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APPLICATION OF A DOUBLE LINEAR DAMAGE RULE TO CUMULATIVE FATIGUE*
by S. S. Manson, J. C. Freche, and C. R. Ensign

Lewis Research Center

SUMMARY

The validity of a previously proposed method of predicting cumulative fatigue damage
in smooth 1/4-inch-diameter specimens based on the concept of a double linear damage
rule was investigated. This method included simplified formulas for determining the
crack initiation and the propagation stages and indicated that each of these stages could be
represented by a linear damage rule. The present study provides a critical evaluation of
the earlier proposal, further illuminates the principles underlying cumulative fatigue
damage, and suggests a modification of the original proposal.

The data were obtained in two-stress-level tests with maraging and SAE 4130 steels
in rotating bending. Also, two-strain-level tests were conducted in axial reversed strain
cycling with a maraging steel. The investigation showed that in most cases the double
linear damage rule when used in conjunction with originally proposed equations for deter-
mining crack initiation and propagation predicted fatigue life with equal or greater accu-
racy than the conventional linear damage rule. An alternative viewpoint of the double
linear damage rule is suggested. This viewpoint requires that a limited number of sim-
ple two-stress-level tests be run to establish effective fatigue curves for what may be de-
fined as Phases I and II of the fatigue process. These fatigue curves may then be used
in the analysis of any spectrum of loads involving as loading extremes the two stresses
used for their determination. Only limited verification of the new method has been ob-
tained to date, and it must presently be limited to the study of smooth, 1/4-inch-
diameter specimens. However, it may be considered as a first step in the direction of
eventually predicting the effect of a complex loading history on the life of more complex
geometrical shapes.

INTRODUCTION

The subject of cumulative fatigue damage is extremely complex, and various theories
have been proposed (refs. 1 to 10) to predict fatigue life in advance of service. The most
widely known and used procedure is the linear damage rule commonly called the Miner
rule (ref. 7). The linear damage rule, which indicates that a summation of cycle ratios
is equal to unity, is not completely accurate; however, because of its simplicity and

* Presented at Symposium on Crack Propagation sponsored by the American Society
for Testing Materials, Atlantic City, New Jersey, June 26 to July 1, 1966.



because of its agreement with experimental data for certain cases it is frequently used in
design. If a new method is to replace the linear damage rule in practical design, much of
the simplicity of the linear damage rule must be retained. The double linear damage rule,
considered herein, retains much of this simplicity and at the same time attempts to over-
come some of the limitations inherent in the conventional linear rule.

One of the limitations of the linear damage rule is that it does not consider the effect
of order of loading. For example, in a two-stress-level fatigue test in which a high load
is followed by a low load, the cycle ratio summation is less than 1, whereas a low load
followed by a high load produces a cycle ratio summation greater than 1. The effect of
residual stress is also not properly accounted for by the conventional linear damage rule,
nor does it consider cycle ratios applied below the initial fatigue limit of the material.
Since prior loading can reduce the fatigue limit, cycle ratios of stresses applied below
the initial fatigue limit should be accounted for (ref. 10). In addition, coaxing effects
present in some strain-aging materials (ref. 11) in which the appropriate sequence of
loading may progressively raise the fatigue limit are not accounted for by the linear dam-
age rule. Various methods have been proposed as alternatives to the linear damage
rule. None overcomes all the deficiencies, and many introduce additional complexities
that either preclude or make their use extremely difficult in practical design problems.

The possibility of improving the predictions of a linear damage rule by breaking it up
into two phases, a linear damage rule for crack initiation and a linear damage rule for
crack propagation, was first suggested by Grover in reference 12. Neither a rational
basis for this approach was indicated nor were definite expressions provided for separat-
ing the two phases. These aspects were considered in greater detail in reference 13.
Total life was considered as consisting of two important phases, one for initiating a crack
and one for propagating a crack, and a linear damage rule was applied to each of these
phases. This double linear damage rule was intended to correct the deficiencies asso-
ciated with order of loading; the other limitations previously cited were not directly con-
sidered. Simplified formulas derived from limited data for determining the crack initia-
tion and the propagation stages were tentatively presented.

The present study was conducted to provide a critical evaluation of the proposal of
reference 13, specifically, the analytical expressions for separating the two phases.
Additional data were obtained in two-stress-level tests in rotating bending and two-strain-
level tests in axial reversed strain cycling. The materials investigated were maraging
and SAE 4130 steels. Fatigue life predictions by the double linear damage rule and the
conventional linear damage rule are compared with experimental data. In addition, in-
stead of using the analytical expression given in reference 13 to represent the crack prop-
pagation stage in the application of the double linear damage rule as originally proposed,
a more generalized expression is suggested that involves the separation of the fatigue
process into two experimentally determined phases. These phases are not necessarily
the physical processes of crack initiation and propagation.
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CONCEPT OF THE DOUBLE LINEAR DAMAGE RULE
Analytical Application

In reference 13 it is proposed that the crack propagation period (AN) £ and crack ini-
tiation No can both be expressed in terms of total fatigue life Nf by the following equa-
tions:

(aN); = PNJ-6 (1)
and

- _ 0.6
N, = N; - (AN); = N; - PN} @)

where the coefficient P = 14. The experimental basis for the selection of this value of
coefficient is given in references 13 and 14 and is also further described subsequently
herein.

The equations expressing cumulative fatigue damage in terms of the double linear
damage rule, as proposed in reference 13, are as follows:

For the crack initiation phase,

(when N, > 730 cycles, N_ =N, - 14 N0-8
f 0 f

f
o (3)
N, when N, < 730 cycles, N, =~ 0)

If any part of the loading spectrum includes a condition where N < 730 cycles, an effec-
tive crack is presumed to initiate upon application of that first loading cycle.

For the crack propagation phase,

Z (when N. > 730 cycles, (AN), = 14 NO-6

AN
(A, when N, < 730 cycles, (AN); = N)

where

N0 cyclic life to initiate effective crack at particular strain or stress level

(AN) £ cyclic life to propagate crack from initiation to failure at particular strain or
stress level



N¢ cyclic life to failure of specimen

n number of cycles applied at particular strain or stress level

An example of the manner of applying these equations for simple two-stress-level loading
is given in appendix A. Further discussion of the equation relating crack initiation and
propagation to total fatigue life is presented in reference 14. It should be emphasized
that these equations were derived on the basis of data obtained with 1/4-inch-diameter
(6.35-mm) specimens of notch ductile materials and have thus far been shown to be valid
only for this size specimen (ref. 14). Of course, most materials would be notch ductile
h a small specimen size. This aspect is discussed more fully in reference 13,

By comparison, the conventional linear damage rule is expressed as
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Figure 1. - Two-stress-level fatigue tests.
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Equation (5) states that a single summa-
tion of cycle ratios applied at different
stress or strain levels is equal to 1.

Graphical Representation of Double
Linear Damage Rule Applied to

Two-Stress-Level Fatigue Test

Figure 1 illustrates the graphical
representation of the double linear dam-
age rule plotted in terms of the remain-
ing cycle ratio nz/N £,2 at a second
stress level against the cycle ratio
nl/Nf, 1 applied at an initial stress
level. Also shown is a dashed 45° line,
which represents the conventional linear
damage rule. The figure is illustrative
of the case in which the prestress con-
dition is the high stress, and this condi-
tion is followed by operation to failure
at a lower stress. The position of lines
AB and BC would be located on the other
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side of the 45° line for the condition of low prestress followed by operation to failure at a
high stress. According to the double linear damage rule, if the cycle ratio applied

nl/Nf 1 is less than that required to initiate an effective crack at a particular stress
level, then the remaining predicted cyclic life ratio n2/Nf 9 would be along AB (fig. 1).
The linearity of AB is implicit in the assumption of a linear damage rule for crack initia-
tion. Point B represents the cycle ratio applied at the first stress level, which is suffi-
cient to initiate an effective crack, so that upon changing to the second stress level the re-
maining cycle ratio at that stress level is exactly equal to the total propagation stage. The
coordinates of this point are designated as N 1/Nf 1 and AN2 /Nf 9- Beyond this initial
cycle ratio No 1/Nf 1 the first applied cycle rat1o is more than that required to initiate
an effective crack and the crack propagation phase is entered. This phase is represented
by the line BC, which is also straight and reflects the second assumed linear relation. The
remaining cyclic life ratio then is along line BC. Thus, in two-step tests in which a sin-
gle stress level was applied for a given cycle ratio and the remainder of the life taken up
at a second stress level, two straight lines positioned as shown would be expected. It
should also be emphasized that point B is significant since it permits determination of both
the effective crack initiation and the propagation periods for both stress levels used in the
test.

A final point should be made with respect to the graphical application of the double
linear damage rule. Since lines AB and BC are straight and since points A and C are
fixed, ideally only two tests are required to establish the positions of these lines and,
consequently, the point B. The only requirement for selecting these tests is that in one
test the cycle ratio applied at the initial stress level should be relatively large, and for
the other test it should be relatively small, in order to ensure that the remaining cycle
ratios nz/Nf, 2 do not both fall on the same straight line, either AB or BC. The signifi-
cance of obtaining point B in this simple fashion is apparent in the illustrative examples
of appendixes B and C.

EXPERIMENTAL PROCEDURE
Materials

Two steels, SAE 4130 and an 18-percent nickel maraging steel (consumable elec-
trode vacuum melted), were investigated. Their compositions, heat treatments, and
hardnesses are listed in table I and their tensile properties in table . Two different
types of test specimens were used to accommodate the R. R. Moore and Krouse rotating
bending test machines. A third type of specimen was used for axial strain cycling tests.
All three specimen types are shown in figure 2. The 4130 steel test specimens were
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{c) Axial fatigue test specimen.

Figure 2. - Fatigue specimens, (Dimensions are in
inches. Conversion factor, 1in. =2 54cm.)

machined after heat treatment. The maraging steel specimens were machined prior to
aging and after aging were finish ground to remove the final 0. 015 inch (0. 38 mm) from
the test section. In addition, all rotating bending specimens were machine polished with
abrasive cloth of three grit sizes (320, 400, and 500). After final polishing the specimens
were subjected to a microscopic examination at a magnification of 20.

Tests

Specimens were subjected to rotating bending in modified R. R. Moore and Krouse
(200 in. -1b capacity) rotating-beam fatigue machines and to axial reversed strain cycling
in hydraulically actuated axial fatigue machines. In the rotating bending tests, a rota-
tional speed of 5000 rpm (83. 3 Hz) was employed at the lower stress levels. In order to
avoid the detrimental effect of severe heat accumulation due to hysteresis, rotational
speeds as low as 100 rpm (1.67 Hz) were employed at the higher stresses, and jets of
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cooling air were directed at the specimens. A specimen runout no greater than 0. 001
inch (0. 025 mm) full indicator reading was permitted upon installation into the fatigue
machines. Additional details regarding the rotating bending test procedure are given in
references 9 and 10. Axial fatigue tests were run at 20 cycles per minute (0.33 Hz). De-
tails of the test procedure are given in reference 15.

The fatigue curves for each material were obtained by fairing the best visual-fit
curves through the median data points obtained at each stress or strain range level. In
conducting the investigation, specimens were prestressed at a single stress (in rotating
bending tests) to the desired percentage of material life as determined from the fatigue
curves of the original material and to a single strain range (axial fatigue tests) as deter-
mined from strain-range - life curves of the original material. The specimens were then
run to failure at various stress (or strain range) levels. The specific test conditions are
indicated on the figures that present the data and in tables II to VI. There was one ex-
ception to this procedure. For one test series, an aljternating two-stress-level test was
employed in rotating bending. This test is described in appendix C and table VII.

RESULTS AND DISCUSSION

Comparison of Experimental and Predicted Fatigue Life by Originally Proposed

Double Linear Damage Rule and Conventional Linear Damage Rule

Figure 3 shows the results reported previously in reference 13 for maraging steel,

Predicted with use of (AN); = PNJ- 6
O  Two-stress-level tests, individual data
A Single-stress-level tests, average

of three data points

_— Linear
\\( damage rule

Life remaining at second stress, Ny, cycles

N
NN

N1

Cycles at first stress, ny

Figure 3. - Two-stress-level rotating bending fatigue tests for determination of
coefficient in expression for crack propagation. Material, maraging steel.



which were obtained from rotating bending tests. The stress levels were so chosen that
life at the initial stress was approximately 1000 cycles and at the second stress 500 000
cycles. Experimental data are shown by the circles. The solid lines represent predicted
behavior by the double linear damage rule with the use of different values of the coefficient
in equation (1). For a value of coefficient equal to 14, the predicted behavior was repre-
sented by the line ABG; for a coefficient of 12, it was ACG, etc. If a linear damage rule
applied for the total life values, the behavior would be that shown by the dashed line AG.
A reasonable agreement with the experimental data was obtained for a coefficient of 14.
Since these data represent only one material and one combination of high and low stress,
equation (1) was only tentatively proposed (ref. 13) as being representative of cumulative
fatigue damage behavior.

In extending this approach, many additional tests were conducted with the same and

3w_.—
2000— Rotating bending
test machine
20— R. R. Moore
“g 1500— i 4130 (hard) ——————— Krouse
= v 20—
g 5 4130 {soft Steel,
= | o L maraging—
o 0T g 0 /
2 = 100—
3 - <
<€
50—
o ) SN T Y AN TR TP Y 0 Y SO PR Y1 AN NN S 1 Y B PR B Y Y
(a) Rotating bending fatigue life.
2
A
.08_—
y .06_—
& .MW—
hd
£ B
A
EE ;S
Maraging steel
01—
. 008 .
. 006
10! 102 10 10t 10° 10

Cycles to failure, N
(b) Axial fatigue life of maraging steel,

Figure 4. - Fatigue curves for materials investigated.



with other materials in rotating bending and axial reversed strain cycling. Figure 4
shows the fatigue curves of these materials, maraging steel and hard and soft SAE 4130
steel. Since both Krouse and R. R. Moore machines were used for the maraging steel
tests, the fatigue curves obtained with each machine are shown (fig. 4(a)). The curves
are nearly coincident. Figure 4(b) shows the fatigue curve for maraging steel obtained
in axial reversed strain cycling.

Predictions of fatigue behavior by the double linear damage rule (with the expression
14 N?' 6 representing the crack-propagation stage) and by the conventional linear damage
rule are compared with experimental data in figures 5 and 6. Different combinations of
load that correspond to different life levels were chosen. Figure 5(a) presents the results
from rotating bending tests for maraging steel designed to give relatively low fatigue
lives of 1280, 2050, and 2350 cycles at the initial stress level. The loads at the second
stress level were chosen to give lives up to 940 000 cycles. Generally, the greater the
difference between the initial and the final life level (i.e., initial and final stress applied),
the greater the deviation between the experimental data and the predicted behavior by the
conventional linear damage rule shown by the 45° dashed line ; also, the steeper is the
first (corresponding to line AB, fig. 1, p. 4) of the two solid lines, which predicts fatigue
behavior by the double linear damage rule. Agreement between predicted fatigue behav-
ior by the double linear damage rule and experimental data is good for these test condi-
tions. This agreement might be expected since the higher stress level as well as some
of the lower stress levels are generally of the same order as those selected originally for
determining equation (1) for this same material in reference 13.

Figure 5(b) deals with the same material but considers other combinations of test
conditions in which the initial life level is relatively high. The greatest discrepancies
between experimental data and predicted fatigue behavior by the double linear damage
rule as originally proposed occur when both the initial and the final life levels are high.
The double linear damage rule would be expected to predict almost the same fatigue be-
havior as the conventional linear damage rule because the crack propagation period as de-
termined from equation (1) would be relatively small. This behavior is readily seen by
using equation (1) for values of Nf 1 of 15 925, 47 625, 44 000, etc., specific conditions
which are considered in figure 5(b) The experimental data show appreciably lower
values of remaining cycle ratio n2/Nf 9 than would be expected by either rule.

Figure 5(c) illustrates the results "obtained under conditions of axial strain cycling
with maraging steel. The initial life level was chosen in all cases to be less than 730 cy-
cles. For this case the major part of the fatigue life would be taken up by the crack-
propagation period according to the expressions thus far assumed for crack propagation
and initiation in applying the double linear damage rule. Since there is essentially no
crack-initiation stage, the predictions by the double linear damage rule should coincide
with those by the conventional linear damage rule. These predictions did coincide for the
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Figure 5. - Comparison of predicted fatigue behavior by conventional and double linear damage
rules with experimental data for two-stress (strain)-level tests. Material, maraging steel.



Remaining cycle ratio, nz/Nf’z

Nf,l = 3&)0; Nf,z = 94“;
Krouse machine.

L1
Nf,]_ =12000; Nf‘z =44000;
Krouse machine.

Nf,l =9000; Nf,2 =94000;
Krouse machine.

o]
Nf‘ 1 =47 625; Nf’ 2 =584 750;
R. R. Moore machine.

_éfl. 85

Nf, 1 = 15925; N; o = 584 750;
R. R. Moore machine,

0 .25 .50 .75

Loo 0 .25
Cycle ratio applied, ny/N; ¢

Nf,l =12000; N = 244 000;
Krouse machine.

Nf' 1 = 44 000; Nf,Z = 244 000;
Krouse machine.

(b} Rotating bending, high to low stress with high initial life.
Figure 5. - Continued.

two conditions in which the final stress
level was so chosen as to give a low value
of life Nf 90 and the experimental data
agreed well with the predictions. When
the second stress level was so chosen as
to give a long life, Nf 9 = 15 950 cycles,
however, the pred1cted fatigue life by the
double linear damage rule was less than
that obtained experimentally. From fig-
ures 5(b) and (c), it is apparent that the
experimental data fall on both sides of
the predictions made by the double
linear damage rule when the expression
14 ND-6
crack-propagation stage.

Thus far, consideration has been

was used to represent the

given only to the general case in which
the high stress or strain (for strain cy-
cling tests) was applied first. Fig-

ure 5(d) illustrates the opposite case in
which the low stress or strain was ap-
plied first. Except for the single axial
strain cycling case and one case of the
rotating bending tests (N, £17 94 000
and Nf 9 = 3800), the predlctlons by the
double linear damage rule show general
agreement with the experimental data.
Regardless of deviations of individual
data points from the predictions, how-
ever, the figure shows that the order ef-
fect of loading is accounted for by the
double linear damage rule.

The results for SAE 4130 steel are
shown in figure 6. Figure 6(a) deals
with tests in which the initial life level
was low and loads at the second stress
level were chosen to give various life
values up to 203 000 cycles. Figure 6(b)
considers an initial relatively high life
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Figure 6. - Comparison of predicted fatigue behavior by conventional and double linear damage
rules with experimental data for two-stress-level tests. Material, SAE 4130 steel; R. R. Moore
rotating bending tests.
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level. In both cases, however, the order of load application was that of high stress fol-
lowed by low stress. In general, the results obtained with 4130 steel are the same as
those obtained with the maraging steel for similar test conditions. For the most part,
agreement between predictions by the double linear rule with (AN) = 14 N? -6 and experi-
mental data was good, although deviations between predictions and data are clearly present
in some cases. As in the case of the maraging steel, a more conservative prediction was
always provided by the double linear damage rule than by the conventional linear damage
rule when the high stress was applied first if the expression 14 N?‘ 6 was assumed to

be representative of the crack propagation stage.

Examination of the Assumed Relation for Crack Propagation (AN);

In view of the deviations noted between predictions and experimental results, closer
examination of the assumption that the crack-propagation period (AN)lc may be expressed
by the relation 14 N0 6 was clearly in order. Before considering the possibility of
improving this re1at1on by changing the coefficient or exponent or both, however,
attempts were made to determine experimentally if the propagation period (AN)f was
uniquely dependent upon fatigue life, N;. The results of one such investigation are shown
in figure 7. Values of AN1 and AN2 were obtained from two-stress-level tests with
SAE 4130 soft steel in which Nf 1 was 485 cycles and Nf 9 Was 14 000 cycles with the
use of the graphical method prev1ously described and illustrated in fi igure 1 (p. 4).

These values are plotted in figure 7 as points B and A'. The values of AN1 and AN2

10°

[ TTTITm

N\

AY
108 (BN =N~ Oa (AN = 14 N6

IR

O Determined from plot of Ny q = 485,
Nf 2 = 14000 cycles
O Determined from plot of N¢ 1 = 14000,
B Nf 2 =203 000 cycles

103

Crack-propagation period, (AN), cycles

TTTTT

A O O Y 1 A 0 I 1Y O I W A AT
102 103 104 10° 106 107
Cycles to failure, Nf

Figure 7. - Effect of stress combinations in determination of crack-propagation period. Material, 4130 soft
steel; R. R. Moore rotating bending tests.
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similarly obtained from another set of data in which Nf 1 was 14 000 cycles and Nf 9
was 203 000 cycles are also plotted in figure 7 as pomts A and C. Obviously, points A
and A, both of which relate to determinations for a life of 14 000 cycles, do not coincide
as they would be expected to if AN were solely a function of N;. Thus, whether a given
stress (corresponding to a fixed life) is used as the first or the second stress in a two-
stress-level fatigue test is clearly significant, and entirely different results can be ob-
tained. If the representation of the crack-propagation period by the expression 14 NO 6
were correct, the points determined as previously mentioned would fall on the line w1th a
slope of 0.6 when N values were greater than 730 cycles. It must therefore be con-
cluded that the concept of representing crack propagation by a universal relation in terms
of Nf, whether the coefficient is 14 or any other number, produces some discrepancies.
Other tests of the same type for other combinations of stress were also made, which gave
similar results to those shown in figure 7.

There are probably several reasons why the crack-propagation period is not uniquely

Figure 9. - Stress response in axial strain cycling two-
strain-level tests of maraging steel.

related to total fatigue life (i.e., life
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response in axial strain cycling at constant strain amplitude for maraging steel. Two
tests were run at each of two values of total strain. These values were chosen to give
lives on the order of 400 and 16 000 cycles. Agreement between the two tests run at each
condition was good and demonstrated the ability to maintain and control approximately the
same strain level on the fatigue machines used. Figure 9 illustrates the stress response
in axial strain cycling two-strain-level tests for maraging steel when the higher of these
two-strain levels was applied first and the lower strain level subsequently applied.
Maraging steel is a cyclic strain-softening material. As continually increasing percent-
ages of the life were applied at the higher strain level, the stress required to maintain
that strain level progressively decreased. Also shown on the figure are the results of
running for 5, 25, and 75 percent of the total life at the initial strain followed in each case
by operation to failure at the lower strain level. In each case, the stress required to
maintain the lower level of constant strain in these two-step tests was lower than that re-
quired to maintain this level of strain in a single-strain-level test. Thus, the material
was oversoftened as a result of the initial application of a high strain level. As a conse-
quence, a longer life would be expected than that predicted by the double linear damage
rule using the expression 14 N?‘ 6 as representing the crack propagation stage. Fig-
ure 9 shows this to be true. The circles represent the predicted lives according to the
double linear damage rule using (AN)f =14 N?’ 6; the squares represent the experi-
mentally determined lives.

In order to describe the cumulative fatigue damage process more accurately, methods
must be sought to account for the factors discussed. The double linear damage rule con-
cept may be retained as discussed in the next section.

An Alternative Viewpoint of the Double Linear Damage Rule

In the suggested alternative approach, the concept of crack initiation and propagation
in the literal sense is altered to represent two effective phases of the fatigue process,
which might be designated as Phases I and II. The assumption of a linear damage rule
for each of these two phases, however, would be retained. That such an assumption is
reasonable may be seen by inspection of the data obtained in this investigation, particu-
larly some of the rotating bending test results obtained with SAE 4130 steel (fig. 6(a)).
These results are replotted in figure 10 to illustrate how well two straight lines originat-
ing at ordinate and abscissa values of 1.0 fit the data. The coordinates of the intersec-
tion of these lines (as defined in fig. 1) determine the values of N o and AN used to es-
tablish the fatigue curves, which represent Phases I and II of the fatigue process. In
keeping with this change in concept, the form of the rule would be different for different
materials and for different extreme loads that might be applied in a test. Additional
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@ Hard (Rockwell hardness, C-40)
O Soft (Rockwell hardness, C-26)

Remaining cycle ratio, nlef’ 2

0 25 .5 .75 L0 O .25 5% .75 100 O .25 .50 .75 100
Cycle ratio applied, “lle,l

Nf,1=485; Nf 2=81 250, Nf'1=6«); Nf'2=203000. Nf’1=700; Nf'2=108000.

Figure 10, - llfustration of fit of two straight lines to rotating bending data obtained from two-
stress-level tests with SAE 4130 steel.

experimental verification of this approach is still needed; however, the complexities dis-
cussed are accounted for in an approximate fashion. The use of a new fatigue curve dif-
ferent from that of the original material in predicting remaining fatigue life after pre-
stressing is not inconsistent with other methods such as that of Corten and Dolan (ref. 4).
In general, such previous approaches have assumed that the modified fatigue curves are
best determined from a consideration of the highest and the lowest stress levels of the
applied spectrum. This basic approach will also be adopted in the following treatment.

The double linear damage rule may be applied in the light of this revised concept to
any anticipated loading spectrum for a given material if a decision is first made as to
which are the highest and the lowest loads of importance. Stress levels below the fatigue
limit will not be considered for the present. A series of two-stress-level tests would be
run in which the highest stress level would be applied first, followed by operation to fail-
ure at the lowest stress level of significance within the loading spectrum. This procedure
should bring into play the important variables such as any extremes of hardening or soft-
ening of the material and extremes of crack length involved in initiating and propagating
an effective crack. From such a series of tests and for that particular combination of
stress levels, the values of N0 and AN may be determined for both stresses by using
the graphical procedure for applying the double linear damage rule as previously de-
scribed. These values may then be plotted as shown in figure 11 at the two stress levels,
and curves may be sketched between these points that are consistent with the appearance
of the original fatigue curve. It would then be possible to analyze by the double linear
damage rule the effect of block or spectrum loading of any pattern that could also include
loadings between the highest and the lowest levels. The N o and the AN curves would
he used for determining the effective values of Phases I and II of the fatigue process.
These curves would replace the expression (AN)f =14 N? -6 or any other variation of such
a formula. One example of applying this procedure is given in appendix B.

17



30—
20~ N N
\\ //—Orlgl nal fatigue curve
L ~ - {Krouse machine)
= 1750 g 20— \\
= [
T
-4 =
& ; 200}— Phase I (Ng) ~
£ S
S 1250 %
2 =
£ 100l < 150—
750
100 | | | l
102 103 104 10° 106

Cycles, N

Figure 1L - Determination of Phases I and II of fatigue process from two-stress-level tests
at highest and lowest stress levels of loading spectrum. Material, maraging steel.

Although at this early stage of the development of this approach, it seems most con-
venient to use a two-level test as illustrated in figure 1 (p. 4) to determine the effective
values of Phases I and II for given extremes of stress or strain level within a given load-
ing spectrum, further consideration may reveal better approaches for particular circum-
stances. For example, it may be desirable to use a block loading with the highest and
the lowest significant stresses in the spectrum of service loading for establishing the
point of effective transition between the two phases (point B in fig. 1), rather than merely
following the high stress cycles by continuous loading at the lower stress. Since only
two unknowns are involved (the points of effective transition from Phase I to Phase II for
each of the two stress levels when applied in conjunction with the other), only two tests
would be required to determine the two unknowns. This approach is further discussed
in the CONCLUDING REMARKS.

Limited Experimental Verification of Alternative

Viewpoint of Double Linear Damage Rule

In order to provide an indication of the validity of the alternative viewpoint of the
double linear damage rule, a series of repetitive alternating two-stress-level block tests
was conducted. Such a test may be considered as the next step in complexity to the single
block two-stress-level test, which provided most of the data obtained in this investigation.
The manner of conducting the test i& fully described in appendix C. Briefly, a two-stress-
level single block base was selected. Equal fractional portions of the number of cycles at
each stress level in the block were applied in a repetitive fashion. The double linear dam-
age rule was applied to predict the summation of the cycle ratios required to cause failure
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(c) Total summation of cycle ratios.

Figure 12. - Comparison of experimental and pre-
dicted summation of cycle ratios for alternating
two-stress-[evel tests. Predictions made by double
linear damage rule using experimental data to de-
fine Phases I and II of the fatigue process.

with the use of experimentally determined
curves representing Phases I and II of the
fatigue process. A numerical example il-
lustrating this method is also given in ap-
pendix C.

The experimental results of these tests
as well as the predictions are shown in fig-
ure 12. The summations of the cycle ratios
are plotted against the fractions of the basic
block considered. Figure 12(a) deals with
the summation of cycle ratios applied at the
high stress; figure 12(b) deals with the sum-
mation of cycle ratios at the low stress; and
figure 12(c) deals with the total summation.
The experimental data shown represent the
arithmetic averages of three data points ob-
tained at each fraction of the block considered.
In general, reasonable agreement exists be-
tween the predicted results and the experi-
mental data. The irregularity in the predic-
ted results is associated with abrupt numeri-
cal changes that are introduced when predic-
ted failure changes from the high to the low
In all
cases, the predictions by the double linear
Much addi-
tional experimental verification is needed to
establish fully the usefulness of the double
linear damage rule in predicting remaining
fatigue life for more complex loading spectra.

portions of the block loading pattern.

damage rule are conservative.

The single series of tests contained in figure 12 serves more to illustrate the approach
than to prove validity of the method.

CONCLUDING REMARKS

Cumulative fatigue damage in two-stress-level tests was predicted with reasonable
accuracy for smooth 1/4-inch-diameter specimens by a previously proposed method

based on the concept of a double linear damage rule.

While a double linear damage rule
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0.6 gives better results than the conventional

used with the assumption that (AN) = 14 N
linear damage rule, it is not adequate where crack initiation and propagation are ex-
pressed solely in terms of total life. Other representations of crack initiation and propa-
gation might be more accurate, but they must take into account the hardening and the
softening characteristics of the material and more particularly the effect of the stress
levels involved. An alternative viewpoint of the double linear damage rule, in which the
concept of crack initiation and propagation in the literal sense is altered to represent two
effective phases of the fatigue process designated as Phases I and IT which can be deter-
mined experimentally, appears to overcome some of the limitations of the original pro-
posal. The form of the rule then becomes different for different materials and for differ-
ent extreme loads that might be applied. In principle, only two tests are required to de-
termine the point of transition between the two effective phases of the fatigue process.

The actual number of tests employed can, of course, be greater, depending on the degree
of accuracy desired. A suggested approach is to conduct the first test by applying a cycle
ratio nl/Nf 1 of approximately 0.2 at the high stress and then to operate to failure at the
low stress. For the second test, apply a cycle ratio nl/Nf 1 of approximately 0.5 at the
high stress before running to failure at the low stress. Two straight lines emanating
from ordinate and abscissa values of one on a plot of nz/Nf o against nl/Nf 1 may then
be drawn, each of which passes through one of the data pomts describing these tests. The
coordinates of the intersection of these two straight lines will determine the values of N o
and AN used to establish the fatigue curves which represent Phases I and II of the fatigue
process.

It is emphasized that the purpose of the two-step test is to provide a determination of
the transition between these two phases of fatigue and, thereby, to enable the investigator
to construct effective fatigue curves for each phase as shown in figure 11. Once these
two curves are constructed, their application is intended for all spectrums of loading in-
volving as loading extremes the two stresses used for their determination. Thus, use of
these curves is not limited to two-step tests. Until further research is conducted to ex-
tend the application, the procedure must be limited to the study of smooth 1/4-inch-
diameter specimens. It may, however, be regarded as a first step in the direction of
eventually predicting the effect of a complex loading history on the life of more complex

structures.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 14, 1966,
129-03-15-06-22.
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APPENDIX A

APPLICATION OF DOUBLE LINEAR DAMAGE RULE TO A TWO-STRESS-
LEVEL TEST USING THE RELATION 14 N?’ 6 10 DEFINE
THE CRACK PROPAGATION PERIOD

Two stress levels 1 and 2, at which the total lives of the original material are Nf 1
and Nf 25 respectively, and a prestress cycle ratio n /Nf 1 are given; it is desired to
find the number of cycles that can be applied at the second stress level. The values of
AN1 and AN2 are first determined from equation (1). The values of N )1 and N0 9
can then be obtained with the use of equation (2). Next, the ratio N o, 1/Nf 1 is deter-
mined. Where Nf > 730 cycles, if nl/Nf ; is equalto N 1/Nf 1’ the crack-
initiation stage has just been completed, and the cyclic life remalmng at the second stress
level is exactly equal to that making up the crack-propagation period, or

n, =Nf’2 - No,2 =AN2 (A1)
If the ratio nl/Nf, 1> No, 1/Nf’ 1o the life remaining at the second stress level may be
expressed as
ny = (1- m_._LnlANNO 1) an, | (A2)
1

If the ratio nl/Nf 1 < N0 1/Nf 1’ the life remaining at the second stress level may be
expressed as ’ ’ ’

No,2 + AN, (A3)
o,1

H

Where Nf 1 < 730 cycles, it is assumed that there is no lengthy crack-initiation period,
but rather that total life consists only of crack propagation. Then, the life remaining at
the second stress level can be determined from the expression

4

= 1_

ny = ANy (A4)

Nt 1

In effect then for the latter case, total life at stress 2 is determined from the linear dam-
age rule for crack propagation only.
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APPENDIX B

APPLICATION OF DOUBLE LINEAR DAMAGE RULE USING EXPERIMENTAL
DATA TO DEFINE PHASES I AND II OF FATIGUE PROCESS

In this appendix, detailed examples are given to show how the Phase I and Phase II
curves of figure 11 (p. 18) were obtained and how these curves might possibly be used to
predict the life of a three-stress-level fatigue test.

To define the two phases of the fatigue process, some two-stress-level tests must
first be conducted with the use of the highest and the lowest stresses of importance in the
particular loading spectrum under consideration. For this illustration, the material
chosen was the maraging steel, and the two stresses chosen were 290 000 psi (2000
MN/m ) and 120 000 psi (827 MN/m ). From the original fatigue curve of figure 11 for
this material (obtained on a Krouse machine), N £,1 and Nf 9 equal 1280 and 244 000
cycles, respectively. The data obtained from a ser1es of tests conducted by applying var-
ious cycle ratios nl/Nf 1 at the high stress and operating to failure at the low stress are
plotted in figure 13. Stra1ght lines were then fitted through the data. These lines were
required to originate from cycle-ratio values of 1.0 on the ordinate and the abscissa. The
coordinates of the intersection point B are nl/Nf 1 and nz/Nf 9 and have numerical
values of 0.25 and 0.24, respectively. Since these ratios are equlvalent to N 1/ f1
and ANZ/Nf 9 as shown in figure 1 (p. 4), the values of N 10 ANl, N0 9 and AN2
were calculated to be 320, 960, 185 000, and 59 000 cycles, respect1ve1y These values
were then plotted at their corresponding
stresses as shown in figure 11 and were con-
nected by curves, the shapes of which are
guided by the shape of the original fatigue
curve. These curves may then be used in sep-
arate linear summations for Phases I and II of
the fatigue process.

As a numerical example of the method of
applying the double linear damage rule using
these Phase I and Phase IT curves, a three-
stress-level test in which the highest and the
lowest stresses are 290 000 and 120 000 psi is
considered. It is required to predict the re-

1.0

L o o]

Remaining cycle ratio, ny/N¢ o

~N)

Cycle ratio applied,'nlle,l ' maining life at a third stress level, 200 000

Figure 13, - Two straight lines fitted to data from two- psi (1 380 MN/mz)’ after 200 and 40 000 cy-
stress-level tests of maraging steel. Nf 1 = 1280; Nf 2° .

244 000, cles, respectively, have been applied at the
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highest and the lowest stresses. Values of N0 3 and AN 3 can be obtained from the
H
Phase I and Phase II curves of figure 11. Thus, N0 3 equals 5900 cycles and AN

3
equals 6100 cycles. The application of 200 cycles at stress 1 results in a ratio of

n
=0.63<1
N

o,1
which indicates that Phase I has not been completed and that it is continued at the second

stress level. The application of 40 000 cycles at the second stress results in a ratio of

n
2 _0.22
N

0,2
Summing the cycle ratios applied at stresses 1 and 2 results in

ny )

+ =0.63+0.22=0.85<1
N No 2

o,1

The portion x of the number of cycles applied at stress 3 needed to complete Phase I is
from equation (3),
n n
X _1.- < 1 + 2 >
No, 3 No, 1 No, 2

x = 885 cycles

2

or

The portion of the number of cycles appli- 1 at stress 3, that is needed to complete
Phase II is, from equation (4),

Y -1

6100

or
y = 6100 cycles
Then, the total number of cycles remaining at the third stress level is equal to

X +y =885 + 6100 = 6985 cycles
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APPENDIX C

APPLICATION OF DOUBLE LINEAR DAMAGE RULE TO ALTERNATING
TWO-STRESS-LEVEL TESTS IN WHICH EXPERIMENTAL DATA ARE
USED TO DEFINE PHASES I AND II OF FATIGUE PROCESS

Alternating two-stress-level tests were conducted as follows: Iitially, two-stress-
level tests Were conducted at various cycle ratios, nl/Nf 1’ at a high stress, 190 000 psi
(1310 MN/m ), and the remamlng cyclic life ratios n2/Nf 9 were determined at a second
stress, 110 000 psi (785 MN/m ) At 190 000psi, Nf 1 was ’8000 cycles. At110 000psi, Nf 9
was 625 000 cycles. These N values were obtained with specimens from a different heat
of maraging steel from that for which the R. R. Moore machine data previously described
herein for this material were obtained. The results of thetests in which different cycle ra-
tios were applied at 190 000 psi were plotted as shown infigure 14. Best visual-fit straight
lines were drawn through the data, which again met the requirement that they originate
from a value of cycle ratio of 1.0 on the ordinate and the abscissa. From the coordinates
of the intersection point B and the values of Nf 1 and Nf 2,' the Phase I and Phase II pa-
rameters were determined. Thus, N0 1 equaled 1300 cycles ANI’ 6700 cycles; N 0,2
537 000 cycles; and ANZ’ 88 000 cycles Several alternating two-stress-level block tests
were then specified such that various fractions of 1300 cycles were applied at the high
stress of 190 000 psi and identical fractions of 88 000 cycles were appliedat the low stress.

The following numerical example illustrates the
manner of applying the double linear damage rule to
an alternating two-stress-level test. The example
considers an alternating block test in which the al-
ternating or repeated blockis takento be one-half
of the number of cycles at eachstresslevel in the
base block. Both the base block and the alternating
half block are showndiagrammatically infigure 15.
The base block for this example (as wellas for all
tests of fig. 12, p. 19) is defined as consisting of
1300 cycles at thefirst stress and 88 000 cycles at
the second stress. Todetermine the number ofcy-

Remaining cycle ratio, ny/N¢ »

cles to complete Phase I equation (3) is applied.

. .4 . .
Cycle ratio applied, “I/Nf,l

Since
Figure 14. - Experimental determination of Phase I
and Phase II transition used in conjunction with
double linear damage rule. Material, maraging 650 + 44 000

steel; Ny 1 = 8000; Ny 5 = 625 000. <1
' ' 1300 537 000
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'__1300 it is apparent that Phase I has not been

G_J completed in the first loading block.
000 To determine if Phase I is completed
ol in the high-stress portion of the second
loading block, again equation (3) is ap-
plied:
:; Base block
; 650_'_44000+ X _ -1
S ;;_J__(,m 1300 537 000 1300
___44000__’—| H»M 000__1 or x = 543 cycles, at which Phase I is
ol complete. Next, the number of cycles
Fa”ure/T needed to complete Phase II is deter-
mined. Equation (4) is applied to deter-
Cycles, n mine whether Phase II is completed in
Alternating half block the second loading block. This applica-
Figure 15. - Diagram of loading pattern for numerical example tion gives
of appendix C.

650 - 543 + 44 000 <1
6700 88 000

whichindicates that Phase IT has not been completed in block 2. Therefore, it is necessary
to determine whether Phase II is completed in the high-stress portion of block 3. Thus,

650—543+44000+ Y_ -1
6700 88 000 6700

and
y = 3243

Since y > 650, Phase II has not been completed in the high-stress portion of block 3, and
the next step is to determine whether it is completed in the low~stress portion of this
block. Thus,

650—543+44000+650+ 2 =1

6700 88 000 6700 88 000

and z = 34 000. Since z < 44 000 cycles, Phase II has been completed, and failure
occurs during the low-stress portion of block 3. The total summation of cycle ratios
E n/Nf for this example then is
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n _ 650 44000 650 _ 44000 , 650 . 34000 _, 44
N; 8000 625000 8000 625000 8000 625 000

In the same manner, other apportionments of the cycles sustained at the intersection
point of a two-stress-level test (analogous to point B of fig. 1, p. 4) can be computed, and
the expected number of cycles to failure can be predicted for alternating block loading
applications.
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Material

4130 (soft)

4130 (hard)

Maraging
steel

TABLE I. - MATERIAL DESCRIPTION

Nominal composition,
weight percent

C, 0.030; Mn, 0.50; P, 0.040;
S, 0.040; Si, 0.28; Cr, 0.95;
Mo, 0.20; Fe remainder

C, 0.030; Mn, 0.50; P, 0.040;
S, 0.040; Si, 0.28; Cr, 0.95;
Mo, 0.20; Fe remainder

C, 0.03 max.; Si, 0.10 max.;

Mn, 0.10 max.; S, 0.010 max.;

P, 0.010 max.; Ni, 18.50;
Co, 9.00; Mo, 4.80; Al, 0.10;
Ti, 0.60; B, 0.003; Zr, 0.02
added; Ca, 0.05 added

2Heat treatment for material used in R. R. Moore and axial tests.

Condition Hardness,
Rockwell C -
1700° F, 1/2 hr in salt, water quench;| 25 to 27
1200° ¥, 1/2 hr in salt, air cool
1600° F, 1/2 hr in salt, water quench;| 39 to 40
750° F, 1 hr in salt, air cool
1500° F, 3/4 hr, air cool; 52
900° F, 3% hr, air cool (2)
1700° F, 1/2 hr, air cool; 52
1500° F, 1 hr, air cool; (b)
900° F, 3% hr, air cool

b
Heat treatment for material used in Krouse tests and R. R. Moore tests of specimens desig-
nated R, S, T, U, or V in tables III, V, and VII.

TABLE II. - TENSILE PROPERTIES OF TEST MATERIALS

Material | Yield strength,| Ultimate | Fracture | Reduction [ Modulus of
0.2 percent strength, | strength,| in area, | elasticity,
offset, ksi ksi percent ksi
ksi
(a) (a) @) (@
4130 (soft) 113 130 245 67.3 32x108
4130 (hard) 197 207 302 54.7 29
Maraging ——- 295 380 50.7 27
steel

Multiply by 6. 8948 to convert to MN/ mz.




TABLE III. - ROTATING BENDING FATIGUE TEST DATA OBTAINED AT CONSTANT NOMINAL STRESS AMPLITUDE

Cycles to
failure

625
700
836
915
947
991
1060
1201
825
1725
1825
2093
2160
2502
28900
3150
5050
5425
5527
5994
7575
7975
9000
9500
10770
13125
13200
11800
13275
1592%
16425
15500
17000
18600
1R650
25200
26775
29500
32250
313250
34250
42680
44000
47625
79825
44000
165500
292700
251000

Specimen | Stress Test Cycles to || Specimen | Stress Test Cycles to [ Specimen | Stress Test
level, frequency, failure level, frequency, failure level frequency,
ksi rpm ksi rpm ksi rpm

(a) (b) (2) (b) (© (@), (@) (b)

Maraging steel; Krouse machine Maraging steel; Krouse machine Maraging steel; R. R. Moore machine

8R1¢a 290 100 1117 8616 200 5000 13100 8837 300AC 1000
BK7 290 100 1166 817 200 5000 13700 8A37 300AC 1000
8C5 290 100 1203 8H2 200 5000 13800 ’C3? 300 190
8P1n 290 109 1267 AG10 200 30006 14100 AC1A 300 190
BHY 250 100 1307 3J15 20¢ 5200 15000 8C22 36CA0 109
8412 290 10 1356 3F 3 180 3000 19300 8C2 30UAC 100
BN17 290 1on 1369 8413 180 5190 20400 BA3Y 39n0AC 100
4Ll 290 LU0 1392 an1s 120 3900 23200 8R11 290AC 100
AK 16 290 1300 1400 RELL 170 5000 32700 8c12 240 1000
8F13 278 100 1741 8C1 170 5000 38900 884 280AC 1990
8G3 27 100 1807 8E7 170 5000 42300 /31 2 H0AC 1000
861 270 100 1918 8All 160 5000 42500 BA2? 260 100
843 270 100 1994 ADLL 160 5000 47500 AR7 260 100
8F 2 270 100 2129 8G18 160 3000 50000 8321 269 100
LbY 210 100 2187 AK 3 140 5000 63000 8R14 2A0AC 1000
8013 266 190 2100 8F5 169 5000 75500 8R39 26NAC 1000
aL18 266 100 2357 8F7 160 5000 82600 8C4 240AC 1000
8N7 266 190 2415 8F1 160 3000 224100 8A20 240AC 1060
8C3 2n0 5000 2000 8C9 15¢ 4000 70900 BA3 220 190
8H17 260 100 2166 8514 140 5000 54500 3A11 229 100
8A10 260 5000 2200 47 140 5000 34100 8C26 220AC 1000
862 250 190 2230 8J14 140 5900 92100 8C31 220AC 1000
AG7 260 110 2394 845 140 5000 103000 8A19 200 1000
8E1D 260 100 2561 RGL2 140 S000 149500 8829 200 1000
8E1 260 100 2663 8H12 120 5000 76800 8A17 200 1500
871 260 100 2695 8H14 120 5000 100400 889 200AC 1000
336 25n 100 2917 8A9 120 50Nn0 140200 8813 200AC 1000
Ala 250 5000 3000 8ce 120 5000 232800 8318 190 1500
8c2 250 100 3018 aKll 120 5000 346400 8C33 190AC 1000
8F13 250 190 3062 842 120 5000 3R0800 8A30 190AC 1010
8H4 240 100 3000 ansg 120 5000 836000 8A2% 19nAC 100
8A1% 240 100 3315 8M14 110 5000 472600 8310 180 2000
8816 240 100 3417 8L10 110 5000 475000 8A39 180 2000
881 240 100 3559 8N4 119 5000 814500 821 1480 2000
8G4 240 100 3713 8M15 105 5000 660300 ac74 180 1600
8K 4 240 1100 3800 807 105 5000 766600 8C34 180AC 1000
843 240 5000 4n00 8R4 105 5000 1555490 8828 180AC 1000
84 240 5000 4100 8Al6 170 2000
RF10 240 3000 4200 8820 160 2000
BF 14 240 5000 4800 825 160 1800
8J2 240 3000 4800 3C16 169 2000
8K13 220 5000 5600 8C10 160 2000
aJe 220 3000 7200 8A33 160AC 1000
8C4 210 3000 7500 8A40 160AC 1000
ac1o 210 3000 8300 8ce 160AC 1000
8F9 210 3000 11000 8A28 140 2000
anl 200 3000 11500 8A8 140 1800
8P16 200 3000 12100 8826 140AC 3000
AGLL 200 4000 12200 8Cl11 130AC 5000

2pultiply by 6. 8948 to convert to MN/m2.
Multiply by 0.0167 to convert to Hz.
cSpecimens with Jetter designationsR, 8, T, U, or V were from a different heat, and these data were used only in appendix C.

he letters AC designate air-cooled specimen.
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TABLE III. ~ Continued. ROTATING BENDING FATIGUE TEST DATA OBTAINED AT CONSTANT NOMINAL STRESS AMPLITUDE

Specimen | Siress
level,

ksi
(c) (a), (@)
Maraging steel;
aR%36 130AC
3827 130AC
AA 30 130AC
4431 130AC
galo 124AC
R117 120AC
835 120AC
4cls 11AAC
$AQ 116AC
4338 112AC
8414 112aC
3319 112AC

84132 112

8Cs 112
8u12 1907C
vd 19NAC
BR14 190AC
]9 1490AC
4Tl 150AC
B8R15 190AC
BULG L90AC
ARULN 190AC
932 13CAC
RT1) 13070
V16 130AC
RES I L3NAC
asLe L30AC
av? 13NAC
8SY 130AC
AS1» 130AC
ayn 130AC
8U8 1304C
89513 120AC
3V13 170AC
8s1 11cac
aThH 117AC
V12 110AC
3514 11nAC
RT7 11 0AC

Test
frequency,
rpm

(b)
R. R. Moore

2000
5000
5100
5000
5070
5300
5N00
5000
S000
5009
50
5009
5009
5000

110

190

199

190

1319
1000
10139
1099
77040
5000
5073}
_009
50200
5030
5009
7010
50039
500
509
5000
7910
7002
700
7070
TN

Cycles to
failure

machine
406700
594750
855000
1570250
9631250
2296000
4399500
989000
2772000
BOTSO
2537000
7093500
€9999999
€9999999
6237
7792
7998
8720
9570
11275
12675
13150
49000
53750
59000
40250
64750
75000
33000
178500
225500
321250
190000
326250
293250
366259
624500
654500
756500

Apultiply by 6. 8948 to convert to MN/m2.
Multiply by 0.0167 to convert to Hz,
cSpecimens with letter designations R, S, T, U, or V were from a different heat, and these data were used only in appendix C.

he letters AC designate air-cooled specimen,

Specimen

SAE 4130

M6
2M33
2M28
2K 25
153
all
1530
1733
M22
2J2%
2n10
2N8
2M16
2A3
M29
2M31
2A31
1521
1532
1S4
1T13
1716
n7
FLETY
2M23
0?2
2M4
2N3
2026
2L13
2034
2M32
2M17
P4
n2a
Q40
n1s
P5
P21
n3
M7
2N2
p2n
n3a
o1a
K22
1v13
1724
1729

Stress

Test
level, | frequency,
ksi rpm
(@), (@ (b)
(soft) steel; R. R. Moore machine
160 530
160 500
160 500
150aC 100
140AC 100
140 500
140AC 100
L40AC 100
140 500
140AC 100
140AC 150
14NAC 100
140AC 500
140AC 500
140AC 500
140AC 500
140AC 500
1204C 100
120aC 100
120AC 1000
120AC 100
120AC 100
120 5090
120AC 5300
120AC 100
120 5000
120AC 5000
120AC 6000
120AC 100
120AC 5000
120AC 1000
120AC 500
120AC 3000
120 5000
120 5100
1204¢C 5000
12¢ 200
120AC 5000
120AC 5900
1204C 5090
12040 1090
120AC 1090
1204C S0
120 200
1294C 5000
120AL 5070
110 110
110AC 1000
110AC 1004

eDesig;natesi a runout; specimen did not fail after 10 million cycles.

Cycles to
failure

225
250
250
391
412
450
485
540
550
610
669
711
125
750
775
825
850
1670
1678
1700
1847
1992
2000
2250
2317
2500
2500
2500
25006
2750
2950
3025
3050
3250
3250
3250
3314
3500
3500
3500
3550
3750
3750
4Q03
6750
6750
3610
5925
6100

Specimen

SAE 4130

P26
Q29
n33
010
Q22
1518
T2
v3z2
1511
2M20
2N
Sé
$38
$37
2L 39
L
T37
024
PN12
204
2K5
as
T5
730
2K4
2N11
2M27
P32
035
2L7
P30
037
P6
P37
P22
n3s
P10
23 %4
P1s
4]
nz2s
1519
VA
V26
177
032
o014
2N4
T21
175

Stress Test Cycles to
level, | frequency, failure
ksi rpm

(@), @ (b)

(soft) steel; R. R, Moore machine
110 5000 8000
110 200 8549
110 5000 10000
110 5000 11750
100 100 11158
1UVAC 3000 11250
Lo0ac 3000 14000
100 5000 15000
100aC 2000 15525
190 5900 16000
190 5000 17500
130 5000 19000
100 5000 19000
100 5n0A 19000
100 5000 19700
100 10000 19750
100 5000 20000
100 <310 21000
100 5000 71250
e 5000 22000
100 5000 22250
130 5000 23000
100 5090 24000
1on 500 25000
LOOAC 5000 27500
LNOAC 5900 29250
100AC 5000 31750
100 5010 33500
100 s000 34000
100AC 5000 41500
e 5900 45700

35 5000 37000
95 10990 39000
95 5000 40009
95 5000 51750
93 10700 53000
an sn0n 69000
90 5090 77000
9n 100)0 781090
39 5030 60000
A9 8900 67000
59AC 60n0 69750
35 5000 71000
L4 5000 72000
354C 5300 81250
55 5000 83000
95 53130 47000
na 5000 R9500
35 5000 94000
HSAC 5000 96000
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TABLE III. - Concluded. ROTATING BENDING FATIGUE TEST DATA OBTAINED

AT CONSTANT NOMINAL STRESS AMPLITUDE

Specimen Stress Test Cycles to || Specimen | Stress Test Cycles to
level frequency, failure level | frequency, failure
rpm rpm
(@), @ ®) (a), (@ (0)

SAE 4130 (soft) steel; R. R. Moore machine || SAE 4130 (hard) steel; R. R. Moore machine
P16 85 5000 97000 9£6 230AC 1000 200
2N5 85 5000 102250 9A5 220AC 1000 300
X26 35 5000 108000 9FL7 220AC 1000 409
P33 85 5000 108000 9A12 200AC 1070 550
2N25 85 5000 1122590 9016 200AC 1000 575
v33 85 5000 129000 9C 15 200AC 1000 650
281 35 5000 133000 9F 35 2004C 1000 650
2L9 85 5000 136000 9626 200AC 1n0 681
2439 35 5000 139000 9F1 290AC 1009 725
W33 35 5000 194000 9F6 200AC 1000 750
2K21 85 5000 210000 983 200AC 100 769
V31 B0AC 2000 91400 9811 290AC 100 795
1U34 80AC 2000 110400 9E11l 200AC 7500 800
016 80 10000 118000 9C22 L75AC 1000 2370
1v30 80AC 2000 135725 9c25 175AC 1000 2900
V20 BOAC 2000 144025 9E33 175AC 1000 3120
2011 30AC 2000 147675 9F9 175AC 1000 3280
023 80 5000 160000 9E36 175aC 1001 3425
2K26 80 5000 168000 9F3I1 175AC 1000 3520
2N18 30AC 2000 169225 9R17 175AC 1000 3680
P9 40 5000 177000 963 1 50AC 1000 11525
2M18 80 5000 178000 9F16 150AC 1290 11625
P36 80 5000 184000 9F 30 150AC 1000 12175
2N16 BOAC 2000 187050 9836 150aC 1000 12925
2M38 80 5000 204000 9F13 150AC 1090 13900
2M13 80 5000 218000 9331 150AC 1000 14000
W11 80AC 2000 219325 9F 4 150AC 1000 15000
2L32 80 5000 231000 9835 150AC 1000 15525
2L16 80 5000 244000 9C39 100 3600 69250
2K38 80 5900 267000 9427 100 1009 73600
M5 80 5000 270000 9829 100 1000 81500
2L26 80 5000 279000 9C8 10¢AC 5000 82250
2K6 80 5000 282000 9437 100 3590 88250
2L18 80 5000 292000 an28 100 3600 95750
2L30 80 5000 296000 9E21 100 1900 120500
2119 30 5000 354000 9834 100 1000 142300
2M26 75AC 5000 155750 624 100AC 5000 158500
1T1 75AC 5000 156750 9E3 100 1000 173025
U3 75 100 157700 9824 100 1000 253200
2N26 75AC 5000 171500 9F37 100 1000 481500
04 75 5000 173000
1538 75AC 5000 203000
2025 75AC 5000 208500
Pla 75 5000 215000
131 75 5000 223000
1735 75AC 5000 231500
039 75 5000 252000
031 75 5000 264000
Pl9 75 5000 319000
o011 75 10000 355000
034 75 5000 358000
P34 75 5000 369000
017 75 5000 - 548000
013 75 5000 551000

Multiply by 6.8948 to convert to MN/m?.
bMultiply by 0.0167 to convert to Hz.
The letters AC designate air-cooled specimen.



TABLE IV. - AXTIAL FATIGUE TEST DATA

OBTAINED AT CONSTANT STRAIN

AMPLITUDE WITH

MARAGING STEEL

Specimen

Strain range,
longitudinal total

Cycles to failure

vé

V19
V59
V13
V15
V60

V62
V65
v4
V5
V20
V3

vi4
V9

V67
V69
Va2
vi2

V25
v
Va6
Vi

0.1361
L0717
L0717
. 0517
. 05617
.0368

.0368
. 0265
. 0264
.0210
. 0170
. 0142

.0135
.0122
.0115
.0115
.0112
.0104

. 0097
.0093
. 0092
.0088

30
99
110
243
283
330

474
720
848
1 566
3 170
5 516

8234
17 406
15 780
16 118
17775
53 608

156 630
166 572
338 140
241 327
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TABLE V. - ROTATING BENDING FATIGUE DATA OBTAINED IN TWO-STRESS-LEVEL TESTS

Speci- | First First Cycles [Second

men | stress |frequency, |applied,|stress

level, rpm ny level,
ksi ksi
(2) (b) (a)

Maraging steel; Krouse machine

8k9 | 230 100 200 | 240
8B2 | 290 100 400 | 240
8HS | 290 100 600 | 240
8H16 | 230 100 800 | 240
8J17 | 290 100 1000 | 240
8L15 | 290 130 100 | 200
8Ng | 270 100 200 | 200
8P 15 | 290 100 420 | 200
8p8 | 230 100 600 | 200
8L16 | 290 100 800 | 200
8P17 | 290 100 1006 | 200
8E9 | 290 100 200 | 160
8C1l | 290 100 200 | 160
8F8 | 790 100 400 | 160
88 | 290 100 600 | 160
3615 | 290 100 300 | 160
868 | 270 190 1000 | 160
8617 | 290 10 200 | 120
aHe | 290 100 200 | 120
8G13 | 290 100 400 | 120
8a6 | 290 100 600 | 120
8E18 | 230 100 800 | 120
8C12 | 290 100 Loco | 120
8L9 | 290 100 100 | 105
809 | 290 100 200 | tos
L4 | 290 100 400 | 105
8NLL | 290 100 600 | 108
8p—— | 290 100 300 | 105
8Ha | 270 100 10¢ | 170
812 | 270 100 230 | 170
8J10 | 2702 110 400 | 170
8no | 27¢ 150 8§00 | 170
8310 | 270 100 1200 [ 170
3C18 [ 21n 100 1600 | 170
3L13 | 26a 100 190 | 200
8P4 | 260 100 300 | 200
8N2 | 26- 100 600 | 200
8Ls | 206 100 1000 | 200
aMmg | 266 100 1500 | 200
3P 14 | 266 100 100 | 105
8M17 | 266 120 400 | 108
3P9 | 2he 100 &30 | 105
aMs | 286 100 1700 | 105
3L3 | 204 100 1500 | 105
8E12 | 2A0 100 100 | 180
8cs | 250 170 200 | 180
8H3 | 262 100 400 | 180
8013 | 260 100 600 | 180

2Multiply by 6. 8948 to convert to MN/mz.
bMultiply by 0.0167 to convert to Hz.
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Second
fre-
quency,
rpm

()

100

100

100

100

100
3000
3000
3000
3000
3000
3000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5000
5900
5000
5000
5000
5000
3000
3000
3000
3000
3000
5000
5000
5000
5000
5000
3000
3000
3000
3000

Cycles to
failure

2628
2008
1444
982
962
9500
8900
5400
4300
3500
2000
25500
17000
17100
9500
8600
3097
125600
115700
54400
31800
21700
15700
684700
178500
80200
84700
29100
24900
19300
14000
8800
4600
1500
11900
7700
6200
4700
2600
1094600
180400
104200
51300
30100
21300
15800
10000
12500

Speci-
men

8817
8K 1
8AT
8E16
8N13
8M12
8L 2
8P1
an——
8NS5
8P13
8P 10
aL17
802
8N 14
804
8P3
8016
8P12
8N4
849
803
8E6
8A18
887
8G5
8C13
843
802
AE2
845
8Al4
8K 10
8C17
8Dé
8F 15
8F 2
8pPs
8N1Q
8N12
805
8M7
8L11
8L7
8L6
807
8N 15
8012
aM1

First Cycles |Second |[Second

frequency, | applied,{ stress| fre-
rpm ny level, [quency,

ksi rpm

(® @ (b)

araging steel; Krouse machine

100 800 | 180 3000
100 1250 | 180 3000
100 1600 | 180 3000
100 2000 180 3000
100 100 160 3000
100 200 | 160 3000
100 400 | 160 3000
100 600 | 160 3000
120 1200 ] 160 3000
100 1800 | 1606 3000
100 200 120 3000
100 400 | 120 3000
100 600 120 3000
100 1200 120 3000
190 1300 | 120 3000
100 200 105 5000
190 400| 105 5000
100 600| 105 5000
100 1200| 105 5000
100 1800 105 5000
3000 500 | 140 5000
3000 600 140 5000
3000 1000 ] 140 5000
3000 1000 | 140 5000
100 100C¢| 140 5000
3000 1600 140 5000
3990 2000| 140 5000
100 2000 140 5000
100 3000| 140 5000
3000 3100 140 5000
3000 3200 140 5000
100 500| 140 3000
3000 1000 | 140 3100
3000 2009| 140 3000
3000 4000 | 140 3000
3090 6010 | 140 3000
3006 BO00 | 140 3000
1000 1000 | 160 3000
1000 1000 | 160 3000
1U00 2500 160 3000
1000 5000 | 160 3000
1000 7500 | 160 3000
1000 10000 | 160 3000
1900 1000 120 5000
1000 2502 120 5000
1000 3700| 120 5000
1000 5000| 120 5000
1000 7500 | 120 5000
1000 10000f 120 5000

Cycles to
failure

7600
4700
3100
2300
35100
24700
23400
16600
6400
4300
172500
97000
53600
20000
17300
1319200
415600
74100
40700
20100
45200
56200
47000
24700
24000
14800
18300
12800
8600
11800
9300
100400
53900
30700
23400
17200
3000
40800
25000
34900
12500
8600
8700
722400
351400
47000
79400
13100
8000




TABLE V. - Continued. ROTATING BENDING FATIGUE DATA OBTAINED IN TWO-STRESS-LEVEL TESTS

Speci-| First| First Cycles [Second | Second |Cycles to || Speci~| First| First Cycles |Second | Second | Cycles to
men | stress|frequency, |applied, |stress fre- failure men | stress |[frequency, | applied, | stress fre- failure
level, rpm ny level, | quency, level, rpm ny level, |quency,
ksi ksi rpm ksi ksi rpm
(@ (b) (@ (b) @ @), @ ® @), (&) (b)
Maraging steel - Krouse machine Maraging steel - R. R. Moore machine
8pP2 160 3000 4000 120 5000 | 451900 883 300AC 100 25| 130AC 5000 | 215000
gMle | 160 3000 800N 120 5000 | 230500 8830 | 3004AC 100 50 | 130AC 5000 97000
8L12 | 160 3000 17000 120 5000 50900 8C30 | 3004C 100 50 | 130AC 5000 98750
8N16 | 150 3000 16000| 120 5000 34800 8C3 300AC 100 75| 130AC 5000 | 126250
8L 8 160 3000 240001 120 5000 22200 8A24 | 2u0AC 100 100 | 130AC 5000 74000
808 1560 3000 320004 120 5000 11100 8B40 | 300AC 100 100 | 130AC 5000 95500
88124 240 100 750( 290 100 123 8c7 30AC 100 100 | 130AC 5000 | 295000
805 | 247 100 1501] 290 100 1058 8A13 | 300AC 100 150 | 130AC 5000 59750
869 240 100 2259 290 100 589 8C27 (| 3J0 100 200} 130 5000 48000
8418 | 240 190 3000| 290 100 342 aC29 | 3170AC 100 200 | 130AC 5000 56250
8nL7| 1860 3000 5000| 290 100 1484 8C23 | 300AC 100 300 | 130AC 5000 41500
BA17 | 160 3900 172000| 290 100 1178 8C14 | 300AC 100 500 | 130AC 5000 30500
4413 160 3000 24000| 290 100 1302 8A6 390AC 110 700 | 130AC 5000 16500
8018 140 3000 36000| 290 100 1388 8A21 | 190AC 1000 1000 | 130AC 5000 | 374250
8EL7| 150 3300 453900 290 100 33 BALl4 | 10AC 1190 2070 | 130ac 5000 94000
aJ1 140 5000 20000 240 3000 4000 8C20 | 19nAcC 1000 4000 | 130AcC 5000 46500
8H1 140 5300 20000| 240 3000 3700 8C2%8 | 1AL 1000 7300 | 130AC 5000 26000
8316 14n 5000 40000 240 3000 4300 8A18 | 190aC 1000 10000 | 130AC 5000 19500
BH10| 140 500 40000] 240 3000 3300 8A26 | taoAC 1000 4000 | 130AC 5000 | 486000
8014] 140 5000 60000{ 240 3000 4500 888 1504C 1000 3000 | 130AC 5000 | 454250
8012 140 5000 5000n1 240 3000 4300 8C3 16CAC 1900 17000| 130AC 5000 | 182250
aCl6| 140 5000 70000 240 3000 Cr 8A27 1 1h0AC 1000 16000 130AC 5000 93750
8A12 | 140 5000 80000| 240 3000 2900 3221 160AC 1000 32000 | 130AC 5000 30000
8F17| 140 5990 80000| 240 3000 c- 8324 | 130AC 5000 100000 | 300AC 100 946
8cla| 120 5000 50000| 290 100 1145 8C19 | 130AC 5000 20000 | 300AC 100 1009
8H18| 120 5000 109000] 290 100 1103 8A32| 130AC 5000 300000 300AC 100 989
8a15| 120 5000 150000} 290 100 1209 386 130AC 5000 350000( 300AC 100 Cc
8H11| 129 5290 200000f 290 100 1230 8C9 130AC 5000 | 400000| 300AC 100 905
832 | L30AC 5000 | 450000{ 300AC 190 C¢
8C1 1304acC 5000 | 450000 3004C 100 1131
8T16| 190AC 100 500 110AC 7000 | 389000
RS2 130AC 100 1000 | L1o0ac 7000 161500
8S6 190AC 190 2000| 110AC 7000 86N00
8V 5 1914C 100 4000 110AC 7000 34500
8va 190AC 100 6000| 110AC 7000 18750

AMultiply by 6. 8948 to convert to MN/mz.

bMultiply by 0.0167 to convert to Hz,

cSpecimen failed at first stress level,

dSpecimens with letter designations R, 8, T, U, or V were from a different heat, and these data were used only in appendix C
and fig, 14.

©The letters AC designate air-cooled specimen.
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TABLE V. - Concluded, ROTATING BENDING FATIGUE DATA OBTAINED IN TWO-STRESS-LEVEL TESTS

Speci-| First First | Cycle |Second | Second [Cycles to || Speci~ { First First Cycle |Second | Second |Cycles to
men | stress fre- |applied,|stress | fre- failure men | stress fre- |applied, |stress fre- failure
level, | quency, ny level, [ quency, level, | quency, ny level, [ quency,

ksi rpm ksi rpm ksi rpm ksi rpm
(@), (e) (b} (@), ()| (0 (@), (e) (b) (@), )| ()
SAE 4130 (soft) steel - R. R, Moore machine SAE 4130 (soft) steel - R. R. Moore machine

1725 | 140AC 100 s0 | 120aC 100 1449 156 | 100AC 2000 8000 85aC | 3000 22500
1S 34 | 140AC 100 100 | 12NAC 100 1148 1T19 | 100AC 2200 12000| 85AC | 3000 11750
1T36 | 140AC 100 200 | 120AC 100 886 157 | 190Ac 2700 1020| 75AC | 5000 | 147250
1738 | 140AC 100 300 | 120AC 100 730 1T6 | 10nac 2000 2300 7sac | sno00 | 152750
1524 | 149AC 100 400 | 120AC 100 304 2016 | 190AC 2090 2000 75AC | 5000 | 148000
1S26 | 1404C 100 25 | 100aC | 3000 8750 1523 | 100AC 2070 4000 75ac [ 5900 47000
1535 | 140aC 100 50 | 100AC | 5000 4500 1S14 | 100AC 2000 5600| 75AC | 5000 53750
1513 | 140AC 100 sc | Looac | 5000 4000 2012 | 100ac 2100 5000 75AC | 5000 | 141500
1730 | 1404C 100 100 | 100AC | 5000 4000 11 | 100AC 2000 2000 754C | 5000 47250
1536 | 140AC 100 200 [ 100AC | 2000 2500 1T24 | 109AC 2000 120001  75AC | 5000 22750
1S17 | 140AC 100 300 | 100aCc | 2000 1850
1722 | 140AC 100 25 | 85AC | 3000 43700
1T 34 | 1404AC 100 50 | 85AC | 3000 27925 .
172 140AC 100 100 R5AC 3000 19400 SAE 4130 (hard) steel; R. R. Moore machine
1537 | 14nAC 100 200 { 854C | 3000 8000 -
1T8 | L40AC 100 300 | 85AC | 3000 6000 9F 26 | 200AC 100 190]| 100aC ] 5000 59750
2N31 4 14CAC 100 25| 75AC | 5000 | 123000 9n13 | 2094C 100 20n| 190aC | 5000 30000
1T20 | 1404C Lo 50 [ 75AC ] 5000 | 79000 9627 | 290AC 100 400{ 100AC | 5090 [ 14000
2020 | 140AC 100 100 [ 75AC | 5000 59000 aF33| 20nac 190 s20| 100ac| so00 8500
2013 | 1404C 190 200 | 75AC | 5000 39750
2020 | 140acC 100 300 [ 75AC | 5000 32000
1V36 | 140AC 100 400 [ 75AC | S000 12750
1T26 | 140AC 100 500 | 75AC | 5000 4750
1S9 | 1204AC 100 100 | 110AC | 1000 4700
1531 | 120AC 100 200 | 110AC | 1000 3125
1728 | 120AC 100 500 | 110aC | 1000 2825
1522 | 120AC 100 1000 | 110AC | 1000 1300
1529 | 120AC 190 1500 [ 110AC | 1000 250
1T31 | 12¢AC 100 100 [ L00AC | 3000 13000
1515 | 120AC 100 200 | LoOAC | 3000 6500
1T19 | 120AC 100 500 [ 100AC | 3000 4250
1525 | 120AC 100 1000 | 100ac | 3000 2250
2N32 | 1204C 100 1000 | 100AC | 3000 4750
V16 | 120AC 100 1500 [ LooaC | 3000 1500
1T9 | 120AC 100 100 | 85aC | 5000 47250
1520 | 120AC 100 200 | 8sac | 5000 28500
1T4 | 120AC 100 500 | 85AC | 5000 19250
155 | 120AC 100 1000 | a&sac | sooo0 6500
1T39 | 120AC 100 1500 | 8sac | so000 3000
206 | 120AC 100 290 [ 754aC | 5000 86000
2436 | 120AC 100 500 [ 7SAC | 5000 44000
1T3 | 1204C 100 1000 { 754C | 5000 27250
2035 | 120AC 100 1500 | 75AC | 5000 26000
2N21 | 1204AC 100 2000 | 75AC | 5000 11000
1$12 | 100AC 2000 1000 | 85AC | 3000 68250
1T21 | 100AC 2000 2000 | 85AC | 3000 46500
1T37 | 100AC 2000 4000 | 85AC | 3000 45750
1527 | 100AC 2000 4000 | 8s5AC | 3000 32750

AMultiply by 6. 8948 to convert to MN/m?.
bMultiply by 0.0167 to convert to Hz.
©The letters AC designate air-cooled specimen.
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TABLE VI. - AXTIAL FATIGUE DATA OBTAINED IN TWO-STRAIN-LEVEL

TESTS OF MARAGING STEEL

Specimen | First strain level | Cycles applied, | Second strain level| Cycles to failure
n
V53 0.0368 10 0.0115 14 866
V50 20 10 400
V49 60 6 060
V74 100 2 708
V75 100 3 205
V47 100 5 720
V48 200 3 365
V51 Y 300 1 965
V54 L0717 20 . 0265 532
V63 40 440
V56 60 435
V52 5 285
V55 L0717 20 . 0368 364
V57 40 284
V58 60 168
V64 80 180
V66 .0115 4 000 .0368 444
V72 8 000 15
V73 8 000 230
V70 12 000 116
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TABLE VII.

- SUMMARY OF ROTATING BENDING FATIGUE DATA OBTAINED IN

TWO-STRESS-LEVEL ALTERNATING BLOCK TESTS WITH MARAGING STEEL

[Test conditions: initial stress 01> 190 000 psi (1310 MN/m ); second stress, 0y
110 000 psi (758 MN/m ); cycles to failure at initial stress, Nf 1’ 8000 cycles;

cycles to failure at second stress,

initial stress, N

Specimen |Cycle ratio,
n/ No, 1
8R1 0.22
8U13 .22
8vi4 .22
8U7 .29
8R12 .29
8T14 .29
8uU3 .44
8R5 .44
8512 .44
8R4 . 55
8T5 .55
8U9 . 55
8U2 .65
8U5 .65
8T2 .65
8R11 .76
8U6 .76
8T1 .76
8R8 . 87
8R9 . 87
8v1 . 87
8U4 . 87
8S15 .99
833 .99
8T13 .99

0,1’

1300 cycles.]

Cycles applied
per block

At initial | At second
stress, stress,

ny )

285 19 750
285 19 750
285 19 750

380 26 250
380 26 250
380 26 250

570 39 250
570 39 250
570 39 250

710 49 000
710 49 000
710 49 000

850 58 750
850 58 750
850 58 750

990 68 500
990 68500
990 68 500

1130 78 500
1130 78 500
1130 78 500
1130 78 500

1280 87 500
1280 87 500
1280 87 500

N 2

Summation of
cycles applied

at initial stress,

2.

1995
2280
3135

1900
1900
2739

1140
2850
3420

2130
2130
3550

1700
3400
4250

1980
2970
3960

2260
2260
3390
5650

1280
2560
2560

Summation of Cycle ratio
cycles applied | summation,
at second stress, Z n
2 Ny
126 250 0. 45
147 750 . 52
204 000 .72
118 250 . 43
127 000 .44
183 750 .64
77 250 .27
193 000 . 66
224 500 .79
129 750 . 47
134 750 .48
208 750 .78
97 500 .37
225 500 .79
241 750 .92
134 250 . 46
151 000 . 62
257 500 .91
90 000 . 43
139 000 .51
178 000 .1
325 000 1.23
70 500 .27
128 500 . 53
150 000 . 56
NASA-Langley, 1867 —— 32

625 000 cycles; cycles of Phase I at

E-3558
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