7 80,000 | 72,000 .500 .029 .529 3.9
12Fho5 80,000 | 72,000 .500 .053 553 8.6
Av. .509 |Av. 6.2

12F502 80,000 | 72,000 .51h o] .51k 20.1
12FLg8 80,000 | 72,000 .586 o] .586 8.9
. 12F503 80,000 | 72,000 .628 0 .628 2.3
12F500 80,000 | 72,000 .692 0 .692 7.6
12Fh99 80,000 | 72,000 .750 Ok .7%4 23.5
Av, .643 jAv., ¥12.5

12F507 72,000 | 80,000 .250 597 BT oh.3
12F506 72,000 | 80,000 .250 .905 1.155 3.2
12F508 72,000 } 80,000 .250 .958 1.208 8.0
12F50L 72,000 | 80,000 .250 | 1.015 1.265 13.0
Av. 1.119 |Av. £12.1

12F510 72,000 | 80,000 .500 .61k 1.11k 27.1
12F509 72,000 | 80,000 .500 646 1.1k6 25.0
12F511 72,000 | 80,000 .500 | 1.209 1.709 11.8
127512 72,000 | 80,000 .500 | 1.306 1.806 18.1
12F513 72,000 | 80,000 .500 | 1.371 1.871 22.4
Av. 1.529 |Av. #20.9

12F51h 72,000 | 80,000 .T750 662 l.k12 19.1
12F517 72,000 | 80,000 .T50 .9k2 1.692 3.0
12F515 72,000 | 80,000 .750 | 1.049 1.799 3.1
12F516 72,000 | 80,000 750 | 1.326 2.0&6 19.0
Av. 1.T45 Av, #11.1
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mama Am RAnC

TS OF THREE-STEP TESTS AT 800~ F

TABLE XVI.- RES

EErom mean curve: N at 72,000 psi is 518,000 cycles, N at 76,000 psi
is 184,000 cycles, and N at 80,000 psi is 65,000 cyclesj

R R R Cumuletive
v 2’ 3’ cycle Deviation
Specimen S]_’ Sg’ 83’ nl n2 n5 ratio, from
numbexr psi psi psi | T X T n average,
1 2 3 Zﬁ percent
12F522 |72,000]76,000|80,000/0.300}0.209| © 0.509 12.8
12F528 |72,000{ 76,000{80,000| .300| .2571 O .557 k.6
12F530 |T72,000|76,000|80,000{ .300{ .271f © 571 2.2
127526 |72,000] 76,000} 80,000 .300[ .300| .01l .61 k.6
12F525 |72,000}76,000{ 80,000 .300| .300| .OT7h4 6Th 15.4
Av. .584 jAv. 7.9
12F532 |80,000{ 76,000} 72,000 .300{ .078f © 378 16.0
12F533 |80,000| 76,000} 72,000| .300| .091] O .391 13.1
12F531 {80,000 76,000/ 72,000| .300{ .110j O k10 8.9
12F537 |80,000{ 76,000] 72,000} .300| .179f © Rk s 6.4
12F5%5 {80,000 76,000{ 72,000! .300} .208! © .508 12.9
12753k | 80,000| 76,000/ 72,000} .300| .234] © 534 18.7
Av. .450 JAv.312.7
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Figure 1l.- Typical curves of damage ratio plotted ageinst cycle ratio.
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Figure 2.- Average tensile stress-strain curve for SAE 4130 stainless
steel at room tempersture.
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