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ABSTRACT

A method is presented to determine the fatigue strength reduction factor, Kf,

for uniaxially loaded notched plates. This includes an equation for K, which is de-

f
rived by correcting a critical zone of metal at the notch root for the effects of the

stress gradient and the volume of this zone. The effects of local plastic action are
included to cxtend the usefulness of this equarion to all fatigue lives. Sample calen-

lations to illustrate the use of this equation are also given.
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INTRODUCTION

1t has been well established that small ‘geometrical stress concentrations such
as notches, etc., do not reduce fatigue strength of metals as much as predicted by
the theoretical elastic stress concentration factor, Ktu To take advantage of this
difference in terms of higher loads or longer fatigue lives, designers must either
estimate the actual fatigue notch factor, Kf, analytically or determ-ine its value by
experiment., Even in those cases where Kf is determined solely by experiment, an

initial estimate is often required for "sizing" the part of interest,
This report, therefore, presents a systematic means by which Kf can be accu-
rately assessed for uniaxially loaded plates. In order to apply this technique, the

designer must have access to the unnotched fatigue performance of the metal, and

an elastic-plastic finite element computer program,



DETERMINATION OF THE FATIGUE NOTCH FACTOR

To derive an equation to predict Kf, the following premises were assumed
valid (1)*:
(1) The stress distribution over a distance & from the notch Toot
(rather than the peak stress) governs the fatigue initiation process;
(2) The significant stress over this zone is the mean of the peak stress
and the stress at the depth 6;
(3) Statistical effects such as inherent flaws, etc., are of a volumetric
nature;
{4) The volume effect of the material defined by the depth & must be
corrected by comparison with the volume of an unnotched specimen.
Determinatio;ra of the distance 6 is divided into two cases: (a) when the local
stress is elastic, and (b) when local plastic action is present. In the elastic case,

the means for selecting 6 is shown in Fig, 1. Here the depth 5/2 is defined as

. the paint of intersection of the local stress distribution curve, and the curve deter-

mined from a relation betrween fatigue strength, and volume derived by Kuguel (2),

This relation is given as

o =0, (Vi/Vu)k (1)

where Oy is the fatigue strength, and Vu the volume, of an unnotched specimen,
The term Vi refers to the volume of a zone which extends a distance X below the
notch root, The effective stress o for fatigue strength of the notched specimen,
is computed from Eq. 1 (which gives the correction for critical volume as com-

pared with an unnotched specimen), The value of the exponent, k, depends on

*Numbers in parentheses refer to the list of references,
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the metal used and the fatigue life. By successively increasing X the curve shown
in Fig. 1 is generated. The variable X, is divided by 2 when plorting Tl because
the zone defined by X, is volume corrected to the mean stress over that zone, Once
the depth & is established for a given metal, itis assumed constant for all notch
radii and fatigue lives as long as elastic conditions prevail.

When local plastic action is present, the distance & is taken to be the extent
of the plastic zonc, Bpu 1f, however, the plastic zonc is smallcr than the & calcu-
lated for elastic conditions, the latter is used instead,

Now by applying corrections for the effects of the stress gradient and the

critical volume in this zone, the following equation for Kf results, *
_ _cbd k
K, = K, (1-52) (V,/V) @)

Here c¢ is a dimensionless gradient term, r the radius of the notch, Vu the volume
of an unnotched specimen, VS the critical volume at the notch root, and again, k is
Kuguel's exponent, The quantit‘y (1 - g—%) is the correction for the stress gradient
and (Vu/V E.))jK is the volume correction.

In order to determine © and e value of ¢, the local stress distribution for
the given notch is calculated by an elastic-plastic finite element computer program,
Then, using the technique previous'ly discussed for elastic conditions, & can be
determinea, When the results of the computer program indicate that local plastic
action is present, Bp is determined as the depth where the octahedral shear stress

at first yielding is exceeded. From the local stress distribution, the value of ¢ is

given by the relation

T %%

c=F(-2) (3)
P

*The derivation of this equation is given in Ref, 1,
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where o is the stress at the depth & and Up is the peak stress at the notch root.
To calculate the volumc of the critical zone defined by & (or ép), the value of
the octahedral shear stress, 7, at that depth is used to determine the shape of the
zone, This is done by plotting the constant values of this stress around the notch
r'oot, Then' VG is determined by the product of the area enclosed by this curve and
the plate thickness. The volume of the axially loaded unnotched specimen, Vu’ is
calculated using one of the following equations. F‘or specimens made from plates,
Vu in terms of the thickness t, the minimum width b, and the profile radius R is

given as (2)

V, = 0.46tNRbBin.> (4)

For longitudinal specimens made from round bars, Vu 1s given as

v, =7 d% (L +0.32243 ) in. 2 (5)

where d is the diameter and 1. the gage length. When the round specimens have an

houx-glass shape

- .3
Vu 0.253’\?Rd5 in. 6)

Here again R is the profile radius, and d the minimum diameter. In all cases,
these equations were determined by the volume of material subjected to 95 percent
or more of the peak stress,

Values of Kuguel's exponent, k, must be determined from the results of
fatigue tests on unnotched specimens of several different sizes. However, if such
data are unavailable, values of k in terms of stress for aluminum alloys and steels
can be approximated from the results shown in Fig, 2. The curves in this figure

were determined for an aluminum alloy, 7075-T6, and SAE 4340 steel with an
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ultimate tensile strength of 170 ksi, When the stresses in Eq, 1 are replaced
by corresponding straing, the value of k was found to be approximately constant
with fatigue life and equal for both metals (1); thus, the average value of k was
found to be about -0.024.

When the nox%inal stress is high enough tc produce local yielding, Kt in
Eg. 2 is replaced by KG which is the peak stress divided by the nominal stress,

When Kf is predicted in terms of strain, K, is replaced by Ke which is similarly

t

the peak strain divided by the nominal strain.

ESTIMATING K, -- AN EXAMPLE

The following example will demonstrate the step by step procedure to esti-
mate Kf for notched SAE 4340 steel specimens (1). The baseline data for the
unnotched specimens were generated for two specimen types as shown in Fig. 3.
The resulting stress-life curves are shown in Fig, 4. The upper two curves are
the results for the unnotched specimens, and the lower curve are the results for
the notched specimens shown in Fig, lc. For the unnotched specimens, each data
point represents the mean value from a minimum of six specimens. Each data
point for the notched plates represents the mean value of at least four specimens.
In terms of strain, these data are shown in Fig, 5. Equation Z was used to esti-
mate values of Kf for each of the four load levels shown in these figures., The
loadings were fully reversed stress controlled tests at amplitudes of 60, 50, 40,
and 33 ksi.

The local stress and strain distributions were generated by an elastic-plastdc
plane stress fiﬁte element computer program. The program employed uniform
strain triangular elements which are loaded incrementally, Linear strain hardening

is used in the plastic range, The grid pattern employed for a plate with a central

hole is shown in Fig, 6.



Input parameters included a plastic modulus and Poisson's ratio. ‘The plastic
moduli were determined from a straight line passed thru that portion of the cyclic
stress-strain curve of interest. As shown in Fig, 7, two different plas.tic moduli
were used, one lor small and one for large plastic deformations, For all calcula-
ﬁons, the plastic Poisson’'s ratios were assumed to be equal to the elastic values,

The output of this program consists of stresses and displacements at the
centroid of each element. The stresses were then averaged between adjacenrt ele-
ments to obtain a more accurate stress distribution curve. Local stress and strain
distributions are shown in Fig. 8. These were then used to determine 6, ¢, K _,
and KC for use in Eq., 2.

The distance § for this metal was found to be approximately 0.002 in, which,
in all cases, was less than the extent of the plastic zone Bpo Ag discussed previously,
this depth was determined by the point on the local octahedral shear stress distribu-
tion curve where the initial yield strength was exceeded. These curves are shown in
Fig. 9a. The curves shown in Fig, 9h were used to determine the extent of the criti-
cal zone in the direction of loading. The shape of the zone was determined with the
theoretical equations for an infinite plate with a hole (5). Using these equations,
stresses were calculated along radial lines at successive angular positions around
the hole, The extent of the zone along any line was then determined when the critical
value of the octahedral shear stress was obtained. Zone shapes determined in this
manner and a conﬁpa.rison with the elements that have yielded are shown in Fig. 10,

The results of these calculations to estimate Kf are summarized in Table 1,
For these data with four test levels, a total of sixteen Kf predictions were made:
that is, four values were calculated in terms of stress, and four in terms of strain

for each of the two unnotched specimen sizes. The average errors (without regard

to sign) were 5 percent for the predictions in terms of both stress and strain,
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Figures 11 and 12 summarize the results of using Eq, 2 to predict K; in
texms of stress and strain for the data presented in this report and for data ou
several other metals, For each set of data indicated in these figures, enough
fatigue tests were conducted to provide a reasonable degree of statistical accu-
racy. Thus, for fatigue lives from 102 to 106 cvcles, the average errors in

predicting Kf for the seven sets of data were 3 percent in terms of stress and

§ percent in terms of strain,
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