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ABSTRACT

A fatigue damage analysis is presented that is capable of analyzing struc-
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experimentally determining the nominal stresses or strains, a mechanics analysis
combined with a model of uniaxial stress-strain behavior calculates the stress-
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mean stress estimates the total number of reversals to crack initiation.
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INTRODUCTION

Developments in the areas of mechanics and materials have prompted fatigue
damage procedures that base failure on the behavior of the metal at the highly strained
regions where cracks initiate. Since local repeated plastic strain is responsible for
crack nucleation (1, 2)*, procedures that account for the damage due to this strain
would be expected to result in more accurate fatigue life estimations than procedures
based on nominal stresses that are removed from the most highly damaged area.

Fatigue procedures based on local stresses and strains have been discussed by
several authors (3-18) and employed in analyses of laboratory notched specimens
(8-16). Figures 1 and 2 depict the basic concepts for such approaches. Uniaxial
test results provide data for both the stress-strain and fatigue analysis of the material
at the critical location.

To establish the local stresses and strains, two expressions, one originated
by Neuber (19) and the other by Stowell (20), have been expanded to include the type
of structures and load histories encouutered in fatigue environmenrts, Neither expres-
sion independently yields a unique state of local stress and strain. However, uniaxial
test results provide the necessary relationship between stress and strain for a unique
sblution.

Once the local stresses and strains have been determined, a variety of methods
exist for estimating the number of reversals that can occur before the initiation of a
crack., Linear summation of damage as proposed by Palmgren (21) and Miner (22)
provides the simplest method of cumulating damage. Many of the errors once attrib-
uted to the means of summing damage using nominal stress-life data have been since

traced to other sources such as not accounting for the effects of mean stress and

cyclic overstrains,

*Numbers in parentheses refer to references.



References 8 through 16 successfully employed experimental stress-strain and
fatigue test data to estimate the fatigue lives of notched laboratory specimens. Wetzel
(14) and Stadnick and Morrow (15) directly controlled smooth specimens according to
the relation originated by Neubex. In this manner the specimen directly simulates the
local behavior at the notch root. All procedures that are presented in Refs. § through
16 depended on experimental data for establishing the relation of stress and strain.

No attempts were made to establish a general model of stress-strain behavior of the
metal from which the component is made.

Application of this type of procedure to large structures is discussed in Refs. 16
through 18. In many realistic situa.tioﬁs, determining the nominal streslses or strains
near the critical location can present the most difficult problem. Experimental tech-
niques often provide the only solution. Finite element methods can determine stresses
and strains throughout a structure that is geometrically complicated but for which the
behavior is elastic. Direct applicaton of the method to determine local behavior that
experiences plastic strains is not practical at this time.

To expand these local stress-strain procedures for the analysis of structures
subjected to long representative load histories, a model of uniaxial stress-strain
behavior is needed. Martin et al. (23) developed a model that successfully simu-
lated the uniaxial stress-strain behavior of 2024-T4 aluminum. This model, in con-
junction with an expression relating nominal and local stress-strain response, was
incorporated into a fatigue damage procedure. Accurate estimations of the fatigue
lives of center notched plates were made. Later, Wetzel (24) modeled 2024-T351
aluminum and 1045 steel. Incorporating this model into a damage procedure, fatigue
life estimationts were made and compared to predictions based on nominal stresses.
Superior life estimations were made with the local damage approach. Jhansale and

Topper (25,26) modeled a mild steel and utilized this model to estimate the fatigue



lives of laboratory flexural members. All of these procedures were programmed
for the digital computer. Consequently, the computational effort is transferred to

high speed devices and the problem encountered in analyzing a large number of

reversals is minimized.

Purpose and Scope

References 23 through 26 have shown the advantages of fatigue damage pro-
ccedures that axe based on local stresses and strains. Since computational problems
are lessened, moze direct and realistic methods of fatigue analysis can be made.

The aim of this research is to produce a fatigue damage procedure that incorporates
the latest developments in the fields of mechanics and materials.

Figure 3 expands on the basic concept of the procedure presented in Fig. 2,
Initially, the local stresses, o, aud strains, €, are determined from the nominal
stresses, S5, and strains, e. Determining the local behavior depends on the me-
chanics expression and the model of uniaxial behavior. Also involved is the fatigue
notch factor, Kf. In certain cases this is determined by comparing long life fatigue
data of the structure and smooth specimens, as indicated by the dashed line in Fig. 3.
However, alternative amalytical means exist, Fatigue damage is based on the local
components of elastic strain, ¢ o and plastic strain, Ep‘ Also, the effect of mean
stress, o, is included. For certain types of loading spectra, the method of cumu-
lating damage is of extreme importance. For this procedure damage is summed
over small segments of the local stress-strain curve, A mean stress correction
is made at the end of each reversal and upon formation of a complete hysteresis
loop. In summary the following four inputs to this fatigue damage procedure will be
presented: (1) analysis for local stresses and strains, (2) model of uniaxial stress-
strain behavior, (3) fatigue damage paramcters, and (4) a procedure for fatigue cumu-

lative damage analysis.



All stress-strain and fatigue data were generated from uniaxial specimens,
Figure 4 defines the stress and strain ranges for a hysteresis loop that mi ght be
encountered during cyclic loading. Most of the smooth specimen testing was per-
formed on the mechanical testing system shown in Fig, 3. Figure 6 shows a smwoth
uniaxial specimen mounted in the load frame.

Five metals are cited throughout the text, The two aluminum alloys, 2024-T4
and 7075-T6, and 4340 steel are discussed in Refs. 10 through 12. Two mild strué-
tural steels, one supplied in the form of cylindrical bars and the other in thin plates,
are discussed in Appendix C. The properties of the bar steel varied through the
cross section, therefore this metal will be simply referred to as the bar steel.
Similarly, the metal taken from the plates will be called the sheet steel. In the main
text, the 2024-T4 aluminum and the 4340 steel are used for illustrations of materials
behavior. Analysis of the box-beam structure involved the 7075-T6 aluminum. Both
nild structural steels are discussed with regard to analysis of the fan blades.

This fatigue damage procedure is applied to two structural members. Fatigue
lives are predicted for an automotive fan blade that is subjected to constant amplitude
and representative loading spectra. Also analyzed is a hox-beam structure that was
subjected to constant amplitude loading with various mean loads. Equivalent flight
spectra loading were also applied to the beams, These spectra are representative
of the type of loading aircraft components undergo during sexvice.

The main text presents a general formulation of the fatigue damage procedure.
Appendix A gives details of the analysie. Specifics for the fatigue analyses of the box-
beams and fan blades are presented in Appendices B and C. As a reference to further
developments of fatigue procedures, Appendix D discusses the possibilities of the

application of finite element methods.



A RELATION BETWEEN NOMINAL AND LOCAL STRESSES AND STRAINS

A necessary component of the fatigue damage procedure as presented in Fig. 3
is establishment of a relation between nominal and local stress-strain response.
Assuming fatigue cracks initiate at the surface, the most complicated state of stress
at the notch root is biaxial. However, for this analysis a uniaxial stress state will
be assumed. Biaxial stress-strain and fatigue theories in most cases have little or
no experimental verification. Therefore, basing all the analysis on uniaxial data,
for which the stress-strain and fatigue behavior are comparatively well documented
and verified, is a practical and realistic approach at this stage of development,

The e@ression used in this analysis is that originated by Neuber (19). For
the special case of a "V" notched prismatic bar in shear, Neuber developed a rela-

tionship hetween the stress and strain concentration factors, KO_ and KE, respectively.
1
K )? (1)

where Kt is the theoretical elastic stress concentration factor. Expressed in terms

of the definitions of Kcr and Ke’
2
ge = Kt (Se) (2)

Equation 2 has been employed for fatigue analyses of other geometries and modes of
loading (8,10-16). Since the elastic theoretical stress concentration factor predicts
too severe a criteria for fatigt_le loading, Kt is replaced by the fatigue notch factor,

Kf. Point values of stress and strain are replaced by ranges that are denoted by the

symbol A.

8o Ae = K7 (AS Be) (3)



Once the fatigue notch factor is determined, Eq. 3 contains four variables. If the

nominal behavior is assumed to be elastic, Eq. 3 can be simplified to one of the

following forms.

(Kfasf
Ao Ae = —L— (4)
or
2
A0 Ac = E (K, de) (5)

The elastic modulus, E, can be obtained from monotonic tension test results. How-
ever, this still leaves three variables and one equation. It will be assumed that either
the nominal value of stress ox strain can be obtained by theoretical or experimental
techniques. Equation 3 is then reduced to three indcpendent variables and Egs. 4
and 5 to two. For Eq. 3, if the nominal stress ranges can be related to the nominal
strain ranges and a similar relationship obtained for the local behavior, a complete
solution would be obtained. Similarly, for Eqs. 4 and 5 a relationship is needed for
the local stress-strain behavior. This type of relation can be obtained by modeling
the uniaxial behavior of the metal at both the nominal and local regions.

Few research efforts (9,27-30) have been carried out that might be used to
verify Eq. 1. Gowda and Topper (27) theoretically investigated an infinite plane
with a circular hole. For nonlinear stress-strain relations, Eq. 1 was found to be
valid for small strains. Experimental verification was also accomplished by Gowda
and Toppexr (28). Equation 1 was found to be valid for mild steel plates with circular
holes for strains less than 0.008. Although direct verification of Eq. 1 is limited,
accurate fatigue estimations of notched plates have been made using this relation

(8,10-16).



MODEL OF UNIAXIAL STRESS-STRAIN BEHAVIOR

To utilize the wechaulcs analysis as expressed by Eq. 3, it is necessary to
develop a model for the cyclic stress-strain response of the metal at hoth the nominal
and local regions. As a general goal, this model should exhibit all the characteristics
observed for cyclic behavior. However, the sophistication that might be obtained in

modeling cyelic behavior may not always be fully utilized for fatigue predictions.

Characteristics of Uniaxial Stress-Strain Behavior

While observing the cyclic response of uniaxial specimens, several dominant
features become apparent. If a specimen is loaded in a random manner and plastic
deformation is present, its prior load history will influence its future behavior, This
history dependence is the most important effect to be modeled for realistic fatigue
analyses. Figure 7 shows the behavior of two steels and an aluminum alloy that were
subjected to the same variable strain limits, Besides showing the effect of history
dependence, cyclic hardening ox softening or both are occurring. After cycling each
specimen until a relatively stable condition was obtained, the saine strain Limits were
imposed again. The stable response of the metals is shown in Fig. 8.

Cyclic hardening or softening is most easily observed while a sample is being
cycled between completely reversed strain limits. Figure 9a shows an example of
cyclic softening, in which case the stress amplitude decreased while the controlled
strain amplitude remained constant. Cyclic hardening is demonstrated by the alum-
inum alloy, Fig. 9b. Many mild structural steels have been observed to either harden
or soften, depending on the strain amplitude, For small strain amplitudes, the bar
steel shown in Fig. 10 cyclically softens and for large strain amplitudes, it hardens.
Figure 11 demonstrates a characteristic that has been observed for many metals that

cyclically soften. Although the specimen is being strain cycled below the lower yield



stress, cyclic softening still occurs. Kor this specimen, the softened condition
existed for the majority of the fatigue life, Since a relatively stable condition usually
reached within ten percent of the life, the necessity for moedeling the transient period
is guestionable.

Another observable phenomenon is that of cyclic relaxation of mean stress. If
strain limits are chosen in such a manner so as to produce an initial mean stress,
this mean stress will relax with cycles if sufficient plastic strain is present. Figure 12
shows the response of three metals that were subjected to zero to maximum strain
limits. Both the phenomena of cyclic hardening or softening and cyclic relaxation of
mean stress occurred simultaneously. Experimental isolation of these characteristics
presents one of the problems In modeling a material. Cyclic relaxation is only obvious
for the 4340 steel. The bar steel exhibited enough plastic strain on the first reversal
to eliminate any subsequent mean stress. If the specimens had been precycled to obtain
a stable condition, cyclic relaxation would have been more obvious. However, complete
separation of hardening or softening and relaxation is nearly impossible.

Of the cyclic characteristics shown in Figs. 7 through 1Z, modeling of the history
dependence of the metal is the most important, Extremely large errors arise if prior
deformation is ignored and the metal assumed to behave as it would in its original state.
Modeling cyclic hardening or softening is questionable, since a metal reaches a stable
condition early in its fatigue life. Inclusion of cyclic relaxation of mean stress can be

Important for lcad histories that produce mean stresses that cyclically relax.

Model of Uniaxial Stress-Strain Behavior

The basic formulation of the model of unjaxial stress-strain behavior is based
on expressions governing the mechanical model shown in Fig. 13. This model consists
of series elements that are conceptually made up of springs and frictional sliders,

Other models with different arrangements of compenents can simulate the same behavior.

r



Figure 13 shows the characteristics of each of the components. The element modulus
constant, Ei , is linear with respect to the stress and strain of the element. Multi-
plication of Ei by a relaxing function, f(lol), produces the modulus of the element.
Positive and negative vield stress values, 6‘1 . between which no deformation occcurs
bound the frictional sliders. Once the yield stress of the slider is exceeded, further
resistance to strain is maintained at that yield stress. Residual stresses are asso-
ciated with an element due to the parallel spring and frictional slider combinatiomn.
These residual stresses produce the memory capabilities of the model.,

Various combinations for the values of Ei and Ei can be assigned to produce a
desired behavior. Yield stresses are assigned stress values that will result in - -
consecutive yielding of the elements. Since this type of model approximates a stress-
strain curve with small linear segments, Fig. 14, the size of each segment depends
on the values of the yield stresses. For each segment, the slope of the stress-strain
curve is a function of all the elements that have been yielded. Excluding the relaxing
function, f(lol), Eqg. 6 represents the relation of the total slope, Ei* , for the ith

segment of the curve.

1 1 1 1 1
v = o + Tt .. = (6)
Ei El EE By Ei

The stress at which an element is activated is equal to the sum of the element yield
stress and the residual stress,

One of the early references that utilized a mechanical model of this type to
simulate stress-strain behavior is by Jenkin (31)., Jenkin's main concern was with
modeling the endurance limit in fatigue. He did, however, simulate the behavior of
mctals subjected to completely reversed loads., Koibuchi (32) gives a detailed dis-
cussion of this type of model with applications to cyclic loading. Iwan (33-35) de-

scribes the dynamic behavior of a model with a mass associated with each element.
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lle proposes a forn of wie mnodel for three dimensions (34) and applies it to built-up
structures (33).

Figure 15 shows the behavior of a three element model, with yield stresses of
60 and 100 ksi. All element moduli constants are assigned a value of 30, 000 ksi.
No relaxing function is included. Following the rules of the model, the response
shown in Fig. 15 is obtained. Figure 15a shows the initial curve as generated by
the model. Each break of the curve is at a yield stress. When cyclic limits are
simulated, a response as shown in Fig. 15b or 15c is obtained. Figure 15b shows
the response for completely reversed limits: A-A', B-B' and C-C'. The stress
and strain range of each segment has doubled. If the tips of all the loops have a
common oxigin, Fig. 15c, oue side of all the loops are colncident. ‘Ihis type of
behavior is reported (36) to be typical for many metals. Consequently, the mechan-
ical model is capable of simulating the constant amplitude stress-strain behavior of
metals.

Without any alterations, this model also behaves in a similar manner to metals
with regard to memory. Figure 16a shows the response of the model to varying
strain limits. For simulation of the transients of cyclic hardening and softening and

cyclic relaxation mean stress, alterations of the model are necessa ry.

Hardening or softening can be accomplished by changing the element parameters,
6"1 and Ei » at the end of a reversal during which hardening or softening has taken
place. Figure 16b is an example of the response of the model when the element
moduli are increased by a factor of 1,5 after each reversal. For this example
the yield stresses remained constant,

Simulation of cyclic relaxaticn of mean stress is accomplished by multiplying

Ei by a relaxing function, f(io|). If f(Iol) is of such a form that it reduces the

value of the element moduli witli increasing 1o}, cyclic relaxation will occur.
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Equation 7 shows the relaxing function that was chosen for this model.

toh = 1- 42l )

All values of Ei remain constant unless cyclic hardening or softening is occurring,
Higher values of M result in slower rates of cyclic relaxation, Regardless of the
choice of M, unless it is extremely small, the model can correctly simulate cyclic
stress-strain behavior for which no mean stress is present, 'The form of Eq. 7 is
such that only small changes of element moduli occur for different values of [ o,
so that basic loop shapc is not appreciably distorted due to the relaxing function.

With the addition of the relaxing function, Eq. 6 is changed to the form of Eq. 8.

1 _1 1,1 1 ol
FeE TGttt F/( D) (8)
i1 2 73 i

Figure 16c shows the simulation of cyclic relaxation for a relaxing constant of 300.
Although the other values of the constants for the model are of a realistic nature, a
low value of M was chosen for illustration. To exclude cyclic relaxation from the
examples shown in Figs. 16a and 16b, M was assigned a large value.

In summary, the general characteristics of memory, cyelic hardening or sof-
tening, and cyclic relaxation can be simulated by a mathematical model. Memoxry
is accomplished by direct utilization of the rules that govern the mechanical model
shown in Fig. 13a., To include cyclic hardening or softening, the constants of the
model are changed at the end of each reversal in such a manner so as to reflect the
new condition of the metal that is being modeled. Multiplication of the element moduli
constants with the relaxing function enables the model to cyclically relax mean stress.
Remaining is the problem of assigning the appropriate values of Ei and Ei for simu-~

lation of the stxess-strain response of a particular metal.
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Fitting the Simulation Model to Material Behavior

Throughout the remainder of the text, reference will be frequently given to the
mechanical model shown in Fig. 13a, however, it is only helpful in visualizing the
behavior of the simulation. The modeling procedure simulates real matexial be-
havior rather than the response of this simple mechanical system.

To enable the model to simulate the behavior of a particular material, the values
of Er'i and Ei must be properly assigned. Empirical expressions based on experimental
test results provide the basis for determining Ei and Ei' For most metals, Eq. 9 has

been found to be an accurate relation for stress and plastic strain.
n*
0 = K*(c) 9

where K* is the strength coefficient and n* the strain hardening exponent. The (*)
denotes the properties for any condition of the material and not necessarily for either
the initial or stable cyclic conditions. Total strain is calculated by adding the com-
ponents of elastic, o/E, and plastic strain.
1/n¥*
[0 9
<= g+ gl (19
For cyclic loading, the properties K* and n* can be related to stress and strain

ranges, Eqgs. 11 and 12.

Ae %

€

-
*

D . AS/2 {AG/Z 1/n

=7 g K (12)

Equations 11 and 12 describe a hysteresis loop that might occur during any reversal
of a load history. The values of K* and n* can be adjusted to best describe the shape

of the loop. For the model, the values of Ei and Ei are assigned to approximate the
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curve described by Eq. 10, During cyclic loading, the model doubles its shape to
simulate the desired stress-strain response. Figure 15a could represent the approx-
imation of a curve described by Eq. 10. The portion of the curve from O-B produces
the cyclic loop with tips at B and B'.

As an example of determining the values of K* and n*, the initial monotonic
and stable cyclic stress-strain properties of a sheet steel are determined. No attempt
is made to characterize continuous cyclic hardening or softening. The test results in
terms of plastic strain and stress are shown in Fig, 17. A single accurate fit to all
the data is not possible. Figure 17 shows two least squares approximations to the data.
Each of the lines can be represented by Eq. 9. The initial line is a fit to all data with
strains less than 0.02. Figure 18 shows the cyclic stress-strain data obtained from
companijon specimen test results. Each data point represents one specimen that was
cycled under constant strain control until failure. At approximately half the life of
each specimen, a hysteresis loop was taken for obtaining the data shown in Fig. 18.
The line through these data is represented by Eq. 11.

Several alternative methods exist for determining the stable cyclic stress-strain
curve (37). One of these techniques is the incremental step strain test, By this type
of test, a specimen is strain cycled according to a spectrum similar to that shown in
Fig. 19a. Figure 19h shows the stress-strain response of the sheet steel to this type
of straining. Data taken from the hysteresis loops shown in Fig. 19b are presented
in Fig. 20. Also included in Fig. 20 is the companion specimen data line, The two
methods produced significantly different results. This is not the case for the higher
strength steel and aluminum data reported in Ref. 37, Caution should be exercised
while determining materials properties. For the example of the sheet steel, the incre-

_mental strain step test did not result in establishing steady state properties,
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For the sheet steel, two conditions of the metal have been determined. From
the data shown in Figs. 17 and 18, values of K* and n* are calculated for each con-
dition of the steel. Fox particular values of K* and n*, Ei and Ei are adjusted to
approximate the smooth curve described by Eq. 10, An infinite variety of comhina-
tions of 'c'r'i and Ei can be obtained. This procedure initially sets all "G“i. With a laxge
relaxing constant (M > 1010) and ignoring any residual stresses, appropriate values
of Ei are calculated to fit the curve described by Eq. 10. Details of the procedure
are given in Appendix A.

Once the values of Ei and Ei are assigned, the relaxing constant, M, is deter-
mined. ‘To minimize the effects of cyclic hardening or softening, the metal is cycled
until a stable coudition is reached. Strain limits are imposed to produce an initial
mean stress. With various values of M the model simulates the actual test data.

The value of M that most accurately simulates the data is chosen. Examples of

this procedure are given in Appendices B and C for the fan blade and box-beam metals.

Simulation of Stress-Strain Response by the Model

Simulation by the model occurs by activating each element in sequence until the
desired limit is reached. At the end of the reversal, the residual stresses of all the
elements that were activated during that reversal are reset and the signs of all the
yield stresses reversed. If cyclic hardening or softening las occurred, the values
of Ei and Ei are reset. All values of the residual stresses, o, are ignored and
the new stress-strain curve is approximated by the model as shown in Fig. 14. Once
again taking into account the residual stresses, the stress-strain response of the next
reversal is simulated.

Accurate simulation by the model relies on empircical expressions of the stress-
strain behavior of the metal. If sufficient information is not available for a particular

metal, approximations of the necessary properties might be obtained from a similar
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metal. The most important function of the model is to complete the solution fox the

local stress-strain behavior.

Application of the Model to 2024-T4 Aluminum and A 36 Steel

Extensive modeling of 2024-T4 aluminum (23) and A 36 Steel (38) has been
accomplished. Examples of the simulation achieved by these models is shown in
Figs. 21 through 24. Figures 21 and 23 demonstrate the ability of each model to
simulate the initial behavior of the metals, During this initial loading sequence,
both cyclic hardening and cyclic relaxation of mean stress are occurring. Figures 22
and 24 show actual and simulation results for the metals after a stable condition is
reached. For all four load histories, the simulation is close to the actual test results.

Both simulations were based on the mechanical model shown in Fig. 13a. Cyclic
relaxation was accomplished with the relaxing function given in Eq. 7. However, the
method of simulating cyclic hardening is different for each procedure.

For the aluminum, cyclic hardening was based on the summation of plastic

strain to the (-1/s) power, Eq. 13,

-1/s.h

Ae
] (13)

- p
K Ko [Z{ —5

where KO, s and h are constants. The strain hardening exponent, n*, is assumed

to remain constant. After each reversal during which plastic strain occurred, a new
value of K* is caleculated and the model parameters changed.

Plummer (38) obtained accurate simulation of cyclic hardening by assuming a
common shape (constant K* and n*) and incrementing the elastic range (6‘"2) by means
of a stress offset that is a function of total strain range of the previous reversal and

the total number or reversals. Cyclic softening of the steel at small strains was

ignored.
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FATIGUE DAMAGE PARAMETERS

Once the stress-strain behavior at the critical location is determined, a cummu-
lative damage analysis is made based on the calculated stresses and strains. Several
procedures (7,39-47) lend themselves to the simulation procedure just outlined. For

accurate fatigue life estimations, the effects of mean stress and initial and periodic

overstraining must be included.

Fatigue Properties

The fatigue properties are associated with the comnponents of elastic and plastic
strain, Figure 25 is representative of the strain-reversals to failure, 2 Nf, data for
many engineering metals, in that a log-log linear fit approximates the data reasonably

well. The fit was made by the least squares method. Equations 14 and 16 describe

these lines. For elastic strain,

S - f%— (2Np” (14)
or in terins of stress

82 = o (anp® (15)
For plastic strain,

Ae

—ZE = e (2 Nf)c (16)

where:

*

O; is the fatigue strength coefficient
ef' the fatigue ductility coefficient
b the fatigue strength exponent

¢ the fatigue ductility exponent,
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At long lives the elastic line is dominant and at short lives the plastic line dominates.
The transition fatigue life, 2 Nt s 1s the number of reversals where the elastic and

plastic strain components are equal. Equations 14 and 16 can be combined into a

single equation for total strain.

%—) [2)% + ¢ {28 (17)

Either the elastic or plastic strain-ife curve will be the basis for the fatigne damage

analysis,

Effect of Cyclic Overstrains

Since many structures are subjected to some type of overstraining, the fatigue
properties should also reflect this effect. Initial cyclic overstraining (39-43) has
been shown to reduce the fatigue resistance of several metals to a higher degree than
would be expected due to the amount of plastic strain for each reversal during the
overstrain. Periodic cyclic overstraining has also been shown to affect fatigue lives
(43). This type of overstrain is representative of many service histories.

An example of a cyclic overstrain is shown in Fig. 26. Figure 27 shows the
large strain and initial ovexstrain data for the siructural bar steel. Also included
in the figure are the non-overstrained data lines from Fig. 25. Watson and Topper
(41, 42) reported on the effect of an initial cyclic overstrain for five structural steels.
Four of the steels demonstrated an effect due to the initial overstrain at intermediate
and long lives. One steel with a yield strength of 84 ksi was not affected. Initial cyclic
overstraining was also shown (39, 40, 43) to reduce the fatigue lives of a 4340 alloy
steel and 2024-T4 aluminum.

Additional periodic overstrains every 2 x 105 reversals after the initial over-
strain did not further reduce the fatigue resistance of the bar steel. However, the

sheet steel did show an effect due to periodic overstraining, Figure 28 shows the
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large straln and periodic overstrain data for the sheet steel. Also included in the
figure are the non-overstrained data lines. Initial cyclic overstraining did not affect
the sheet steel. This might be expected since the metal was initially strained during
the rolling process,

Dowling (43) reported a reduction in fatigue life of a 4340 alloy steel due to
periodic overstraining every 2 x 105 reversals. It was observed that the metal
would harden slightly at small strain ranges. By periodically overstraining, & softer
condition could be obtained and, therefore, more plastic strain would be present
throughout a greater portion of the fatigue life. The opposite situation was observed
for both the sheet and bar steels. After each overstrain, a very small degree of
hardening was observed. Therefore, no explanation based on stress-strain behavior

for the effect of periodic overstraining on the sheet steel can be given.

Effect of Mean Stress

‘The continuing presence of a mean stress at the highly strained region can have
a pronounced effect on the fatigue life. If a tensile mean stress is present during
cycling, the fatigue life will be shortened. A compressive mean stress will have
the opposite effect. Large exrrors can be made in fatigue life calculations at inter-
mediate and long lives if the effect of mean stress is not included.

Many mcan stress equations involve an eyuivalent completely reversed strain
amplitude (7, 39,41, 44, 45). Smith et al. (46) proposed the fatigue damage parameter
[(Ae/2) O ax E]%, where O nax is the maximum stress for a reversal and Ae/2 the
strain amplitude. This parameter versus reversals to failure was shown to produce a
single curve for different levels of mean stress. Wetzel (24) used this parameter

with 2024-T351 aluminum by dividing the data on a log-log plor Into three segments

and fitting a straight line through each segment.
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Wilson (47) generated data on 2024-14 aluminum that included mean stress.
Based on constant amplitude stress data, which included mean stress, cumulative
damage analyses were made for block loadings consisting of various mean stress
levels. Most of the life esfimations over-estimated the actual life of the specimens,
Topper and Sandor (39) also studied the effect of mean stress for this aluminum and
4340 steel. For this study the effect of overstrain was also included. Completely
reversed tensile and compressive mean stress test results were obtained for speci-
mens that were cyclically prestrained. The following equation fit the completely

reversed and mean stress data reasonably well.

a
AEc:r: C

AN m
3 "2 TR (18)

wherc Aecr/E is the equivalent completely reversed strain amplitude., Equation 18
describes a fully reversed strain amplitude which would give the same life as a strain
amplitude Ag¢/2, co-existing with a mean stress, o Equation 18 with the constant,
a, assigned to fit the completely reversed prestrained data, was used to estimate the
fatigue lives of the varying mean stress data from Wilson (47). Damage summations
ranging from 1.3 to 0.55 werc obtained. These improved estimations are due to the
inclusion of prestrain in the damage procedure. During the change of mean stress
levels, plastic strain occurred which was similar to the prestrain of the constant

amplitude tests,

1

Dowling (40,43) investigated the [(Ae/2) O ax E]? parameter and the following

a

mean stress parameters.

FaXej
AG/2 .
= — g/ 7 Smith (44) (19)
m u
FaXej
zcr = £0/2 ; Morrow (7) (20)

1 - crm/crf
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where Su is the ultimate strength, crf' the fatigue strength coefficient and d is a
constant for a particular material. Equations 19 and 20 have constants that are deter-
mined from data without mean stress. To determine the constant, d, of Eq, 21, mean
stress data are necessary. The parameter proposed by Smith et al, (46) does not rely
on any experimentally derived constants. Dowling reported that Eq. 21 gave the best
agreement for both the aluminum and 4340 alloy steel.

In another investigation of this nature (41), the effect of prestrain and mean
stress was studied for SAE 1015 steel. Equation 20 and the parameter proposed by
Smith ct al. (46) were used. It was found tLat both equations agree rea sonably well
with the data,

Any of the mean stress parameters discussed might be included in a fatigue
damage analysis. The accuracy of Egs. 18 and 21 is due to the constants being fit
to the actual mean stress data, Equation 19 depends on the monotonic tension property
Su‘ The fatigue strength coefficient, Uf', cau be approximated by the true fracture
strength, O (7). Equations 19 through 21 are equivalent stresses and therefore can
be directly related to the elastic strain versus life data for completely reversed test
results. It is necessary to obtain a relation between the right side of Eq. 18 or the
Smith et al. parameter (46) and the reversals to failure. These mean stress par-
amcters do not deviate appreciably from each other for small mean stresses. Since
large mean stresses do not exist in many practical cases, the choice of the mean

stress parameter is not critical. Equation 20 was used for this analysis.
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PROCEDURE FOR CUMULATIVE FATIGUE DAMAGE ANALYSIS

Once the mechanics analysis and wodel of uniaxial stress-strain behavior is
formulated and appropriate fatigue damage parameters determined, a procedure is
needed to combine these individual analyses into an efficient method for estimating
the fatigue lives of structures that are subjected to representative loads. The fol-
lowing discussion outlines the procedure and Appendix A presents more details.

Figure 29 shows the general flow chart of the procedure.

Local Stress~Strain Response

Equation 3 and the model of uniaxial stress-strain behavior constitute the
ingredients for the simulation of the stress-strain response of the metal at the highly
strained region, Theoretical or experimental methods must determine the nominal
stress, AS, or strain, Ae, ranges. Only one nominal variable must be supplied,
either AS or Ae, the model of uniaxial behavior calculates the other. If hominal
elastic behavior exists, either Eqs. 4 or 5 may be used. The value of Kf2 (AS
Ae) can now be calculated. This sets a constant for which the product Ao Ae must
satisfy. In a similar manner to the nominal response, increments of the local stress-
straln curve are constructed until the product of AC A¢ exceeds or exactly satisfies

the condition Kf2 (AS Ae).

Cumulative Fatigue Damage

Once the local stress-strain response has been determined, a cumulative
damage procedure is employed., For this analysis the variables involved in the
damage summation are elastic and plastic strain and mean stress. Damage due to
either elastic or plastic strain is summed along each increment of the local stress-
strain curve. Each increment of damage is determined by the element that is acti-

vated to form a segment of the stress-strain curve. This increment of damage is
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the same as would be cxperienced if the model were siinulating a completely reversed
closed hysteresis loop.

Since the value of mean stress can not be determined during an increment of
stress, it is corrected for at the end of a reversal or at the closure of a hysteresis
loop. To correct for mean stress when only elastic behavior exists, the equivalent
stress amplitude calculated by Eq. 20 is substituted for the stress range in Eq. 13,
Thus the damage due to a stress amplitude of Ac/2 with a mean stress of o is

given by Eq. 22.

1 ~1/b

ZZNf

Ac/2

G, - 0o
f m

(22)

To calculate damage due to mean stress based on the plastic strain fatigue properties,

Lqgs. 16 and 11 are combined.

1/n% 1l/c

(AG/Z
K*
= Y (23)
2 Nf €

The equivalent value of stress from Eq. 20 is substituted for the completely reversed

strcss amplitude.

NT /7 1/n* te

1 _ (K* (1- O’m/O'f') :
N~ = (24)
f cr f

The difference between Eqs. 24 and 23 produces the damage correction, Dm’ for

mean stress,

- 1/n%c o L/mte
)[(1-513) -1] (25)

Dm _ (Ef.]l/c {(AIgéZ
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For each segment of the stress-strain curve damage will be sumnmed without
the effect of mean stress. For the first segment, damage is based on elastic strain.
All other segments calculate damage from plastic strain. Each time a hysteresis
loop is closed and at the end of each reversal the damage due to the mean stress for
that closed loop or reversal is added.

At any portion of a load history, the model associates each segment with a closed
hysteresis loop. The model can also determine the mean stress for that loop. To per-
form this function, additional information is obtained when determining the element
moduli and yield stresses. Figure 30a defines a plastic strain, 'Ei ,» associated with
each element. The element damage, Di » is the damage produced by —E—i .

Figure 30b shows a stress-strain history that illusirates the possibilities of the
incremental damage procedure. This load history consists of five reversals: A-D,
D-E, E-G, G-I and I-K, For the first segment of each reversal (A-B, D-E, E-D,
G-H and I-]) damage is calculated from the elastic strain, Eq. 14 or 15. For all
other segments (B-C, C-D, D-F, F-G, H-I, J-G and G-K) damage is based on
the plastic strain. Mean stress corrections are added at the end of each reversal
(D, E, G, I and K). Atpoint D, the mean stress correction is for the segment A-D
and at point G for the segment D-G. Each time the model encounters a hysteresis
loop that has been completed (points D and G), a mean stress correction is also added.

For this correction, atpeint D mean stress is for the segment E-D and at point G

for the segment 1-G.

Determination of Failure

The load spectrum could be repeated or continued until a total damage sum-
mation of one is reached. Ilowever, this is in many cases unnecessary. If a paxr-
-ticular load history is to be repeated, it would be a waste of computational time to

not extrapolate the failure. For the analyses of the fan blade and the box-beam each
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time a block of loading was taken, a check of the change of damage for that block as
opposed to the previous block is compared. Once an acceptable difference is obtained,
the final failure point is extrapolated. The maijn factor producing differences in the

damage per block is the relaxation of mean stress and cyclic hardening or softening,
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APPLICATIONS OF THE FATIGUE DAMAGE ANALYSIS

The fatigue damage procedure was programmed for the digital computer. Life
predictions were made for a box~beam structure and an automotive fan blade. More
detailed explanations of the analysis are given in Appendix B for the box-beam and

Appendix C for the fan blade.

Application to Box-Beam Structures

The computer based fatigue damage analysis was used to estimate the fatigue
lives of some of the built-up box-beams that have been tested by the Navy (48-52).
Fatigue lives were estimated for constant amplitude and flight test spectra. TFigure 31
shows a photo of the beam that was supported in unidirectional bending.

The box-beams are built-up structures. General design, fabrication technigues
and materials are representative of components used in aircraft structures. An alumj-
num alloy, 7075-T6, made up the top and bottom plates. All failures were reported
on the top tension plate.

Stress-strain properties consisted only of the stable cyclic strength coefficient
and strain hardening exponent. A relaxing constant, M, of 3 x 103 was determined.

Reference 53 reported an elastic stress concentration factor, K , of 2.9. The fatigue

t
notch facror, Kf, of 2,4 was obtained from Kt by a highly stressed volume approach
discussed in Ref, 12.

Life predictions were made for three sets of constant amplitude test results.
These test results were referenced to a 1g load that was selected to approximate thc
load applied to an airplane wing with the airplane in steady level flight., Tables 1
through 3 and Figs. 32 through 34 present the data for loads, P, of: 1g to P, -g to
P, and g + P. All data are presented in terms of nominal outer fiber stresses that

were reported in Refs. 48 through 50.
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Variable load spectra as designated by military code MIL-A-8866 were also
applied to the beams. Figure 35 shows a portion of one of the load spectra for
different block sizes. lLoads are in percent of a load limit, which is the load used
as a reference for establishing the strength level for design. Tor these variable
load spectra, the nominal outer fiber stresses were also reported (48-49).

Table 4 and Fig. 36 present the data for the beams subjected to test spectra
A, Band C of MIL-A-8866. Two margins of safety, which denotes the excess in
strength of a structure over the design load, were reported. Although the predicted
results were acceptable, they did not show the block size effect demonstrated by the
test results. If cyclic relaxation of mean stress was the cause of the block size effect,
this same effect should have been reflected in the simulation results.

Shut-down periods existed during some of the tests. Upon relea sing the load and N
reloading, the mean stress would be altered from its previous value. Impellizzeri (17)
vccasionally entered a zero load in the fatigue damage analyses and improved the life -
estimations.

Figure 37 compares actual and estimated data for all the box-beam test results.

Estimations of variable load histories were more aceurate than for the constant ampli-

tude loads. At very long lives the fatigue life estimations were severely off for several

points.

Application to Automotive Fan Blades

Constant amplitude and variable amplitude fatigue tests* were conducted on auto-
motive fan blades, Fig, 38. Some of the constant amplitude data of the blades were
generated on an electrodynamic shaker. All variable and the remainder of the constant )

amplitude tests were performed on a closed loop system. Figure 39 shows the blade in

*All tests were pexrformed at the General Motors Proving Grounds.
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the load fixture of the closed loop system load frame. All fan blades were subjected to
load levels that produced the desired ocutput from a strain gage mounted in the region
where the crack initiates, Fig. 40,

Monotonic and stable cyclic stress-strain propertics were determined., For the
simulation, the monotonic curve was used until the initial yield stress was exceeded,
After exceeding this yield stress, the model parameters were changed to fit the stable
cyclic curve, A relaxing constant of 5 x J.O4 wag determined. The fatigue notch
factor, Kf, was determined from the constant amplitude data from both the fan blades
and the sheet steel specimens, Fig. 41. At 2 x 106 reversals, Kf is approximately
1.9. Initial overstrain strain-life data were used in the analysis ‘of the constant ampli-
tude loading and periodic overstrain data for the variable load histories.

Table 5 lists the constant amplitude fan blade data that were not overstrained.
Overstrain data and life estimations are given in Table 6. Figure 42 shows all the
constant amplitude data and the fatigue life estimations for the overstrained data.

A laxrge amount of scatter exists for the fan blade data. Fatigue life estimations for
other load histories could not be expected to be more accurate than the scatter of the
constant amplitude data.

The fan blades were also subjected to two load histories that are cataloged by
the Society of Automotive Engineers and are representative of service historics.

Table 7 and Fig. 43 present the data of the "axle" history. and the “suspension” are

given in Table 8 and Fig. 44. Reference 54 lists the loading patterns for the different
load histories. The suspension load history contains more large loads with mean load
shifts. All life predictions were within the scatter band of the constant amplitude data.

Estimated and actual fatigue lives of all the fan blade data are shown in Fig, 45,

All estimations are within the scatter of the constant amplitude data.
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CONCLUDING REMARKS

Fatigue life estiualions can be made by modeling the stress-strain response
of the metal at the highly strained region and by applying a cumulative damage analysis
to that region. Determination of the local stresses and strains is accomplished by com-
bining Eq. 3 and the model of uniaxial stress-strain behavior. Damage is calculated
from either elastic or plastic strain for each segment of the local stress-strain curve.
Mean stress is corrected for at the end of each reversal and upon closure of a complete
hysteresis loop.

Successful verification of the model of uniaxial stress-strain behavior was accom-
plished for 2024-T4 aluminum and A 36 steel (38). The models that simulated each of
these metals were similar, indicating that the basic concepts for this type of model
could be used.for other metals. Simulation of cyclic hardening or softening is not
always necessary for fatigue analyses. In many cases the structure is deformed
during the manufacturing process to such a degree that will eliminate the. initial
transient period. Only stable cyclic stress strain properties were eimployed for the
fatigue analysis of the box-beam structures. Cyclic hardening for the sheet steel
from the fan blades was obtained by replacing the monotonic tension properties with
the stable cyclic after the first reversal containing plastic strain. For both the anal-
ysis of the box-beams and the fan blades, cyclic relaxation of mean stress was modeled,
although this might not have been necessary for the completely reversed and variable
load histories.

Since many structures experience occasional large loads during service, appro-
priate fatigue data were included. Since periodic overstraining did not further reduce
fatigue life, initial overstrain data were employed for all the analyses of the box-beams.
For the fan blades, initial overstrain data were used to analyze the constant amplitude

loadings and periodic overstrain data were employed for the variable load histories.
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The type of data that is appropriate for a particular load history is not clear, For
the fan blades, frequent overloads were apparent during the variable load histories.

If initial overstrain data were employed for the analysis of the variable load histories,
large errors would have cccurred,

In general, good agreement was obtained between the actual and estimated
fatigue lives of the box-beams and fan blades, Figure 37 summarizes the estimated
and actual fatigue data for the box-beams., Several fatigue life estimations for the
constant amplitude load data were in considerable error. However, the majority
of the life estimations resulted in damage summations (estimated/actual) between
0.3 and 3. Figure 45 presents the estimated and actual fatigue data. for the fan blades,
Damage summations ranged from 0.2 to 5, which is within the scatter of the constant

amplitude test results.
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TABLE 1

CONSTANT AMPLITUDE LOADING (1g TO P)(l) OF THE BOX-BEAMS

Nominal Stress Fatigue Test Results, Estimated Reversals
Amplitude Reversals to Failure to Failure
AS/2, ksi 2Nf 2Nf

38 748 287
766

37 1,100 295
1, 300

36 1,130 531
1, 780

34 2,470 691
3,650
3, 840
5,430

25 9, 830 3,260
11, 500
11, 840
12,100

20 16,200 10, 900
18, 800
19, 900
21,100
22,500
25,900

14 48, 600 71, 700
59,100

7 261,000 6, 020, 000
276, 000
282, 000
443, 000

6 230, 000 15,000, 000
241, 000

4 569, 000 114, 000, 000

No failure

(l)The minimum load 1g, for all tests was 588 pounds corresponding to a
stress of 7.8 ksi, except for test results below 14 ksi for which the minimum load
was 529 pounds and the stress 7 ksi.
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TABLE 2
CONSTANT AMPLITUDE LOADING (-g TO P)Y) OF THE BOX-BEAMS

Nominal Stress Fatigue Test Results, Estimated Reversals
Amplitude Reversals to Failure to Failure

AS/2, ksi 21\1f 2 Nf

42 926 424
1,220

36 2,190 798
3,080

25 11, 500 3, 810
13, 400

18 30, 700 26,100
33, 600
35, 900
39, 900

13 132, 000 226,000
144,000
160, 000
173, 000

10 706, 000 1, 360, 000
1, 360, 000

7 1,370, 000 8, 060, 000
2,220,000

(1)The value of 1g for all tests was 588 pounds corresponding to a stress of
7.5 ksi.
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TABLE 3

CONSTANT AMPLITUDE LOADING (1g TO +P)Y OF THE BOX-BEAMS

Nominal Stress Fatigue Test Results, Estimated Reversals
Amplitude Reversals to Failure 1o Failure
S/2, ksi 2 Nf 2N
T
69 190 81
274
50 1,290 328
2,100
36 3,120 1,060
4,730
25 17,400 4,120
26, 500
15 40, 200 87, 600
55, 500
69, 500
11 163,000 722,000
162,000
8 276,000 3, 550, 000
290, 000

(l)’[‘he value of 1g for all tests was 588 pounds corresponding to a stress of
7.5 ksi,
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TABLE 4

VARIABLE LOAD FLIGHT SPECTRA FOR THE BOX-BEAMS

' Fatigue Test Results, Estimated
Margin Block Flight Hours Flight Hours
Spectrum of Safety Size to Failure to Failure

A 0% 20 1,360 1,610
1,400

A 0% 60 1, 500 1,580
1,620

A 0% 100 3, 500 1,440
3,900

A 11% 20 3, 300 2,900
3, 360

A 11% 60 4,260 2, 860
4,440

A 119 100 7,100 2,610
7, 100

B 0% 20 9, 500 7,310
10, 300

B 0% 60 6, 660 7,040
7, 020

B 0% 100 7,900 6, 750
8, 300

B 11% 20 : 12, 300 12, 600
13, 300

B 119 60 16, 000 12, 200
18, 800

B 119% 100 21,300 11, %00
22,600

C 0% 20 11,900 11,400
12, 300

C 0% 60 16, 600 11,000

17, 600



41

TABLE 4 (Countinued)

VARIABLE L.OAD FLIGHT SPECTRA FOR THE BOX-BEAMS

Fatigue Test Results, Estimated
Mazxgin Block Tlight [Hours Flight Hours
Spectrum of Safety Size to Failure to Failure

C 0% 100 18,900 10, 300
25,900

C 11% 20 22,900 19, 800
22,900

c 11% 60 33, 900 19,400
35, 100

C 11% 100 31, 300 18,300

50, 900
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TABLE 5

CONSTANT AMPLITUDE FATIGUE DATA FOR THE FAN BLADES

Nominal Strain Fatigue Test Results,
Amplitude Reversals to Failure
He /2 2 Nf

0.00388 1,360
0.00330 4, 600
0.00285 5, 530
0.00230 5, 560
0.00189 12, 500
0.00148 34,100
0. 00092 160, 000
0.00079 206,000
0.00069 355, 000
0.00059% 719,000
0.00059 407,000
0.00058 2,730,000
0.00056 566,000
0.00055 898, 000

0.00053 1,170,000
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TABLE 6

INITIALLY OVERSTRAINED CONSTANT AMPLITUDE
FATIGUE DATA FOR FAN BLADIS

Estimated(l) Estima ted(z)
Nominal Strain Fatigue Test Results, Reversals Reversals
Amplitude Reversals to Fajlure to Failure to Failure
De /2 2 Nf 2 Nf 2 Nf
0.00394 1,460 2,510 365
0.00393 1,280 3,340 368
0.00337 2,960 - 3,870 674
0.00334 2,700 3, 960 707
0.00296 2,000 5,470 1,060
0.00293 1, 880 5,630 1,110
0.00203 2,930 3,630 1,110
(.00230 6, 870 11, 600 2,720
0.00224 4,940 11, 900 3, 020
0.00218 8, 160 12, 800 3, 340
0.00184 24, 700 21,000 6, 600
0.00181 6, 870 22,100 6, 870
0.00178 7, 540 23,400 7, 120
0.00154 29, 700 39, 000 13, 100
0.00148 44, 600 40, 900 15, 300
0. 00145 69, 100 42, 700 16,200
0.00139 19, 800 49, 800 19, 700
0.00118 36, 900 84, 700 38, 500
0.00116 35, 600 91, 300 42, 000
0. 00096 205, 000 165, 000 91, 000
0. 00095 161, 000 177, 000 100, 000
0.000%4 267,000 185, 000 106, 000
(l)Plastic nominal stress-strain behavior, Eqg. 3, 1s accounted for.
(2)

Elastic nominal stress-strain behavior, Eq. 5, is assumed.
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TABLE 6 (Continued)

INITIALLY OVERSTRAINED CONSTANT AMPLITUDE
FATIGUE DATA FOR FAN BLADES

Estima.ted(l) E stima,ted(z)

Nominal Strain Fatigue Test Results, Reversals Reversals
Amplitude Reversals to Failure to FFailure to Failure

He /2 2N 2N 2N

£ f f

0.00089 128, 000 229, 000 127,000
0.00066 282,000 684, 000 482, 000
0. 00064 1,040, 000 7853, 000 600, 000
0.00060 760,000 1, 080, 000 824, 000
0.00059 2,120, 000 1,140, 000 877, 000
0.00058 3, 800, 000 1,210,000 948, 000
0.00056 808, 000 1, 530, 000 1, 190, 000
0.00055 1,250, 000 1, 580, 000 1,220,000

(I)Plastlc nominal stress-strain behavior, Eq. 3, is accounted for.

(Z)Elastic nominal stress-strain behavior, Eq. 5, is assumed.
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COMPLETELY REVERSED STRAIN CONTROLLED TEST
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TABLE 9

RESULTS OF 7075-T6 ALUMINUM

Total Strain Total Stress Plastic Reversals
Amplitude Amplitude Strain to Failure
Ne/2 NG /2, ksi Aep/ﬁz 2 Nf
0.0185 88 0.0100 131
0.0121 78 0.0045 323
0,0084 75 0.0011 1,160
0.0079 73 0.0008 1,000
0. 0072 72 0,0002 2,350
0,0063 66 -- 3, 360
0. 0057 62 -- 4, 660
0. 0050 54 -- 14, 400
0.0043 45 -- 51,000
0.0038 38 -- 123, 000
0. 0032 33 -- 686, 000
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TABLE 10

INITIALLY OVERSTRAINED TEST RESULTS

OF

7075-T6 ALUMINUM

Total Strain True Stress Reversals
Amplitude Amplitude to Failure
Lef2 Ao/2, ksi 2 Nf
0.0040 41 25, 800
0.0037 38 35, 300
0.0031 24 63, 300
0.0021 22 554, 000
TABLE 11
FERIODICALLY OVERSTRAINED TEST RESULTS
OF 7075-T6 ALUMINUM

Total Strain True Stress Reversals
Amplitude Amplitude to Failure
Ae/2 AC/2, ksi 2 Nf
0.0032 32 119, 000
0,0029 29 447,000
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TABLE 13

COMPLETELY REVERSED STRAIN CONTROLLED
TEST RESULTS OF THE SHEET STEEL

Total Strain Total Stress Plastic Reversals
Amplitude Amplitude Strain to Failure
Ne/f? Ao/2, ksi Aep/Z 2Nf
0.0079 46 0.0063 3,480
0. 0034 42 0.0039 6, 690
0. 0026 30 0.0016 49, 400
0.0020 28 0.0011 | 126, 000
0.0016 25 0.0008 194, 000
0.0013 22 0.0006 484, 000
0.0011 20 0. 0004 3, 840, 000

0. 0008 20 0.00014 4,480, 000
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TABLE 15

INITIALLY OVERSTRAINED TEST RESULTS
OF THE SHEET STLEL

Total Strain True Stress Plastic Reversals
Amplitude Amplitude Strain to Failure
Nef2 Ao/2, ksi Aep/Z 2Nf
0.0011 20 0. 0004 634, 000
0. 0008 19 0,00018 6, 330, 000
TABLE 16

PERIODICALLY OVERSTRAINED TEST RESULTS
OF THE SHEET STEEL

Total Strain True Stress Plastic Reversals
Amplitude Amplitude Strain to Failure
He/2 NG/2, ksi AEP/Z 2Nf
0.0011 19 0. 0004 464, 000
0.0008 20 0.00013 1, 070, 000

0. 0008 21 0.00011 1,470, 000
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2/Cri’riccil Zone
Notch

~—— Smooth Specimen

Fig. | Smooth Specimen Representation of
Material at the Critical Zone



STRESS-STRAIN FATIGUE DAMAGE
RESPONSE AT THE ANALYSIS FOR UNIAXIAL
CRITICAL LOCATION LOADING

i

FATIGUE DAMAGE ANALYSIS FOR

STRUCTURES SUBJECTED TO
REPRESENTATIVE LOADS

Fig. 2 Schematic of Fatigue Damage Analysis
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Fig. 6 Bar Steel Specimen Mounted in
Load Frame
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Fig. 14 Mechanical Model Approximation
of Stress—Strain Curve
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Determine model element
constants for local
and nominal behavior

> Y
Read nominal stress
or strain limit

4

Form nominal stress-sirain
curve

1

Reset model element constants
if hardening or softening
has occurred

Determine: Kf2 (AS Ae)

Y

Form nominal stress-strain
curve and calculate damage

t

Reset model element constants
if hardening or softening
has occurred

No
4 Damage > 1

Yes

Fig. 29  Main Flow Chart of Fatigue Damage Procedure
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Fig. 35 Examples of Block Spectra

Applied to Box-Beams
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Fig. 37 Estimated vs. Actual Fatigue Results for
Box-Beams
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39 Load Fixture for the Fan

Blade
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Fig. 40 Strain Gaged Region of the Fan Blade
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Determine the maximum number
of elemeunts, N, ueeded

Calculate E(l/Ei),
Egs. 30-32, 34

Y

Determine Di’ Egs. 36,37

Fig. 46 Determination of the Stress-Strain and
DPamage Constants for the Model
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APPENDIX A

CYCLIC STRESS-STRAIN AND FATIGUE DAMAGE PROCEDURE

Appendix A presents the details for determining the stress-strain Tesponse
at the highly strained region and for the cumulative damage procedure, Figure 29
shows the general flow chaxt of the analysis. Sections of this flow chart will be
expanded for further detail.

The basic procedure can be divided into three sections:

(1) determination of the nominal stress-strain response,

(2) determination of the control condition for the local response, and

(3) simulating the local stress-strain behavior and summing damage

along each increment of the local stress-strain curve.

The procedure for simulating the local and nominal stress-strain response are iden-
tical except for the control limits. Local behavior is closely associated with the cumu-

lative damage procedure.

Determination of the Stress-Strain Model Constants

Element yield stresses, Ei, and element moduli constants, Ei’ are chosen to
approximate the smooth stress-strain curve described by Eq. 10, Fig., 14. The
number of elemwems, N, is chosen large enough to construct a hysteresis loop for
any loading that might be encountered during the analysis. The smooth curve, which
the model approximates, represents a stress-strain response for a particular degree
of hardness. Hardening or softening is accomplished by determining a new stresso-
strain curve and adjusting the constants, Ei and Ei » to approximate it. Figure 46
shows a flow chart of the procedure that is explained in this section.

For this analysis, the yield stresses were first chosen and the element moduli
calculated to approximate the appropriate curve. The yield stress of element 2, &,

is determined from an initial plastic strain, T—:l . Equation 26 determines G, .

2
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— o = %
G, = K (el) (26)
All subsequent yield stresses are increased by a constant increment, C.

5. = T, +C (i =3,4,...) (27)

Smaller values of ?_l and C produce more accurate modeling of the smooth curve.
With the values of all El determined, the element moduli constants, Ei , are

calculated to approximate the smooth stress-strain curve. Fox each linearly approx-

imated segment of the curve, the slope of that segment can be calculated from the

following set of equations. For the first segment:

ba.,* =T, (28)
%
* = 2L
661 51§ (29)
For all other segments:
boF =5, 1 "5 =€ (30)
sot 7)Y (5 Y
The slope of any element can then be determined from Eq. 32.
60'.1*
E* = gox (32)

The (*) refers to the segments of the curve. End stress and strain values of each
segment are given by cri* and ei*. Increments of stress and strain along the curve
are 60‘1* and & ei*. By this notation the number designating each segment corresponds

to the number assigned to the element that is activated to form the segment, Fig. 14.
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From the slopes of the linear segments, the element moduli constants are
calculated. The reciprocal of the slope of the ith linear segment is the sum of the

reciprocals of the moduli of the elements that have been activated. For segment 1:

1 1
g (33)
El El

Equation 8 relates the slope of a segment to the element moduli of the model.
The computational effort of the swun from I/E2 to I/Ei can be reduced by assigning
a single value to the sum, E(l/Ei). Equation 8 can be rewritten to compute E(I/Ei)

for each segment.

1

s

2lg) =g -] taol) (34)

i
With the constants Ei and Z (1 /Ei) set for a particular relaxing constant M, the

stress-strain behavior originally described by Eq. 11 can be simulated by the model.
The model constants are a function of the relaxing constant M. For any choice of M,
completely reversed response will be decurately simulated. The relaxation constant

is determined by trial and exror to fit test results that have cyclic relaxation.

Determination of Model Fatigue Damage Constants

To continuously sum damage for each increment of the modeled stress-strain
curve, additional constants relating to fatigue damage are determined. Damage is
summed by adding the damage that is produced by the additional plastic strain for
a particular increment. Two additional constants for each increment are calculated.
The total sum of plastic strain, Ei » accumulated for activation of the ith element and
the damayge Di associated with that plastic strain are calculated, For the first seg-

ment,

5,71
o (35)
f
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For all other segments,

&g, *

T @

ml
1

€.
i

e e
b, - | 2]

-1

The values of Ei and Di represent the plastic strain amplitude and associated damage
for a complete hysteresis loop. With this information, continuous damage summation

is performed on each segment of the stress-strain curve.

Model Simulation of History and Cyclic Relaxation

Once the element constants E(l/Ei), Ei’ € » Di and M have been determined,
the model can simulate cyclie stréss-strain behavior including memory and cyclic
relaxation of mean stress, To simulate cyclic hardening or softening, the constants
z(1 /Ei) or Ei or both are re-evaluated for the forthcoming reversal. This also
necessitates changing 'Ei and Di' The model constructs each segment of a hysteresis
loop by determining the stress, O'i*, at which the next element will be activated and
calculating the slope of the segment from the moduli of the clements that are activated.
Elements are activated in ascending order.

At the beginning of each reversal, the last point of stress and strain from the
previous reversal is set as 0'0* and EO*. Initially, these have a value of zexro. The
signs of the yield stresses are initially positive and are reversed at the end of each
reversal. The values of the residual stresses, O which were sec by all previous

reversals, are known. Initially these are also zero,

Starting with subscript 2, the stresses for each increment are calculated from

*‘-—-
S W TS B (38)
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The following sequence of equations determine the corresponding values of strain, ei*.

rSci”‘ = ci* - o‘i* -1 (39)
1 1 1] 1 .
—_— = + ————
EF T = E, |T(lon (40)
601"5
8 g = Ei* (41)
§f =t + b (42)

Thus, the model constructs the stress-strain curve, including the effects of memory
and eyclie relaxation, by linear approximations.

For each linear segment, a check is performed to determine if the simulation
control limits have been exceeded. A linear extrapolation is then made, Equation 43

must be satisfied for the extrapolation.

E = 3 koL oo %
(c . ) = E. (Ef €

i i~ i (43)

.
For simulation of a uniaxial specimen or the norninal region of a structure, Eq. 43
cowpletely determines the final stress and strain state given a limit of either stress
or strain. For the local region of a structure which must obey Eq. 3, the extra-
polation is more complicated. Upon completion of each increment, the produce of
the local stress and strain ranges is compared to the value of Kfz ( AS Ae), To

determine the final stress, o.*, and strain, e.*, state, Eq. 44 must also be satisfied.
f £ q

(o - 00*) (ef* - €)= Kf2 (AS Ae) (44)

Solving Eqgs. 43 and 44 results in a quadratic equation.

on - —A At -4p

5 7 (45)
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where:
A= ES(ET g 07 T

B - cl*(cri"'_ 1) - GO'“" (Ei*) (ei*_ 1- eo*) - Kfz (A5 Ac) (Ei*)

The sign of the radical is initially positive for the first reversal and changes every
reversal. Knowing o¢.*, the corresponding value of ef* can be calculated by Eq., 44.
Upon completion of a reversal the sign of the yield stresses are changed,

Eq. 46, and the residual stresses calculated, Eq, 47,

'c"r'i= -5, (i=23...,N) (46)
=gF -G i = '
0‘]. o cr]. (G =2,3...,0) 47

If cyclic hardening or softening occurs, the residual stresses will retain their values,
However, the yield stress values might change due to the transient behavior.

Figure 47 is a flow chart of the model simulation. Also indicated are the inser-

tions for the incremental damage procedure.

Incremental Damage Summation

For each increment of stress and strain a damage summation is made., For
the first segment, Eq. 15 calculates the damage for the stress increment. In terms

of the stress range, 601*, the damage for the increment, (1/2 Nf)1 is calculated

from Eq. 48.

(48)

For all consecutive increments involving plastic strain, the total plastic strain, 'éi*,

associated with a completely reversed closed loop is calculated, Fig. 48a.

§ e * (5ci*/2
P T TRt (49)




126

The damage for that increment is

1 "
- )
£l

The incremental damage is calculated for each elemenﬁ of loading and added to the
total damage.

For the example shown in Fig, 48a, Di -1 s the damage associated with the
segment ABC of the curve. The value of E.l* is the plastic strain for ABCE, although
the last reversal was DCE,

Upon activation of an element with no increase in stress and at the end of a
reversal, a mean stress correction as expressed by Eq. 25 is added to the total
damage summation. The first correction is based on the total stress range from
the initiation of the reversal to the stress at the point where the correction is made,
Figure 48b illustrates both types of damage summation for the reversal ABCDI,
Upon activating element 3 at point C, no increase in stress occurs until element 4
is activated. The correction for mean stress is performed with the stress range,

Ao, from A to C. Point E is the end of the reversal, Since a mean stress cor-
rection has been performed for this reversal, the correction is calculated for the
stress from A' to E and the correction from A' to C is subtracted from the first
calculation. This is similar to the plastic strain damage increment. The total stress
amplitude, /_\.02/2, for the complete loop, which is from A’ to E, is remembered by

the model and can be expressed as Eq. 51.

A0‘2 601* \
=z Tz 9 (51)

The smaller stress amplitude, Acr1 /2, is the value of Acz /2 minus the last stress
amplitude from the previous mean stress damage correction. If the stress at the

last correction is cro then
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A (52)
The mean stress, o for any segment is given by

= * - 0
om T a1 20T (53)

where C is the stress increment for original construction of the model constants.
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APPENDIX B

FATIGUE DAMAGE ANALYSIS OF A BOX-BEAM STRUCTURE

Appendix B presents a more detailed analysis of the box-~beam structure,
Fig. 31. Constant amplitude and block loading data are shown in Figs. 32 through
36. Analysis of this structure consisted of obtaining: (1) the fatigue notch factor, Kf,
(2) monotonic and cyclic stress-strain properties, (3) fatigue properties that include

the effect of an initial cyclic overstrain and periodic cyelic overstrains.

Fatigue Notch Factor

The fatigue notch factor can be determined by comparing the stress-life data
for the beams and smooth specimens. This comparison is usually done at long life
values and necessitates construction and testing of the structure. For this problem,
Kf is determined by photoelastic and analytical means. By this technique, it would
not have been necessary to fabricate and test the beamn to detecrmine Kf.

Reference 53 reported values of the theoretical stress concentration factor,
Kt’ for flat plates with various arrangements of circular holes. Figure 49 shows
the portion of the box-beam under consideration. The b/a ratio for the photoelastic
model was 0. 63 as compared to 0,66 for the box-beam. For a d/b ratio of 0,19,
Ref. 53 rcported a Kt of 2.9,

The fatigue notch factor, Kf, was determined by a highly stressed volume

approach discussed in Ref. 12, For most metals, Eq. 54 was found to be accurate.

Vn 0.034
K. =K_ i+
t Vu

; (54

where Vn and VLl are the highly stressed volumes of the notched and unnotched
specimens, respectively. Figure 50a shows the unnotched specimen design., For

axially loaded plates with shallow notches,
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Vn = 0.018 tr'\)rbn (55)

Hexre, t is the thickness, r the notch radius, and bn the notched minimum width,
The notched minimum width for the box-beam was taken to be the width of the shaded
area shown in Fig. 49 and the unnotched specimen volume was for a c¢ylindrical £ inch
diameter specimen with a straight section of 0.66 inch. From this information the
approximate value of K § was calculated to be 2.4, which is an intermediate value of

the various estimations reported in Ref. 50.

Stress-Strain Properties

Reference 55 reports monotonic and cyclic stress-strain and fatigue properties
for 7075-T6 aluminum. However, the majority of the data were for large to inter-
mediate strain amplitudes, It was estimated that most of the strain amplitudes exper-
ienced at the rivet hole would be below this range. Therefore, additional data were
obtained.

Monotonic and stable cyclic stress-strain data were obtained from a single
specimen, which was also used to generate data for determining the relaxing constant
for the simulation model. Scme monotonic tension properties were obtained from the
first reversal of the incremental step strain spectrum. This only produced data up
to a total strain of 0.015. Nonc of the fracture properties were determined. Alter
three blocks of incremental straining, data were taken on the decreasing portion of
the block for determining the stable cyclic stress-strain curve. Both monotonic and
cyclic data are presented in Fig, 51.

At the end of three blocks of incremental strain cycling, which brought the
speclinell  a stale ol zero stress and strain, strain control limits from 0,0 to
-0.0155 were imposed until final fracture. This control condition produced an initial

mean stress that relaxed with cyclic straining. Figure 52 shows the data obtained
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during cycling at these limits. Also included are the simulation results for two values

of the relaxing constant, M. Although a value of 1 x 104 ksi results in the simulation

fitting the test data after 103 reversals, this value does not produce the correct rate

of relaxation. Cycelic hardening and relaxation cccur simultaneously, which complicates

the process of obtaining a value for M. Figure 53 shows only the mean stress versus

reversals data and the simulation results for three values of M. The final choice of

the relaxing constant was 3 x 103.
No attempt was made to determine a hardening function for this analysis. Only

stable cyclic properties were nsed. Reference 49 reports a tensile yvield strcss of

82 ksi for the cover plate metal. The data presented in Fig. 51 indicatés a 0.002

plastic strain offset yield of 71 ksi for the monotonic curve and 79 ksi for the cyclic.

A monotonic yield of 71 corresponds to handbook values for this aluminum. The results

reported in Ref, 49 were from specimens that were machined from the top plates of the

box-beam that were made from extruded sheets. Consequently, the plates had already

been strained and were behaving more as a cyclically hardened specimen.

Fatigue Properties

Figure 54 shows the strain-life data for the aluminum and Tables 9 and 10 list
the data. Since the highly strained region is most likely overstrained during manu-
facture, inidal overstrain data was generated. Both sets of data are shown. The
least squares approximation is for the overstrained data and non-overstrained data
with strains exceeding 0.0043.

Since the flight spectra A, B and C produce periodic overloads, the effect of
this type of loading was alsc investigated for the aluminum. Periodic overstraining
produced data that were similar to that generated with an initial overstrain. These
data are not shown in Fig. 54 but axe listed in Table 11. Since the periodically
overstrained data would not appreciably change the least squares approximation

shown in Fig. 54, only the initial overstrain data line was used for this analysis.
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Additional TFlight Spectrum Data

In an attempt to determine if the block size effect shown in Fig. 36 is only a
characteristic of the box-beam, the same stresses that were applied to the beam
for flight spectrum B with a 0.0% margin of safety were also applied to plates with
circular center notches. Details of the plate, for which Kf is 1.95, are given in
Ref. 15, Figure 55 shows the test results. A block size effect is shown, however
it resembles that for the 11% margin of safety. Since Kf for the notched plate is
approximately 19% smaller than for the box-beam, the data for Fig. 55 might in

reality more closely resemble that of 11% margin of safety.
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APPENDIX C

FATIGUE ANALYSIS OF AN AUTOMOTIVE FAN BLADE

Appendix C presents details of the analysis for the automotive fan blade.
Stress-straln and fatigue properties of the fan blade material are determined,
Behavior of another structural steel, supplied in round bars, was compared with
the sheet steel. The bar steel is a common type, the properties for which might
exist in a "data bank."

Reference 56 gives more detail on the stress-strain and fatigue properties
of both the sheet and bar steels. This appendix presents the data pertinent for the
fatigue analysis of the fan blade. Specimen configurations are shown in Fig. 50,
For the transverse specimen, transverse strains were measured across the thick-
ness of the specimen and converted to axial strains with an analog computer pro-

grammed for Eq. 56.

_ g

c=g [2etr+2ue —g} (56)

For Eq. 56, a plastic Poisson's ratio of 1/2 was assumed and the value of the elastic
Poisson's ratio, b s adjusted to produce zero output from the plastic strain relation

c .
[2 €ip +2 He TE‘T] for small strains.

Stress-Strain Properties

Figure 17 shows the monotonic tension test results for a specimen, Fig. 50b,
of the sheet steel. Monotonic tension properties for both the sheet and bar steels
are reported in Table 12. These properties indicate the sheet steel to be more
ductile than the bar steel, Most of the properties differ by approximately 10%.
Several experimental techniques for determining the stable cyclic stress-strain
curve (37) were applied to the bar and sheet steels: (1) companion specimen,

(2) incremental step strain, and (3) precycled monotonic tension. Figure 18 and
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Table 13 present the companion specimen test results. The stress-strain response
shown in Fig. 19b was obtained from the decreasing portion to the second block of

the incremental strain spectrum, Fig., 19a. Figure 20 shows the data frent this test.
After 13 blocks of incremental straining, the same specimen that generated data shown
in Figs. 19 and 20 was pulled in monotonic tension to fracture, Fig. 56. Figures 20 and
56 include the companion specimen data line. Significantly different results are cbtained
by each procedure.

Figure 57 illustrates the different stress-strain curves preduced by each set of
data for both steels. Such large discrepancies between the data for the different
methods was not cbserved for the higher strength metals cited in Ref. 37. For each
technique, a close similarity exists between the two steels, Fig. 58. Cyclic proper-
ties, as determined by all the methods, are listed in Table 14.

For both the bar and sheet steels, a stable condition only exists for a constant
strain amplitude, Figure 59 shows the stress response of the bar steel subjected to
a block strain spectrum. The first level consisted of 60 reversals of +0.0125 strain,
at the end of which the stress-strain behavior appeared stable. For each new strain
amplitude, a transient period existed during which cyclic hardening or softening
occurred. Since the companion specimen test results represented the most stable

condltion, these data were employed for e faligue analysis.

Fatigue Propexrties

Strain-life data were generated for the bar and sheet steels. Since some of
the load histories involved overloads, initial and periodic overstrain test results
were obtained, Table 13 lists the constant amplitude data that were not overstrained
and Tables 15 and 16 the initial and periodic overstrain data. Figure 60 shows the
" data that were not overstrained. An initial cyclic overstrain did not appreciably
reduce the fatigue life of the sheet steel, Fig. 61. With continued periodic over-

straining every 2 x 105 reversals, a significant reduction in lifc was obscrved, Fig. 28.
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A different situation existed for the bar steel. The fatigue life of this steel
was affected by an initial cyclic overstrain but was not further affected by continued
periodic overstrains. Figure 62 compares the data for both steels. Close similarity
exists for the initial overstrain data. A correct assumption would have been made by '
assuming the initial overstrain data for the bar steel to be an appropriate substitute
for either the non-overstrained or overstrained data for the sheet steel. Serious error

would occur substituting the periodic overstrain data of the bar steel for the sheet steel.

Cyclic Relaxation of Mean Stress

Mean stress relaxation test results from four specimens determined the relax-~
ation constant, M, for the sheet steel. Results from two of these specimens are
shown in Fig. 63. All the specimens used to determined M were initially subjected
to 1% blocks of incremental step straining, Fig. 19a. To initiate a tensile mean
stress, strain limits of 0,01 and 0, 0074 were controlled. As a comparison, the
mirror image of these strain limits were controlled on another specimen (~0.010 ’
to -0,0074). These results are also shown in Fig. 63, demonstrating the similarity
in the rate of cyclic relaxation for tension or compressicn,

Also shown in Fig, 63 are the simulation results for three values of M. A
value of 5 x 104 was chosen based on all the relaxation data. This value of M pro-
duced the same change In the mean stress for 10S reversals as was observed. The
error in calculating the initial mean stress is due to the difficulty of the model to
simulate transient behavior. For the strain limits used for the relaxation tests, if
relaxation was not included in the model large errors would exist in fatigue predic-

tions by including a large mean stress that actually relaxed. :

Additional Fatigue Analysis Results

Since completely reversed constant amplitude data for the fan blade were avail-

able, an expression for total nominal strain amplitude and reversals to failure was
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obtained. Figure 64 shows the constant amplitude, both non-overstrained and over-
strained, data on log-log coordinates., A least squares fit to these data is to he made.
This expression was employed for each reversal of loading to make life predictions

for SAE load histories. Tables 7 and 8 aiso include life estimations based on nominal
strains. Also of interest is the effect of simplifying the analysis by assuming the nom-
inal stresses to be elastic. Life estimations based on elastic nominal strains are given
in Table 6 and Fig. 64. All nominal strain based life estimations resulted in large

errors. Assuming elastic nominal behavior, more conservative predictions are made,
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APPENDIX D
FINITE ELEMENT METHOD FOR DETERMINING
THE LOCAL STRESSES AND STRAINS

The analysis of the box-beam structure and the fan blade necessitated experi-
mental determination of the nominal stresses or strains. Alternative approaches
might consist in determining the local stresses and strains knowing only the applied
loads and constraints. To be of consequence for a fatigue analysis, the approach
must account for plastic strains and cyclic loading. The finite element method is
useful for elastic analyses and has recently been expanded to include plastic strains
(57-63). Relatively little work has been done for the complex type of cyélic loading
encountered in a fatigue environment.

Several finite element procedures (38, 64, 65) have been developed that might
be used for fatigue problems. Isakson et al. (64) determined the stresses and strains
for three structures that were cyclically loaded: a notched plate, a shear la g specimen
and a swept wing. Good correlation was obtained for analytical and experimental re-
sults for the stresses and strains at the root of the edge-notched plate subjected to
cyclic loads that produced plastic strains. Reference 9 reported experimentally
measured strains and stresses that were computed from the stress-strain curve of
the metal. Figure 65 shows the calculated and test results for plates that were loaded
to prescribed loads in tension and then the load released. For each specimen a dif-
ferent maximum load was obtained. The stress-strain properties for this aluminum
were different in tension and compression since the plate had been strained before
the plate was made. This was also accounted for in the analysis. Agreement is good
with respect to predicting the stress-strain curve during loading and unloading and

for estimating the residual stresses after unloading.
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Plummer {38) also expanded the finite element to include plastic strains and
cyclic loading. Prager's kinematic hardening model and an effective stress-strain
relation were employed to extrapolate from the uniaxjal model response to multi-
axial behavior. The uniaxial model was that used to simulate the behavior shown
in Figs. 23 and 24. Isoparametric, plane stress elements were used to model a
short beam under three point bending. Figure 66 shows the experimental and ana--
Iytical results fro three reversals of load. The uniaxial model was initially set to
simulate flat top yielding and for each consecutive reversal hardening occurred.
Considering the extensive change in the materials properties, the calculated results
are in good agreement with the experimental data,

Based on the results shown in Figs. 65 and 66, the finite element method shows
promise for eliminating the necessity for experimentally determining the nominal
stresses and strains and the fatigue notch factor, Kf. However, an analysis of either

the automotive fan blade or the box-bcam structure is not practical at this time,



