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ABSTRACT

The results of a 4-year testing program * on the notched high-strain fatigue behavior of
three low-strength structural steels are summarized. The parameters studjed were: type of
loading, push-pull and bending; influence of mean stress, completely reversed and
zero-to-tension loading, state-of-stress, flat plates and grooved cylinders; degree of stress
concentration, K¢= 1.3 to Kt=3.3; and temperature, room temperature and 550°F.
Notch-root strains were measured and fatigue strength reduction factors are derived. A
reasonably conservative life calculation procedure for low-cycle fatigue crack initiation in
the presence of stress concentration is proposed and recommended for consideration in
design.

1. INTRODUCTION

The crack initiation behavior under cyclic loading in notched structural members made out of three low-strength structural
steels (carbon steel, 2-1/4 Cr—1 Mo alloy steel, and Type 304 stainless steel) was studied at stress levels leading to relatively
short crack initiation lives. The influence of such parameters as notch sharpness, state-of-stress (flat plates, grooved cylinders),
type of loading {completely reversed, zero-to-tension), stress gradient (bending, push-pull), and temperature were investigated,
Table 1 shows the parameters that were studied during the program.

Raw data of the tests were reported in quarterly progress reports. After the completion of certain subtasks, topical reports
were issued to interpret and analyze the data. Table 2 lists all reports issued and the subjects covered.

The purpose of this final report is to correlate and analyze the data, to interpret them, and to recommend a design
application based on the results of this study. '

From the beginning of this program, the stress (strain} concentration factor was distinguished from the fatigue strength
reduction factor. The former characterizes the magnitude of the local stresses and strains in the root of the notch but does
not give any information on the damaging effect of these strains or stresses. To characterize the fatigue damage done to a
notched structural member, fatigue tests must be run so that the fatigue strength reduction factor can be determined. A
comparison of the fatigde strength reduction factors with the stress (strain) concentration factor obtained under relevant
conditions can then'bg‘ used to ascertain whether the stress (strain) concentration factor may be used as a substitute for the
fatigue strength factor. Consequently, the program was directed to obtain fatigue strength reduction factors for the various
parameters listed in Table 1.

2. TEST CONDITIONS AND MATERIALS

During the tests, the variation of the notch-root strain range with cycling was measured on a number of specimens, using
electrical foil strain gages with a minimum grid size of 1/64 inch. Crack initiation was monitored by a 20X microscope and
red dye penetrant techniques. Crack initiation was said to have occurred when a crack of 0.005 to 0.015 inch was
detected in the root of the notch. For the smooth-bar tests, crack initiation was determined as the drop-off point in the
record of load range versus cycles. All tests on notched specimens were run under load control and at a frequency of about
6 cpm. Smooth-bar tests were conducted at the same frequency; however, strain control and completely reversed conditions
were used exclusively in this case.

The basic geometries of the two types of notched specimens are shown in Figures 1 and 2 (all figures are contained in
Section 7). To achieve the various stress concentration factors listed In Table 1, it was necessary to vary the minimum
diameter of the bar and the notch-root radius. The bend tests were performed on doubly notched rectangular bars of
3 X 3inch unnotched cross section. Load control was used in conducting the cantilever-type tests. Details will be discussed
later.

*Conducted by the author at the Materials & Processes Laboratory of the General Electric Company at Schenectady, N.Y. Dr.
Krempl has since joined the faculty of Rensselaer Polytechnic tnstitute at Troy, N.Y.

-
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The mechanical properties at 550°F and room temperature and the chemical composition of the three materials are shown in
Tables 3 and 4, respectively. All materials were tested in the annealed condition.

3. TEST RESULTS

in the discussion of the test results, average curves drawn through the experimental data points will be used for the
calculations rather than individual test data. No scatter of the test results can be shown because of this method. Also, the
limited number of tests does not permit a reliable estimate of the scatter of the data. All the data should therefore be
considered as an indication of the trend of the real statistical relationship between applied load and life-to-crack initiation.

3.1 INITIAL NOTCH-ROOT STRAIN

The measurement of the cyclic elastic and plastic strains in the root ot the notch enabled the construction ot nominal stress
range (always based on the net section area) versus notch-root strain range diagrams. For the different K¢ values tested, these
diagrams should reveal a family of nonintersecting curves. The curves for the three materials are shown in Figures 3 through 5
and apply for the grooved cylinders under completely reversed load-controlled loading. The strain ranges are measured at the
beginning of the cycling test. The nominal stress notch-root strain behavior of zero-to-tension controlled specimens (which
exhibited almost completely elastic action after the first cycle) is shown in Figure 2 of Reference 1. The transverse strain
range curves are not shown in Figures 3 through 5. In previous reports, it was shown that the transverse strain range was at
least a factor of 10 smaller than the axial notch-root strain range.

An inspection of Figures 3 through 5 reveals that the family of nonintersecting curves is obtained with only one exception
(see Figure 4).

The cyclic stress-strain diagram (K¢, = 1.0) of Type 304 stainless steel intersects the curve for K¢ = 1.9. in the smooth-bar
cyclic tests, the stainless steel showed initial strain hardening followed by strain softening (GEAP-5082, Figures 6 through 8)
for strain ranges below 1.2 percent. The cyclic stress-strain diagram was determined at N§/2.* At this point, the stress range
was less than the initial value. If the initial maximum stress range is used instead of the stress range at Nf/2, another
stress-strain diagram 1s obtained (see Figure 4). This initial cyclic stress-straln diagrarm does not intersect the other curves.

For a good comparison and analysis, it is therefore necessary to recognize that there are property changes due to cyclic plastic
straining and that every comparison should be based on the same cyclic age (which denotes the status of cyclic hardening or
softening of a particular material). Figure 4 shows that discrepancies may result if the comparison is made at different cyclic
ages of two sets of data.

Carbon steel and 2-1/4 Cr—1 Mo alloy steel showed cyclic strain hardening. The curves for the notched bars were always
below the cyclic stress-strain curve. The notch-root strains were taken during the initial step-up tests (see Reference 2) for the
procedure. Then, cyclic hardening caused the notch-root strain range to decrease (see Figure 6). The decrease was more
pronounced at the high notch-root strain ranges than at the low ones. No indication of a cyclic steady-state was obtained
because the strain gages failed while the notch-root strain range was still decreasing. If the curves for the notched specimens
had been constructed for a postulated shake-down condition, they would have been much closer (lower strain range at the
same nominal stress range) to the smooth-bar curves.

Comparisons of the type shown in Figures 3 and 5 are, therefore, easy for strain-hardening materials. Problems may arise for
cyclic strain softening materials, as shown by the results for Type 304 (Figure 4).

it is not known how a multiaxial state-of-stress influences the cyclic hardening or softening behavior of a material nor
whether a shake-down condition exists. This type of research is needed because it will ultimately improve the reliability of
structural components.

* (N is the number of cycles-to-crack initiation.)

)
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Another possibility' would be to plot the monotonic stress-strain values on the stress-range versus strain-range curves shown in
Figures 3 through 5. It was found that these curves intersected all notched specimen curves. Therefore, no good correélation
was obtained between the monotonic stress-strain diagram and the nominal stress notch-root strain diagrams for notched
specimens.,

3.2 STRESS RANGE VERSUS CRACK INITIATION
The load range was kept constant during each notched specimen test. For each parameter, three to six specimens were tested

at different stress levels and crack initiation was observed. At a given stress range, the severity- of the stress concentration
effect should be exhibited by appropriately displaced crack initiation curves. This is shown by the crack initiation data

_plotted in Figures 7 through 9, using the applied nominal stress ranges. Curves of the shake-down stress range versus cyclic life

for the strain-controlled smooth-bar tests are also shown. The crack initiation points plot on straight lines, which are not
always parallel to each other. The steady-state stress ranges of the smooth-bar data show the longest lives (as should be
expected). -

A check was made as to whether errors in experiments or ih data reporting were responsible for the anomalous behavior of
the Kt = 1.9 data for the 2-1/4 Cr—1 Mo material in Figure'9. No error could be found and no reason for the steep slope of
this test series can be given.

The influence of mean stress on the deformation and fracture behavior was discussed extensively in Reference 1 for Ky =3
specimen series. The influence of the parameter temperature {550°F) was investigated separately in Reference 3. Although
the influence of these two parameters was investigated and discussed for K¢t = 3 only, it is not unreasonable to assume that
the same trend of the data will be observed for stress concentration factors different from Kt = 3. Therefore, the influence of
temperature and mean stress will not be considered here.

3.3 ANALYSIS OF NOTCHED BEND TESTS

Bend tests were performed to assess a possible influence of the gradient of the stress field on crack initiation. The bend test
specimen is shown in Figure 10. The tests were load-controlled, and a cantilever type of load application was used (see
Reference 4). The stress concentration factor was determined to be about K¢ = 1.8 {(uniaxial and plane stress condition, which
is only approximately met by the test bars). Only two test materials were used in this case—2-1/4 Cr—1 Mo alloy steel and
Type 304 stainless steel.

A comparison of push-pull with bend tests on a stress basis is difficult if the nominal stresses are beyond the elastic range. The

conventionally calculated stress in a bend test is based on elastic material behavior. For the push-pull test, the nominal stress
can be obtained directly. For a good comparison, an elasto-plastic analysis must be performed for the bend tests. The
approximate elasto-plastic analysis used in this report will be described in the following equations.

In conventional engineering analysis methods, the nominal bending stress is obtained by:

a=M—c : R (1

I

where M = amplitude of applied moment,
¢ = maximum distance from neutral fiber, and
] " I=area moment of inertia.

The stress ranges calculated i'n this way are plotted in Figures 11 and 12, with push-pull data for Kt = 1.9 and K¢ = 3.3. The
bending stress ranges plot high on each of the figures, and the large difference between the bending and pLish'-p_uII,resuIts can
be observed. ’ '
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Equation (1) assumes elastic material behavior which is not valid for the tests discussed here. Therefore, a simplified
~tasto-plastic analysis must be used for calculation of the nominal stress range. To accomplish this, the cyclic stress-strain
diagram of each material will be used. The cyclic stress-strain diagram can be idealized in the following way:

Type 304 Stainless Steel

o = Ee for oSe<¢o (2)

0 =00 t+ le—¢€) Ejjfore>eq -

2-1/ 4 Cr—1 Mo Steel

(3)
o = Ee foro<e<eg
U = up + Ale—€p)" €>¢p.
‘The symbols denote:
g, = stress and strain, respectively,
O0o.€0 = stressand strain'value, respectively, at which the stress-strain curve departs from:linearity,
E = modulus of elasticity, ’
Ely = slope of second section of the bilinear cyclic stress-strain curve of stainless steel,
A = constant, dimension of stress,
n = strain hardening exponent.
The constants must be determined so that the equations reproduce the cyclic stress-strain diagram (see Reference 5).
Equilibrium requires that the moment of the stresses balances the external moment (M). Thus, we have
h
M/2 = | ozdz, . ‘ (4)
o
where h = distance from neutral axis to notch-root, and
z = coordinate perpendicular to neutral axis (see Figure 10)
For the two sections of the stress-strain diagram we get
z. h '<v. 0 ' )
M/2 =fEezdz +f {00 + (e — €0) Ejj)zdz’ {5a)
. )
o 2z
for stainless steel; and
- h .
M/2 =fEezdz +f oo+ Ale — €o)"] zdz {5b)
A J . : )

for 2-1/4 Cr—1 Mo alloy steel.

z* denotes the distance from the neutral fiber at which the stress distribution departs from linearity. It can be obtained from Equation (1) by
solving for ¢ = z* and substituting 0, for 0.

L 3
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The assumption is made that plane sections remain plane.
€=Kz, . (6)

where k is the constant curvature of the beam. Equation' (6) is substituted into Equations (5a) and (5b). These equations can
be solved for k, which, in the case of Equation (5b), must be done by trial and error. Once « is determined, the nominal
maximum strain can be derived- from Equation (6). The second of Equations (2) or (3) determines then the maximum
nominal stress gy cyclic. This value is for a bend bar without notches having a width equivalent to the minimum width of the
actual test bar shown in Figure 10.

The thus calculated values of the stress amplitudes op cyclic are, of course, lower than the ones derived from Equation (1).
The values of o\ cyclic are given in Table 5 with other pertinent data of the bend tests. The new results of the bend tests are
then plotted in Figures 11 and 12. It can be seen that the correlation with the push-pull data is much better using the stress
range values based on the cyclic stress-strain diagram.

Figure 11 shows that the results of the tests with stainless steel and the bending results (K¢ = 1.8) fall somewhat below the
results for K¢ = 1.9, which constitutes a reversal of the expected order. Therefore, it can be said that the introduction of the
nominal stress based on the cyclic stress-strain diagram improved the correlation with push-pull tests, but not quite the way it
should have. '

The situation is far better for 2-1/4 Cr—1 Mo alloy steel {Figure 12}. The correlation between push-pull and bend tests is
good on the basis of the op cyclic. The point“at the low stress range plots on the wrong side of the K¢ = 1.9 curve for -
push-pull. The crack was 1/4 inch in size when it was detected during thls test. Actually, crack initiation had occurred earlier
than the cyclic life plotted, as indicated by the arrow. : .

The elasto-plastic analysis of the bend tests greatly improved the correlation with the push pull tests. However, an exact
one-to-one correlation was not achieved.

From the analysis, it can be seen that the desired statement on the pdssible influence of the stress gradient cannot he made . .-

with confidence. The 2-1/4 Cr—1 Mo data do not indicate such an Influence on the results; however; the tests with Type 304
stainless steel suggest that a life reducing .influence of the gradient may exist. However, it is felt that the test results are too
limited to make such a definite statement. Until further evidence is available, it is assumed that the stress concentration factor
per se is the prime parameter to describe the notch effect in low-cycle fatigue for bending and push-pull.

3.4 NOTCH-ROOT STRAIN RANGE VERSUS CRACK INITIATION

Frequently, the statement is made that the strain range (or plastic strain range} is the prime criterion for low-cycle fatigue.
This implies that the knowledge of the strain range (or plastic strain range) at a critical location would enable the prediction
of the fatigue life of the component, provided the basic smooth-bar fatigue curve of the same material were available.

The notch-root strain measurements provide an opportunity to check on this hypothesis for the total strain range. It is not
possible to directly extract the real plastic strain range from the load notch-root strain range hysteresis loops.It isnot known at
what value of the nominal stress the stress in the apex of the nutch reaches zero; theretore, the local plastic strain cannot be
determined without additional assumptions. :

However, one other complicating factor arises in‘a comparison on the basls of strain range. In a smooth-bar test, the strain
range is kept constant, whereas a possibility exists for the strain range in the root of the notch to change during cycling (see
Figure 6). The materials investigated in this study were all cyclic strain hardening (with the exception of stainless steel), so
that the strain range in the root of the notf:ln_ decreased (as shown in Figure8) or stayed constant at lower nominal stresses.
To make a fair comparison, the strain ranges should be compared at the same cyclic age of the material. In light of the limited
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information on the variation of the notch-root strain with cycles and the absence of any information of the influence of the
stress state on cyclic hardening, it was thought best to compare the initial strain ranges. The results of the comparison are
shown in Figures 13 through 15. Compared with the nominal stress range plots in Figures 7 through 9, the spread between
the data in Figures 13 through 15 is considerably reduced. However, a perfect correlation was not achieved on the basis of the
strain range data. It might be argued that the different definitions of crack initiation in the smooth-bar and notched-bar tests

_could be responsible for the spread. However, some spread exists even within the set of notched data where the definition is
consistent.

Of special interest are the data for the 2-1/4 Cr—1 Mo material, where it appears that K¢ = 1.9 results in the shortest lives for
a given s_train range. Both the bars with K¢ =3.3 and K¢ = 1.3 crack much later at the same strain range. The same trend is
evident for Type 304 stainless steel in Figure 14. However, the carbon steel data-in Figure 13 exhibit near uniform cracking
strain ranges for both K¢ = 1.9 and K¢ = 3.3.

A good correlation is obtained between the bending and push-puli data when the correlation is based on strain range. Finally,
it is fair to say that the notch-root strain range versus cycles-to-crack initiation plots showed a much better correlation than
did the nominal stress range plots. A unhique relatlonship [ur e slraiin iraivges which would qualify them as unifue. fatigiie

indicators could not be found. The difficulties mentioned at the beginning of this section may be partly responsible for the

lack of perfect agreement.

A correlation on the basis of an effective strain (maximum principal strain difference, von Mises) was attempted earlier for
Kt =3.3 (see Reference 6). The results showed no basic change in the correlation, such as a change of the slope of the fatigue

life curves. The use of effective strains produced a parallel shift relative to the original curve: The assumption of deformation

under constant volume must be made in calculating the effective strain. Therefore, this approach is not pursued further in this

report.

3.5 FATIGUE STRENGTH REDUCTION FACTOR

In earlier reports, the need for a clear definition of the fatigue strength reduction factor in the low-cycle fatigue regime was

pointed out repeatedly. It was stated that the different fatlyue stiength reduction factors obtained in various investigations -

are caused mainly by two factors: (1) the different detinitions of the derived fuligue strength reduation factors, and (2)
different definition of cycles-to-crack initiation {which is often actual failure of the test bars).

Within the conditions of this study (strain-controlled smooth-bar data, load-controlled notched-bar tests), three different
dofinitions of the fatigue strength reduction factor are possible, as indicated in Figure 16 and described further in
Reference 6. The Method IA and Method || factors were found to be always higher than the theoretical elastic stross
concentration factor. The Method |A factor usually reaches a maximum, whereas a continuous increase is observed for the
Method Il factor. Both factors are identical if the nominal stress range of the notched specimen is in the linear range of the
cyclic stress-strain diagram. The Method IB factor, however, was never larger than the theoretical elastic stress concentration
tactor and decreased with increasing stress amplitude.

4. ANALYSIS OF NOTCH-ROOT STRAIN

The ultimate decision as to what factor might be most useful in design applications must be based on a comparisan of the
derived fatigue strength reduction factors with analytically. determined stress or strain concentration factors. Only the latter
factors can presently be calculated from theoretical considerations. It would be most. helpful if the factors derived in the
analysis would provide an upper bound of the fatigue strength reduction factor. Such a situation exists in highcycle fatigue
where the theoretical elastic stress concentration factor is always higher than the fatigue strength reduction factor. Therefore,
the theoretical elastic stress concentration factor, K¢, is often used in design instead of the actual fatigue strength reduction
factor, on the basis that this leads to a conservative procedure.

v
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Two approximate methods are available (developed by Stowell” and Neuber®) for determining the stress and strain
concentration factors beyond the elastic range. In each case, stress and strain concentration factors can be derived for any
nonlinear stress-strain law.

A computer program® using the Stowell method was developed earlier at Schenectady General Electric. Therefore, this
method was used in the following paragraphs.

4.1 STRESS AND STRAIN CONCENTRATION FACTORS

The stress-strain diagram used in the calculations was the cyclic stress-strain diagram of each material. With the computer
program and the cyclic stress:strain diagram, stress and strain concentration factors were obtained for each Ky value listed in
Table 1. The so-derived stress and strain concentration factors were then compared to the experimentally obtained fatigue
strength reduction factors. It was found that the Method IB factor corresponded closely to the stress concentration factor.
The Method IA factor showed a variation with applied stress amplitude similar to the strain concentration factor.

The results are shown in Figures 17 and 18 for 2-1/4 Cr—1 Mo alloy steel and in Figures 19 and 20 for carbon steel. The
corresponding fatigue strength reduction factors are shown in each figure.

. Problems developed in the calculation of the plastic stress and strain concentration factor for the Type 304 stainless steel. .
The bilinear, cyclic stress-strain diagram of this material is not suitable for the iterations necessary in the application of the:
Stowell method. For example, the calculated stress concentration factor showed an initial decrease followed by an increase-
with applied nominal stress amplitude. This trend of the variation is, of course, contrary to the physical evidence. The stress
concentration factor decreases continuously with ébplied stress. A detailed study of the Stowell method and/or the computer
program employed in the calculations would therefore be necessary for the case of a bilinear stress-strain diagram. Such a
study was beyond the scope of this subtask. The discussion will therefore be limited to the carbon steel and the ..
2-1/4 Cr—1 Mo alloy steel results.

4,2 COMPARISON WITH FATIGUE STRéNGTH REDUCTION FACTORS

Figures 17 and 19 indicate that there is a close correspondence between the Method B fatigue strength reduction factor and
the stress concentration factor.

The correspondence between the Method 1A factor and the strain concentration factor shown in Figures 18 and 20 appears to
be inferior to the one shown in Figures 17 and 19. Before a final judgment is made, it must be considered that Figures 17, 19
and 18, 20 express the same fact in different quantities, viz. stress and strain. It is therefore obvious that the difference is due
to the way the relationship has been expressed. Strain is more sensitive than stress.

Because the Method Il factor (Figure 16) is always higher or equal to the Method IA factor, the difference between the strain
concentration factor and the Method |1 factor i; equal or greater than the difference between the Method |A factor and the
strain concentration factor. : :

It was mentioned earlier that the use in design of an analytically derived concentration factor instead of the actual tatigue
strength reduction factor must be based on a comparison between the two factors. An analytically derived factor is very
usefut if it is always higher than the actual fatigue strength reduction factor. It appears that this requirement cannot always
be met by the factors derived from the Stowell method. They are sometimes less than the corresponding fatigue strength
reduction factors. The ultimate decision on the usefulness must be evaluated from an application of the analytically derived
factors for life prediction and a comparison. of the predicted life with the observed life. This comparison is made in the last
section of this report.

*The author is indebted to Messrs. D. L. Newhouse and B. M. Wundt for permission to use the above-mentioned computer
program. . .

-
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4.3 NOMINAL STRESS RANGE—NOTCH-ROOT STRAIN RANGE

The Stowell method can also be used to calculate the nominal stress range versus notch-root strain diagrams for various stress
concentration factors. The cyclic stress-strain diagram was again used in the calculations. Figures 21 and 22 compare the
calculated and the measured nominal stress range notch+oot strain range diagram for 2-1/4 Cr—1 Mo alloy steel and carbon
steel, respectively.

For K¢ = 3.3, the correlation is very good. For K¢ values less than 3.3, the correlation leaves much to be desired.

At this point, it is worthwhile to list the approximations inherent in the method used. The present form of the Stowell
method is an approximate calculation developed for plane stress. Any regular stress-strain diagram can be employed in the
method.

The state-of-stress in the notched bars of this study is certainly not plane stress. The stress-strain diagram used refers to the
cyclic steady state of the smooth-bar specimens. The strain range in the notch-root was not determined in the shake-down
rondition; rather, at the beginning of the teat.

Therefore, two major approximations are involved in the comparison. The first one affects the state-of-stress in the specimen
and, therefore, is geometrical in nature. The second one concerns the cyclic age of the material, which affects the stress-strain
properties of the material and, therefore, is related to the material behavior (which should be characterized by its constitutive
equation). '

In cyclic plastic straining, metals show strain ‘harde_ning' or softening and the material changes its stress-strain properties from
cycle to cycle. ldeally, one would therefore be interested in calculating the variation of the notch-root strain range from cycle
to cycle. However, no constitutive equation is available which can reproduce cyclic strain hardening or softening (e.g.,
Reference 9). Thus, the cyclic stress-strain diagram is used as the best possible approximation.

Since the strains measured in the notch of the cylindrical bars are recorded initially, after the specimen had passed through
step-up procedure (See Heterence 2), they are at a different cyciic age compared to the steady-state stress-strain diagram.
Indeed, the notch-root strain range continues to decrease for the cyclic strain hardening materials tested in this study (see
Figure 6). At a later cyclic age, all the notch-root strain range curves will be displaced to smaller strain values and, therefore,
the correlation with the measured values will improve.

It is not known how a multiaxial state-of-stress will influence the cyclic strain hardening or softening characteristics of
marterials. 1t may be that a multiaxial state-of-stress may increase or decrease the time necessary to reach the cyclic steady
state. It is also conceivable that no cyclic steadv state may be reached under rertain canditions, Research involving stress
analysis for cyclic plastic straining is definitely needed.

The main emphasis of this study was in the development of life calculation procedures. In these methads, a comparison ig
hecessary between stress and strain concentration factors and the respective fatigue strength reduction factors. This can only
be done if the method shows a reasonable degree of conservatism in life calculation. Since a conservative rather than an exact
calculation is required, the degree of correlation shown in Figures 17 through 20 may be sufficient for our purposes. For the
life calculation, an exact correlation of the strain data of the kind shown in Figures 21 and 22 is not required.

5. DESIGN APPLICATION

The information generated in this study can be used in the design components subjected to low-cycle fatigue loading in the
presence of discontinuities.
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The nominal (nonconcentrated) stresses are usually obtained by standard calculations or by finite element computer
methods. Linear elastic material behavior is assumed in all these calculations, even if the local stresses or strains may be of
such a magnitude that they will exceed the elastic limit of the material.

The objective of the life calculation, then, is to estimate the useful service of the component. At this point, it is necessary to
combine the elastically calculated nominal stresses with the life information generated in this study or others. The cyclic
plastic deformation is now recognized and the cyclic stress-strain diagram is generally used in the derivation of the factors
relating to life. Therefore, approximations ‘are involved in the life calculation, and one can only expect that the calculation
will yield moderately conservative results. However, extreme conservatism in the calculation of the life is not desired, since it
imposes too severe restrictions on the allowable stresses. Therefore, moderate conservatism is required for the approximate
life calculation.

The results of the room temperature push-pull tests produced reasonable correlation between the calculated stress (strain)

concentration factors and the corresponding fatigue strength reduction factors. Therefore, the factors derived from the

Stowell method will be used to predict the life of the room temperature bend and the 550°F push-pull tests. For the life

calculation, the following information is necessary:

a. For the notched member—nominal stress amplitude and uniaxial, elastic stress concentration factor.

b.  Material properties—cyclic stress-strain diagram, variation of stress (strain) concentration factor with applied nominal
stress (supplied by the Stowell method in this study), and smooth-bar low-cycle fatigue curve (completely reversed,
strain control in this report).

The method will yield an estimate of the life-tocrack initiation (the appearance of a 0.005- to 0.015-inch-long crack), which
can be compared with the experimentally observed crack initiation. Therefore, an independent check is obtained.

The general procedure is shown in Figure 23, which indicates that there are two equivalent methods—the stress approach and
_ the strain approach. In theory, both will predict the same notch-root strain range and, therefore, the same life. In actual
computation, great care must be exercised so that the theoretically expected outcome is obtained. Small errors in picking the
values from the pertinent diagrams can be greatly amplified because of the nonlinear relations involved in the calculations.

Topper et al.,'® developed a similar method based on Neuber's rule. In their study, no differentiation was made between
initiation and final failure; also, mean stress, bending, and elevated temperatures were not considered.

5.1 LIFE PREDICTION OF THE 550°F PUSH-PULL TESTS

The smooth-bar fatigue life and the cyclic stress-strain diagram were determined for all three materials at E50°F (see
Reference 3). The Stowell method and the cyclic stress-strain diagram were employed to calculate the stress and strain
concentration factor as a function of the applied nominal stress amplitude for the theoretical elastic stress concentration
factor of K¢ = 3.3.

The strain range in the root of the notch corresponding to the cyclic steady state can then be calculated with either the stress
or the strain concentration factor, as shown schematically in Figure 23. Both methods will yield the same result, in principle.
However, it is possible that the notch+oot strain range obtained by the strain or stress approach may differ somewhat because
of inaccuracies in the procedure. Great care is therefore necessary in the calculation.

The notch-root strain range is then used to predict life-to-crack initiation. The comparison with the observed life is shown in
Tables 6 and 7. As explained in the beginning of the report, observed values of cycles-to-crack initiation are taken from curves
drawn through the Initial data points. ’
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Comparison of predicted and the observed life (taken from Figures 14 or 15 of Reference 3) shows that the prediction is
somewhat unconservative for most of the points if the crack initiation data are considered. However, the prediction is very
conservative if compared to the final failure of the notched bars. An estimate was made as to how deep the crack would have
grown in the difference between the cycles observed and predicted, using the average crack growth rates given in Figure 17 of
Reference 3. In no case of unconservative prediction would the crack have grown deepér than 0.065 inch. This degree of
unconservative prediction appears to be acceptable,.in light of the big safety margin with respect to the final failure of the
grooved cylinders.

5.2 ROOM TEMPERATURE BEND TESTS
The previqusly used method can also be approximately applied to the case of life calculation in pure bending.

In the case of bending, the calculation can be based on the stress amplitudes calculated for either the elastic or the
elasto-plastic material behavior. Both of these stress amplitudes were calculated previously {see Table 5).

The results of the life calculation (using the elasto-plastic material behavior and the method depicted in Figure 23) are shown
in Table 8. It can be seen that the predictions are unconservative; i.e., larger than the observed values, If it is assumed that the
crack grows with the same average crack growth rate in bending as in push-pull, it can be estimated (using data from
Reference 1) that the crack could have grown a maximum 0.160 inch in depth in the cycle interval between actual crack
initiation and the one predicted for the worst case. This amount of crack growth may be severely limiting.

In the case of bending and in any other case where the stresses are statically indeterminate, fictitious stress can be calculated
on the basis of linear elasticity. The method shown in Figure 23 can then be combined with these fictitious elastic stresses. It
has to be recognized that, under this combination, the stress approach.and strain approach will yield different results, since
the fictitious elastic stresses are combined with the real cyclic stress-strain diagram.

Predictions using both the stress and the strain approach are listed in Table 8. Both are shown to be very conservative.

For practical applications, where only a conservative life estimate is necessary, the combination of fictitious elastic stresses
and the method shown in Figure 23 appears to be useful. In recommending this procedure, the. author is aware of the
limitations involved and, therefore, cautions careful judgment in its use.

Given a choice between the stress approach and the strain approach, the author favors the. former because of its better
prediction. Also, an extremely conservative life estimate can be made by substituting the theoretical elastic stress
concentration factor for the actual plastic stress concentration factor. No such convenient upper limit can be given for the
strain approach in Figure 23.

5.3 INFLUENCE OF MEAN STRESS

It was shown in References 1 and 3 that crack initiation occurred later in the zero-to-tension tests than in the completely
reversed tests for a given nominal stress amplitude. However, cycles-to-complete-failure of the specimen were less for the
zero-tension condition compared to completely reversed.

If the methods discussed previously for the completely, reversed case are applied to the zero-to-tension: case, the prediction
will turn out to be safer than in the completely reversed case. Therefore, these methods can be used for zero-to-tension
loading at room temperature and 550°F.

A reasonably safe method of predicting low-cycle fatigue life in the presence of stress raisers can therefore be recommended
as a result of this study. The method is, in essence, a maximum strain amplitude criterion for crack initiation, and the’
approximations involved appear to be of a conservative nature. However, an exact life calculation procedure could not be
developed from this study.
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The approximations involved are considerable and, therefore, research should continue in this area. One point deserves
immediate attention—the development of methods for ‘calculating the cycle-dependent variation of the notch-root strain
range as it is observed during cyclic plastic stramung (see Figure 6). Once this capability is developed, a more accurate life
prediction will be possible.

6. CONCLUSIONS

Analysis of the test results of this study led to the development of an approximate, reasonably conservative calculation
procedure to analyze the low<ycle fatigue Ilfe-to-crack initiation (0.005 - 0.015 inch long crack) of notched specimens under
load-controlled conditions. In this method, it is necessary to know the applied nominal mean stress and stress amplitude
calculated on an elastic basis, the theere;ical, elastie uniaxial stress concentration factor of the discontinuity, and the
unnotched low-cycle fatigue properties of the material at the 6perating temperature (which must be below the so-called creep
range). The smooth-bar properties required include the cyclic stress-strain diagram and cycles-to-failure data. The variation of
the stress and strain concentration factor with applied nominal stress amplitude is then determined with the cyclic
stress-strain diagram for the K¢ value of interest. Theoretical calculations are mvolved in thls step, and in this study the
Stowell method was employed. In Reference 10 the Neuber method was used.

The procedure outlined above was checked against the experimental data obtained in this program and the following results
were obtained:

. a.  Push-pull tests (nominal stresses are statically determinate).

1. - Completely Reversed Condition 550°F : _
A slightly unconservative prediction of the life-tocrack initiation was obtained. The degree of unconservative
prediction was considered to be acceptable in view of the long crack propagation life.

2.  Room Temperature '
The same degree of unconservative prediction is expected as at 550°F. Figures 17 — 20 indicate some difference
between the stress and strain concentration factor and the fatigue strength reduction factor for all the K¢ values.
Therefore, the method can be applied for all the theoretical elastic stress concentration factors studies in this

~ report.
3. Influence of Mean Stress
~ The life-to-crack initiation for zero-to-tension loading in push-pull at room temperature and 550°F can be

calculated in the same way as for completely reversed loading. The results are then expected to be more
conservative for zero-to-tension than for the completely reversed ‘case, At the same stress amplitude, crack
initiation occurs later in zero-to-tension than in completely reversed loading.

4, Influence of State-of-Stress
No difference in crack initiation life was observed between the grooved cylinder and flat plate specimens with a
Kt=3.3 at room temperature and 550°F. It appears, therefore, that any influence of the state-of-stress in the two
types of specimens was below the resolution of the experiments. Thus, it may be justified to neglect the influence
of the state-of-strees in these approximate calculations.

b. Bend tests at room temperature (nominal stress is.statically indeterminate): The life prediction was conservative if
fictitious elastic stresses were used. It is for this reason that this method appears to be useful for design applications in
which a conservative, but not accurats, prediction method is sufficient.

11-
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All the conclusions were- derived for cyclic strain hardening materials. Considerable uncertainties exist about the
applicability of the approach for cyclic strain softening materials.

It does not appear to be feasible, at the moment, to devise an accurate prediction method. Further work is necessary
before such a method can be devised for low-cycle fatigue.

7. ILLUSTRATIONS

This section contains Tables 1 through 8 and Figures 1 through 23. '

“¥
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Table 1. PARAMETERS INVESTIGATED

0£101-dv39

Room Temperature 550°F
Grooved Cylinders
Flat ‘ Flat
- Zero ~ Plates Bending Grooved Cylinders Plates
o o . to - Zero-to- Completely Completely Zero-to-
- Completely Reversed ' Tension Tension Reversed Reversed Tension
Material Kt=19 K¢=25 Kt+=3.3 Kt=2.9 K¢=3 Kt=18 Kt=3.3 ‘ K¢=3
Carbon Steel X - X X X - ‘ X X
2-1/4 Ct—1 Mo
Alloy Steel” X X X X X X X X
304 Stainless
Steel X X X X X X X X
NOTE: X in table means that this parameter was studied.

All tests under load control.
Kt = uniaxial, theoretical, elastic stress corcentration factor.
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Table 2. CONTENTS OF PREVIOUS REPORT

Subject

Objective of program, specimen design, identification of material
used for testing.

Mechanical properties of test material at room temperature,

microstructure, Charpy impact. Low-cycle fatigue (LCF) data of smooth bars.

Complete room-temperature smooth-bar LCF data.

Test results, flat plates , K¢ = 3.

Quality assurance of strain gages used.,

Preliminary analysis of flat plates, K¢ = 3.

Crack grm;vth data, flat plates, K¢ = 3.

Initial tests, flat plates, K¢ = 3 at 550°F.

LCF strength reduction in notched fiat plates (topical rept;rt)
Complete description of mechanical behavior of.smooth bar specimens,
cyclic, monotonic ¢ — € diagram, strain hardening

exponent, room temperature,

550°F tusts, flat plate specimens, K¢ = 3.

550°F tensile properties of test materials. Grooved
cylinders, K¢ = 2.9, zero-to-tension, room temperature.

Test results, grooved cylinders, K¢ = 3.3, completely reversed,
room temperature.

Test results, grooved cytinders, K¢ = 3.3, completely reversed,
580°F.

Test results, grooved cylinders, K¢ = 1.9, completely reversed,
room temperature.

Test results, bend tests, K¢ = 1.8, room temperature.
Cyclic deformation behavior of smooth-bar specimens, 550°F.

Test results, grooved cylinders, Kt = 1.3 and Ky = 2.5,
room temperature.

Data Reported In

GEAP-4911, 1965
(Quarterly Progress Report No. 1)

GEAP-4964, 1965 (No. 2)

GEAP-5082, 1965 (No. 3)
GEAP-5147, 1966 (No. 4)
GE.AP‘-5147, Appendix C
GEAP-5192, 1966 {No. 5)
GEAP-5279, 1966 (No. 6)
GEAP-5427, 1966 (No. 7)
GEAP-5410, 1967
GEAP-5474, Appendix B,
1967, (No. 8)
GEAP-5474, 1967 (No. 8)

GEAP-5512, 1967 (No. 9)

GEAP-5554, 1967 (No. 10)
GEAP-5587, 1967 (No. 11)
GEAP:5637, 1968 (No. 12)

GEAP-5680, 1968 (No. 13) .
GEAP-5716, 1968 (No. 14)

GEAP-5770, 1969 (No. 15)
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Table 2. (continued)

Subject ' . Data Reported In
Stress controlled, smooth-bar data, ratcheting, ro_bm temperature. - GEAP-10024, 1969 (No. 16)
Influence of stress-strain concentration and mean stress on the LCF behavior ‘ GEAP-5726, 1968

of the three s;ructUral steels at room temperature (topical report).

Notched high-strain fatigue behavior of three low-strength . GEAP-5714, 1969 ‘
structural steels (topical repart). o :

The 550°F notched high-strain fatigue behavior of three low-strength , . GEAP-10090, 1969
structural steels (includes smooth-bar data, cyclic stress-strain diagram)
(topical report). '

t

‘ Table.3 .
ROOM TEMPERATURE AND 550°F TENSILE PROPERTIES OF THREE
. _PIPING MATERIALS

Prop. o 0.2% ) _ Elong.

. Temp. © Limit _ YS uTS RA (2 in. Gage
Material (°F) (10° psi) (10° psi) (10 psi) (%) Length) (%)
Carbon Steel 75 210 29.4 624 55.8 35.8
650 - - 72.0 47.0 30.0
550 155 295 72.1 490 310
550 . 115 : 25.5 725 45.0 " 200
2:1/4 Cr—1 Mo 75 236 367 746 - 615 315
Alloy Steel 550 180 320 695 59.0 230
650 240 320 69.5 58.0 21.0
550 SR - 701 58.0 20.0
Type 304 75 269 388 85.0 76.1 66.8
Stainless - 650 . - - 68.5 700 450
Stel : 550 150 240 67.0 70.0 500

560 140 259 68.0 L 68.0 46.0

18-



Material

Low Carbon Steel

304 Stainless
Steel

2-1/4 Cr—1 Mo
~Allny Steel

Material

2-1/4 Cr—1 Mo
2-1/4 Cr—1 Mo
304 Stainless
Steel -

304 Stainless
Steel

0.16

0.07

n12

Mn

0.65
-1.45-

0.54

Table 4
CHEMICAL COMPOSITION OF MATERIALS TESTED
{(Mill Analysis)
P S i
0.008 0.032 0.22

0.021 0.028 0.53

0.010 0.015 0.31
Table 5

GEAP-10170

8.77

NOMINAL STRESSES CALCULATED FOR THE BEND TESTS

Load
Ampl.
(10% Ib)

1.0
1.2

1.0

1.2

Nom. Stress Ampl.

Nom. Stress Ampl.

54.5 37

Based on Cyclic
Based on Mc/l o — € Diagram
(103 psi) {103 psi)
454 37
54.5 41
454 33

Cr

19.0

2.3Y

Mo

1.00

N¢, Number of
Cycles to Crack
Initiation ~

2350
1050

2220

946



GEAP-10170

Table 6

COMPARISON OF PREDICTED AND OBSERVED LIVES-TO-CRACK INITIATION.
GROOVED CYLINDERS,K¢ = 3.3, COMPLETELY REVERSED LOAD CONTROL (550°F)
MATERIAL: CARBON STEEL

Observed

Calculated . Life- Observed

Nom. Stress Steady-State : Predicted Life- : to-Crack Life-
Amplitude Notch-Root ' to-Crack Initiation " Initiation to-Failure
(10° psi) Strain Range (%) (Cycles) {Cycles) (Cycles)
25 0.75 7200 ‘ 4500 3.8X 1~0“
30 0.95 3800 1800 2.3 X 10*
35 1.19 1850 680 15X 10°

40 1.48 900 *180 *10*

* Extrapolated value

Table 7
COMPARISON OF PREDICTED AND OBSERVED LIVES-TO-CRACK INITIATION.
GROOVED CYLINDERS, K¢ = 3.3, COMPLETELY REVERSED LOAD CONTROL (550°F)
MATERIAL: 2-1/4 Cr—1 Mo ALLOY STEEL

. Observed

) Calculated - Life- Observed

Nom. Stress. Steady-State ‘ Predicted Life- to-Crack Life-
Amplitude Notch-Root . to-Crack Initiation Initiation to-Failure
{103 psi) Strain Range (%) (Cycles) (Cycles) {Cycles)

20 . 076 L 5800 *12,500 108
25 1.00 T ' 3350 4,300 8.6 X 10°
30 150 _ 1500 1,500 39X 10*
35 1.80 , 1060 . 500 1.86 X 10°

40 ' - *2.40 : 600 180 8500

* Extrapolated value

17-
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Table 8
PREDICTION OF FATIGUE LIFE-TO-CRACK INITIATION FOR BEND TESTS.
ROOM TEMPERATURE,COMPLETELY REVERSED, LOAD-CONTROLLED CONDITION, K¢ = 1.8
MATERIAL: 2-1/4 Cr—1 Mo Alloy Steel

Calculated Predicted Observed

‘ Steady State Life-to-Crack- ' Life-to-Crack-
Nominal Stress Ampl. Notch-Root Initiation Initiation
(10® psi) , Strain Range (%) (Cycles) . (Cycles)

Nominal Stress Based on Elasto-Plastic Analysis

425 1.40. 1700 700
1 40.0 1.04 3100 1350
375 0.96 3700 2200
35.0 0.86 - 4600 3800

Nominal Stress Based on Elastic Analysis

Stress Approach
50.0 2.65 500 1030
475 2.15 730 1700
45.0 ‘ 1.80 1050 2500

Strain Approach

50.0 .75 360 1030
47.5 3.10 ] . 360 1700
45.0 2.40 600 2500

18-
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100 ' - T —T

CYCLIC STRESS—-STRAIN DIAGRAM

90 -

80 -

70 (.

60 |-

50 |-

NOMINAL STRESS RANGE (10° psi)

40
CARBON STEEL
30 r

20

10

1 i 1 1 1
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

INITIAL NOTCH-ROOT STRAIN RANGE (%)

Figure 3. initial Notch-Root Strain Range Nominal Stress Hange Diagrams for the Ditferent Ky Values Indicated.
Grooved Cylinders, Completely Reversed, Load Control (Room Temperature). Material: Carbon Steel.
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100 T T ' T T

SMOOTH—-BAR DIAGRAM BASED ON
INITIAL MAXIMUM STRESS RANGE

90 | _
CYCLIC STRESS—STRAIN DIAGRAM
[ Ky = 2.5 ]
80 t K =33 :
70 - —

t')o -
5
§ TYPE 304 STAINLESS STEEL
o
a
w —
o
.—
w
i
<
Z
&
E —
!
0 | l 1 | | |
0.0 0.4 0.8 1.2 ) 1.6 2.0 24 28
INITIAL NOTCH-ROOT STRAIN RANGE (%)
Figure 4. Initial Notch-Root Strain Range Nominal Stress Range Diagfams for the Different K¢ Values Indicated.

Grooved Cylinders, Completely Reversed, Load Control (Room Temperature). Material: Type 304
Material: Type 304 Stainless Steel. :
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100 ' T i ' '
CYCLIC STRESS—STRAIN DIAGRAM /
9 k- Ke=1.3 .
Ki=25
80 |- —
70 Kt =33 _+ .
7 60 - -1
[32)
2
w
a
=
2 | _, -
@ 50 {2-1/4 Cr — 1 Mo ALLOY STEEL) -1
2
[
w
4
<
£
3 40 |- ‘ _ ~
= .
30 |- T -
20 —
10 I o ’ . -
!
1]
0 1 _1 1 1 1 1
0.0 : 0.4 0.8 1.2 1.6 2.0 2.4 2.8
' INITIAL NOTCH—ROOT STRAIN RANGE (%)
Figure 5. Initial Notch-Root Strain Range Nominal Stress Range Diagrams for the Different K¢ Values Indicated,

Grooved Cylinders, Completely Reversed, Load Cuntrol (Room Teémperature).
Material: 2-1/4 Cr—1 Ma Alloy Steel.
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STRAIN (%)
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SPECIMEN CG-5A

T — _TOTAL STREAIN RANGE

WIDTH DF THE LOOP AT ZERO LIOAD

——
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® ® O TOTAL STRAIN RARGE

A A A WIDTH OF LODP AT ZERQ LOAD

Figure 6.

CYCLES

Continuous Decrease of Notck-Root Strain Range During Cycling at High Nominal Stresses. Grooved
Cylinder, Ky = 3.3, 63 = 35 ¥ 10° psi Completely Reversed Loading. Material: Czrbon Steel.
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Figure 7. Nominal Stress Range Versus Cycleé-to-Crack Initiation for Different Values of K, t
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