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ABSTRACT

Fatigue strain-life tests were conducted on ASME SA 106-B piping steel
at 24*C (76*F) and at PWR operating temperaturt , 288'C (550'F), under
completely reve rsed loading. Smooth specimens were tested at both
temperatures whereas specimens containing notches of various aculties

7were tested at 288'C. Fatigue limits at 10 cycles we re estimated to

be 185 MPa (26.8 ksi) at 24'C and 232 MPa (33.7 ksi) at 288'C. The
difference in fatigue strength obse rved at the PWR temperature is
postulated to be due to dynamic strain aging p roce sses . However,
there is a reduction in low cycle f atigue strength at this temperature
which results in a decrease in the intended safety factor of the ASME
Section III design curve for carbon steels. Notch strain histories
were estimated for the notched specimen tests using various interpre-
tations of Neube r 's rule. It was concluded that the use of the
fatigue notch concentration factor (K ) in the Neuber relation in

f
conjunction with the uniaxial cyclic stress-st rain curve provided the
best correlation of notched specimen fatigue data with results
obtained from smooth specimen tests. The notched specimen strain-life
results derived f rom the application of Neuber's rule alone proved to
be conservative when compared to smooth specimen test results to such
an extent that Neuber-generated notch stress and strain amplitudes
cannot be compared to the ASHE Section III fatigue curves for carbon !

steels.
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l. INTRODUCTION

Fatigue life estimation of structural components having geometric
discontinuities has long been an area that has ' generated considerable
attention. Stress raisers such as those present at joints, angles,
weldments, holes, thread roots, etc. are almost always the site for
the nucleation and g rowth of fatigue cracks in structural elements
subjected to f atigue loading. A key element in predicting the f atigue ,

life of a notched member is an accurate assessment of -the strain '

history at the notch root. The re have been a number of analytical
estimation schemes which have attempted to model cyclic notch strains
(Refs. 1 - 3) of which Neuber's rule (Ref. 3)~ appears to be f avored by
most investigators who study fatigue crack nucleation and total
fatigue life. Neuber's rule enj oys an advantage over other notch
analysis methods when both accuracy and simplicity of use are
considered. However, a survey of the literature quickly reveals that
a number of Neuber's rule variations have been employed for the

.

purpose of estimating notch root strain histories. Some of these
variations are described in the text below.

'

The primary purposes of this investigation are (1) to characterize the
strain-lif e behavior of SA 106-B piping steel at room temperature and
at temperatures typical of pressurized water reactor (PWR)
environments, (2) to determine the appropriate f orm of Neuber's rule !

which most accurately correlates notched specimen fatigue life-

behavior with that of smooth specimens, and (3) to determine whether *

or not Neuber-generated notch strains (and hence, pseudostresses) can
be accurately correlated with the ASME Boiler and Pressure Vessel Code
Section III stress-life (S-N) desiga curves for carbon steels. These
results will be used in the next step of this investigation in which
the strain-life behavior of SA 106-B steel in the presence of
simulated PWR environments having low dissolved oxygen will be
assessed. The end result will lead to the development of a data base
that could be used to f o rmula te revisions to the ASME Section III
cu rve s.

!
l

|
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2. BACKGROUND

The most accepted method by which to analytically estimate stresses
and strains at the root of a notch is with the use of Neuber's rule
(Ref. 3). Neuber based .his rule on the assumption that there must
exist a function which honsists of a geometric mean value of stress, ,
deformation, and concentration factor which has the same value for any
stress-strain law. The rule was derived for'a notch having a zero
degree angle but can be applied to all notches since it was found that,

the influence of notch angle on the notch root stress and strain
values was insignificant (Ref. 3). Neuber stated that the geometric
mean value of stress and strain concentration factors (K and K,
respectively) with any stress-strain law is equal to the theoreticEl#

stress concentration factor and is noted as:

K = (K K ) (1)t co
-

Application of Neuber's rule has been successful even when applied
loads have approached general yielding. When compared to more rigor-
ous analyses such as finite element methods (Ref. 4), Neuber's rule
yields higher notch root stress and strain values and therefore
inherently tends to be more conservative. Figure 1 shows a plot of
stress and strain concentration factors from both finite element anal-'

ysis and Neuber's rule as a function of normalized stress inr both '

plane stress and plane strain conditions. The geometric mean of K
g

and K[ K, from the finite element analysis.
from Neuber is larger (and therefore, more conservative) than

'

K ang

Neuber's rule was first used to provide indices of equal fatigue dam-
age for notched and unnotched specimens by describing the inelastic
behavior during fatigue life prediction of notched aluminum specimens
(Ref. 5). Figure 2 shows excellent agreement in the comparison
between notched specimen fatigue data and smooth specimen ~ data for
7075-T6 aluminum using the fatigue notch factor (K ) in the Neuber ,

frelation. The solid data points represent tests performed when gross
yielding of the entire specimen occurred. The open data points rep- :resent specimens tested when the gross cross-section remained elastic. '

These tests were performed with completely-reversed loading which re-
|'

sulted in zero mean stress. Non-zero mean stress resulted in errors
in predicted life and was avoided. However, even during the normal
course of completely-reversed fatigue cycling, large tensile loads
tended to induce compressive residual stresses, but this effect was

i

somewhat counteracted by the process of residual stress relaxation at
notch roots because sufficient plastic strain was present
(Refs. 6, 7). '_,

,

1
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finite-eleme nt analysis as a function of normalized stress for both
plane stress and plane strain conditions (Ref. 4). K is defined as a
genera?.ized notch concentration factor and o and c are the nominal
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and yield stresses, respectively.
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Fig. 2 Fatigue life curve of notched 7075-T6 aluminum
specimens correlated, using Neuber's rule, to I

smooth specimen fatigue results (Ref. 5). i
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Neuber's rule (Eq. 1) can be more conveniently used by substituting
the following expressions for K :y

o , stress at the notch rootg g),

o S unnotched stress

, c , strain at the notch root (3)c e unnotched strain

Rearranging and multiplying by E (elastic modulus) yields:

(S,e,E) = ( o, c,E ) (4)K

which is valid for both plastic and elastic gross and local stresses
and strains. Stresses and strains in Eq. 4 bave been written in terms
of amplitudes which have been designated with the subscript "a". This
convention will be carried throughout the remainder of this report.
When gross stresses and strains are elastic but local (notch root)
stressas and strains are plastic, S, = Ee can be substituted in thea
left-hand side of Eq. 4:

KSa " ("a a ) (5)C E

s

For situations where local stresses and strains are elastic, Eq. 5
reduces to the familiar expression for the elastic theoretical notch
factor:

K S, = 0, (6)

The most important feature of the Neuber relation which makes it so
useful in determining notch stresses and strains is that the product
of notch stress and notch strain equals a constant value for a given
condition:

o,c, = constant (7)

4
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Of' course , the quantities of a and c are both unknowns; the re i'o re ,
another equation containing these, two values must be solved simultane-

'

ously with the Neuber equation. This other equation usually describes

f the stress-strain behavior of the material under transient stress-
! strain conditions. The intersection of the Neuber equation with the

l cyclic stress-strain equation after materiti stabilization has
occurred will yield the notch stress and strain values.

Figure 3 shows a series of hyperbolae, each having different values
intersecting the cyclic stress-strain curve obtained fromfor c, oa

smooth specimens of the same metal tested at the same temperature as
the notched specimens (Ref. 8). The curve is usually constructed by
connecting the tips of stable hysteresis loops from constant ampli-
tude, strain-controlled tests at different strain ranges. Procedures
for determining the cyclic stress-strain behavior of a material may
vary s: lightly (Ref. 9). The curve is usually constructed from the'
data obtained from an incremental step test. Figure 4 shows a strain-
time trace for two blocks of strain cycles obtained by incrementally
decreasing and then increasing the strain range after each cycle, and
a set of hysteresis loops that correspond to one set of increments.
The actual data used for construction of the cyclic stress-strain
curve is usually obtained from a set of increments taken during the
midlife of a specimen after stabilization of the hysteresis loop has
occurred; that is, the chape and dimensions of the curve essentially
remain uncha aged after a prerequisite amount of cycling. Figure 5
shows the stabilization of strain with number of cycles for different

'
strain amplitudes for tests performed in strain control under constant
amplitude conditions (Ref. 10).

The equation for cyclic stress-strain is composed of elastic and
plastic components of strain:

"a " *ea + *pa (0)
, ,

is the total strain amplitude and c,3 and e * are the elasticwhere e
and pla,stic components of strain amplitude, respect [vely. Equation 8
can be rewritten as: :

lo ho

ca" (9)+

where e, and o, are strain and stress amplitudes respectively, A is -

the cyclic strength coef ficient and n is the cyclic strain hardening ;
'

exponent and is the cyclic counterpart to the monotonic Ramberg-Osgood
strain hardening exponent.

,
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Equation 9 properly. describes the cyclic stress-strain behavior for
plane stress conditions because the material can f reely undergo trans-
verse contractions when the material is loaded. Ignoring goodness-of-
fit considerations, the data used to determine the coefficient and
exponent for Eq. 9 are usually obtained from small. smooth uniaxial ,

'

specimens subjected to completely-reversed loading.
,

However, if there exists a situation in which transverse contraction
in the specimen is prevented, then plane strain conditions can
prevail. Of particular interest is the situation in which a notched
member exhibits a thickness that is large in comparison to the notch
root radius. As a result, the material at the notch root cannot -

contract and a biaxial stress state is assumed to exist. Conse-
quently, the notch root material will not obey a stress-strain law
such as the one presented in Eq. 9. Modification of the stress-strain
law for plane strain conditions must be made for the first principal
stress direction (Ref. 11). These modifications yield the following

equation for plane strain cyclic stress-strain estimation:

,, f ,, ) 1/n'
+ (10) ;c 3, = E A

,

i |

| I

where
|

|

Ej,themodifiedclasticmodulusis

E
(II)E '; = 2

1-v

v, the generalized Poisson's ratio applicable to total strain is
,

'pa

"e + 2a#
V= (12)'

Ec ,p
I 1+

'a
,

o ,, the stress amplir.ude in the first principal direction is

a (13)
a'g," 1 - v + v 2

i

1 9
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I

le ,, the strain amplitude in the first principal direction is i

c ,( 1 - v )
c' (14)< =

!1-v+v
.

where
v is Poisson's ratio for the elastic case, A' is the cyclic

stIength coefficient, and n' is the cyclic strain hardeni ng
exponent. A' and n' a re fitted to the cyclic stress-strain
equation modified for plane strain.

,

In orde r to expe rimentally . de te rmina the local stresses and strains
using Neuber's rule, the investigator needs only a few pieces of
enginee ring information. First, the loading history must be known.

'
Second, knowledge of the notch geometry, and hence, K is needed.
Many sources are available to help in the determination oh K . Ore of

factors bythe best sources is the handbook on stress conce nt ra t ion
Pe te rson (Ref. 12). K is p re sented for most simple specimen geome-
tries as a function of geometry and loading mode in graphical form.
K for more complex geometries, such as that for compact tensiong

specimens, can be determined through finite element analysis programs
(Refs. 13 - 16) or equivalent advanced analytical techniques. Thi rd , !

*

4 the smooth specimen cyclic stress-strain curve is obtained using
complet ely-reve rsed loading under identical conditions as the ensuing !
testing is needed. Analytical analysis can be greatly f 3cilitated if

"

,
Eq. 9 is fitted to the curve. '

i

|

As previously mentioned, the application of Neuber's rule in the
dete rmination of notch st resses and strains during fatigue loading
involves the use of a notch concentration f actor in the calculation.
Examination of the literature shows that a number of variations on
Neube r 's original rule have been employed. Dowling et al. (Ref. 11)
and Leax et al. (Ref. 17) used the theoretical elastic stress
concentration factor K in their assessment of fatigue lifeg
predictions for specimens tested with various notch acuities, |

6 temperatures, and mean stresses. Plane strain conditions were assumed '

to prevail in the notched compact tension specimens used in
Re fe rence 11, so the plane strain version of the cyclic stress strain

i; equation was used in conj unction with the Neuber relation involving i

K. Ce nt e r-no tched plate specimens were used by Leax, et al.
( hte f. 17) in which plane stres conditions prevailed; therefore, the
plane stress cyclic stress-strain equation was used. . More pursuantly,
the notched specimen stress-life data were collapsed onto curves
obtained by testing smooth specimeps. Most of the data were
accumulated for lives greater than 10 cycles when the elastic strain ;
amplitude components of the total strain were considerably larger than '

the corresponding plastic strain components.

Other investigators have used K in studies that combined crack initi-g
ation with crack propagation in their assessment of total life
(Refs. 18 - 20). Specimens such as notched compact tension specimens4

4

10 !

i
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and center-cracked specimens have been proven useful for combined
crack initiation and propagation studies. Usually the crack initation
event was detected optically. Fracture mechanics relations modeled
the crack growth rate to the point beyond which the crack length
reached a size which was considered failure. Finally, tile initiation

and propagation components of specimen life were summed for all speci-
mens and plotted against local stress amplitude Figure 6 shows the

,

analytical and experimental results of Socie, et al. (Ref. 19) for
blunt and sharpened notched specimens of AISI 4030 steel. Their
results show that the crack initiation event occurs very early in the
life of sharply notched specimens in contrast to crack initation
behavior in bluntly-notched members.

While conducting fatigue studies in high pressure, high temperature
water environments, Prater and Coffin (Refs. 21, 22) "married" the
concepts of Neuber with fracture mechanics expressions as a function
of notch geometry, with the result being an expression for notch root
strain amplitude as a function of cyclic stress intensity and notch
root radius. The expression

ao = AK (wo) 0.5 (15)
-

where p is the notch root radius, and AK is the range in stress
intensity, was used to relate the stress araplitude with the stress '

intensity and notch root radius for compact tension specimens. After

combining Eq. 15 with Neuber's rule, they obtained the expression

1

c, E = AK7 (neo,)" (16)

i

,

which assumed that p was sufficiently small so as to introduce insig- I
nificant error in the fracture mechanics relation (Eq. 15). |

The notched compact tension specimens used in the Prater and Coffin
studies were 25.4-mm (1-in.) thick and presumably exhibited plane
strain conditions at the root of the notch. A cyclic stress-strain

,

relation was not used in their analysis; instead, a relation for l
'nominal stress for compact tension specimens was used:

|
|

3(W + a) 1
|

(17) iAS = AP
(W - a)2 + W - a

l
|

|
i
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a

where AS and AP are the stress and load range, respectively, and W'and
a are the tctal and notch depth of the specimen, respectively,
measured from the load line._ However, their method of testing and
analysis yielded strain amplitude values that were much too high, and
they attributed this to the anomalies encountered when dealing with
sharply notched fatigue u.a. In an attempt to remedy this problem,
the concept of "worst-case notch" (Refs. 23, 24) was incorporated into
their analysis to help interpret their data. This concept attempts to
explain why no further influence of notch stress concentration factor
is observed in fatigue life results as the notch root radius is de-
creased below a specific, empirically-determined dimension.- For their
test specimen geometry, the value of worst-case notch root radius was
determined to be 0.165 mm (0.0065 in.). Their data were fitted to the
ASME mean fatigue data line for carbon steels (Ref. 25). While this
concept did allow a fit of the data and is believed to be viable since
the number of cyclas needed to initiate a fatigue crack is believed to
be reisted to the size of the plastica 11y deformed material in the
vicinity of the notch base, it is, when fitted to the ASME Sec. III
design curve, a factor which does not allow for assessment of local
strains at the notch base.

The use of K in notched specimen fatigue work has been carried out byg
a number of investigators (Re f. 5 - 7 and 26 - 29). Wetzel (Ref. 7)
accurately predicted local strain histories using Neuber's rule for
thin, notched aluminum plates that were also subj ected to strain
measurements from zero to maximum loading. The resulting local
stresses were used to estimate the life of a notched member by relat-
ing the Neuber-generated local stress measurements .to stress-life
plots obtained from smooth specimens (see Fig. 7). Topper, et "al.
(Ref. 5) used Neuber's rule to convert smooth specimen data for thin,
notched aluminum plates into a stress-life plot which could be used to
estimate the fatigue life of any notched member made from that parti-
cular metal. Figure 2 contains a plot of their results. Topper, et
al. (Ref. 6) extended the use of Neuber's rule to cumulative damage
studies to determine the influence of loading sequence, number of
loading blocks, and mean stress influence on fatigue damage summations
based on cyclic strains. It was found that the principles used in
studying cumulative damage using smooth specimens under strain control

|
are applicable to the notched specimen fatigue problem via the use of |

Neuber's role. The accepted rationale for preference of Kg over Kg in

the aforementioned studies was based on the observation that as the
notch becomes sharper, K always overestinates the notch effect during

t
fatigue.

Socie (Ref. 26) used Neuber's rule with K as a means to determine
f

notch stresses and strains in a computer-aided analysis of variable
amplitude fatigue loading spectra. Baus, et al. (Ref. 27) found an
excellent correlation between fatigue crack laitiation and the low
cycle fatigue behavior of 15-mm (0.6-in.) tnick compact tension speci-
mens made from high sgrength steel when the number of cycles to
initiation was below 10 cycles. They contended that the propagation
phase of fatigue life was very short in comparison to the initiation
life, and that both acac and Ac remain essentially constant at the
notch root because of rapid stabilization of the notch root

13
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material. Maiya (Ref. 28) found that the use of K led to moreg
accurate estimates of fatigue crack initiation whereas the use of K g
significantly underpredicted the experimental initiation lif e with the
deviation becoming more seve re at higher values of K. The planc

t
strain state of stress was approached in their circumferentially
notched round bars made from Type 304 stainless steel specimens tested
under completely-reversed axial loading at 593*C (1100*F). Saanouni
and Bathias (Ref. 29) studied crack initiation life using both notched
comptet tension and round bar specimens using K and a modifiedg
expression for the characteristic Icngth (p') in the Neuber expression
that relates K to K :

f g

K -1
K =1 e (18)

1+Ir

The significance of p' is that it represents a distance f rom the notch
tip beyond which there exists no more stress gradient. Their charac-
teristic length modification accounted for the plastic de f o rmation
concentrated at the notch tip and allowed for a better fit of their
data.

Some investigators have contended that a modification which accounts
for inelastic net section behavior must be applied to Neuber's rule.
Seeger and Heuler (Ref. 30) performed a fatigue analysis using such a
modified version in the following modified form:

a pN3

,a ,a , ( 9)ay

S represents the nominal stress amplitude required to produce net
sSction yielding and e*, is a nominal modified strain amplitude
value. S, can be regarded as the stress at fully plastic limit load
and usually has a higher value than the nominal stress through the
notched area due to transverse stresses that arise from constraint.
S is usually approximated f rom finite element analysis or f rom appli- i

cStion of Henkey's flow rules assuming an elastic-perfectly plastic |
material law. The value e * is obtained from the cyclic stress-strain
curve by entering the value,

|
|

|

*
S, = S, (20)

P
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This method, applied to center hol e and compact tension specimens,
approximates actual load-strain behavior measured with strain gages.
Socie,'et al. (Ref. 19) applied Seeger and Heuler's method to estima-
tion of fatigue lives for double-edged notched, notched compact
tension, and center notched specimens made from medium and high
strength steels having various blunt notch acuities. Their expe ri-
mental data agreed f airly well vith their analytical estimates.

Questions concerning the value of the proper notch f actor constant for I
use in Neuber's rule have previously arisen and been addressed
(Refs. 28, 31). Leis, et al. (Ref. 31) performed a de f ormation
analysis in which Neuber's rule was rewritten in terms of K , smooth

t
specimen stresses and strains, and nominal (net section) stresses and
strains for notched members and was compared with the Neuber xxpres-
sion relating K to the same parameters for stress and strain.g
Experimental measurements of notch stresses and strains were obtained )
with strain gages mounted onto notched plates of high strength alumi- I

num and low strength mild steel and were compared to the deformation
analysis. It was found that fatigue predictions we re valid for
notched specimens based on the assumption that equal lives to crack
initiation we re obtained in both smooth and notched specimens having
identical strain histories at the notch root (see Fig. 8), thereby
indicating that any discrepancies between K and Kg may not be attri-t
buted to size effects, but must be attributed to changes in the ratio
of nominal to notch deformations. It was also shown by Leis, et al.
(Ref. 31) and by Maiya (Ref. 28) that the K factor was a valid para-

tmeter for elastic transient def ormation, but was not valid for plastic
deformations, and that an experimentally dete rmined Kg accurately i

predicts stable notch root de f o rmation (see Figs. 9, 10). Walker
(Ref. 8) further investigated the use of K and Kg and found that thet
stress state in the vicinity of the notch must be taken into consider-
ation. Double edge notched plates of high strength aluminum were
strain gaged; the measured strains were compared to strains obtained
from analytical modeling of plasticity effects. It was concluded that
the use of K in Neuber's rule with a uniaxial stress-strain lawf
yields the same results as the use of K in Neuber's rule with ag
multiaxial stress s t rai r. law when the notch behaves elastically
(Fig. 11). Examination of sharp notch fatigue data suggests that the
use of K with a multiaxial stress-strain law would lead to .lo reg
accurate strain approximations because the plastic strain is not
overestimated (Fig. 12).

In summary, nearly 30 years of the development of Neuber's rule has
led to several successful applications in the analysis of notched
apecimens of various geometries and material types. Methods of intro-
ducing X and K into expressions based on Neuber's rule have been

t g
applied to strain-life, stress-life, crack initiation, and total life
estimations of structural elements. In short, the use of K has his-

t
torically yielded accurate results when applied to stress-lif e notched
specimen fatigue analyses and in total life predictions based on
summation of crack initiation and crack propagation lives. The use of
K has generally yielded accurate results when strain-life curves for
f

notched elements were estimated.
(
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In the study of described below, strain-life tests of smooth and
circumferentially notched, round bar speciriens as SA 106-B piping
steel have been completed, and notch strain analysis results were
correlated with data acquired from smooth specimen results as a
measure of the degree of accuracy of the Neuber's rule analysis

]methods. ;
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3. EXPERIMENTAL *0CEDURE.

1

The material used -bie ' 61gation is SA 106-B 203-mm (8-in.).

enemical composition is given in Table 1Schedule 100 steel p1 .3 o

and the room temperatu.e tensile properties are given in Table 2.
Microstructural samples were prepared and are shown in

Figs. 13 and 14. The microstructure consists of elongated grains of
free ferrite and grains consisting of finely-spaced lamellar pear-
lite. Microhardness surveys yielded an average value of 169 KHN for
the free ferrite and 262 KHN for the pearlite. ASTM grain size was

from 7 to 8 and the inclusion count was 1.5 for ailicates. Figure 14
shows the distribution of the silicate inclusions.

,

Table 1 Chemical Composition (in wt. %) of SA 106-B Steel
Used in this Investigation

C S Si Mo Cr Ni Mn P N

0.26 0.020 0.28 0.003 0.015 0.002 0.92 0.008 0.0069

Table 2 Average Mechanical Properties of SA 106-B Steel
Test Temperature 24*C (76*F) '

Yield Strength Ultimate Strength Elongation Reduction
in Area

(MPa) (ksi) (MPa) (ksi) (%) (%)
- - -

300 43.5 522.6 75.8 36.6 66.3

Specimen blanks were sawed from the pipe wall as shown in Fig. 15.
Smooth specimens were machined in compliance with ASTM E 606-85
(Ref. 32) according to Fig. 16. All of the notched specimens were
machined according to Fig. 17. The nominal (net section) diameter

j (d) for all notched specimens was 6.35 can (0.250 in.), which was the |
same as for the smooth specimens. The major (or gross) diameter (D)

,

and the notch root radius were specimen dimensions which were modified
in order to achieve K values of 2, 3, and 6. The notch geometriesg
were obtained from Peterson's handbook of stress concentration factors
(Ref. 12) and arc also shown in Fig. 17.

I
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Fig. 16 Smooth specimens used in this investigation.
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|

3 7.94 mm 6.35 mm .2845 mm 0 !

(0.3125 In.) (0.250 In.) (0.0112 In) |

6 9.53 mm 6.35 mm .0711 mm 30
(0.375 in.) (0.250 in.) (0.0020 in.)

|
Fig. 17 Geometries of notched specimens used in this '

investigation.
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The test system consisted of a servocontrolled electrohydraulic cest-
ing system having a loading capacity of i 44.5 kN (i 10,000 lb). The
frame was of a four-post design and was situs.ted in a horizontal
configuration (Fig. 18). Even though the four-post design helped to
reduce the amount of compressive buckling, it was found early in the
testing program that additional stiffness of the load train was re-
quired. Therefore, a linear bearing and plate system was incorporated
into the test frame (Fig. 18). This modification greatly reduced the
incidence of compressive buckling of test specimens when large cyclic

;

( loads were ' applied. The remainder of the load train. components were
sufficiently thick so as to contribute negligibly to buckling.

Load-deflection histories were obtained in either of two ways. Axial

strain feedback was acquired, through the use of a clip gage attached
to the gage section of specimens tested at room temperature, and a
remotely-mounted clip gage provided axial deflection data for speci-
mens tested at 288'C (550'F). It has been previously shown (Ref. 10)
that plastic deflection (u ) measurements acquired with a remotely-
mounted clip gage can be di[ectly correlated with plastic strain (c )o
measurements simultaneously acquired with a clip gage mounted on the
gage length of a smooth axial specimen. An experimentally-established

was then constructed for room temperature testsplot of au vs.

ac[rovided(Fig. 19),pwhich the most convenient means to determine
plastic, and hence, total strains for smooth specimen fatigue tests
conducted in 288'C air. Elastic strain amplitudes were estimated'by
the following formula:

~

1 max min
c "* n"I AEea

n

respec tiv eiy,and
where P P,1 are the maximum and minimum specimen loads,

and A is the net cross-sectional area of the specicen.n

and c were estimated for each test, the total strain ampli-
Once e(8,,) waE* determined simply by summingc,, and c ,.tude

p

The load and deflection signals were fed into a chart recorder.
Typically, hysteresis loops for the first five cycles were recorded as

j

well as the tenth, one-hundredth, and so forth until the approximate
half-life of the specimen was reached (Fig. 20).

Baseline curves for 24*C (76*F) air and 288'C air were determined for
load ratio (R) = -1 tests. Notched specimans having K values of 2,g
3, and 6 were tested for R = -1. Tests were usually started while in
axial deflection control. Once the plastic strains had stabilized,
the tests were switched to axial load cor trol and were run at higher
frequencies (2 to 10 Hz) until failure had occurred. In these tests,
failure was considered to be the point when the crack had progressed I

completely through the cross section of the specimen.

I
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DEFLECTKnd LOADING HARDENED UNEAR SPECIMEN 210,000 lb.
GAGE FRAME SHAFT BEARING GRIPS LOAD CELL
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Fig. 18 Testing machine with detail of linear bearing and support plate used to stiffen the load train.
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Fig. 20 Se't of hystereais loops obtained f rom a a::x>oth specimen tested at 288'C
(550*F).
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Determination of Notch Stresses and Strains

Part of the objective of this study was to assess notch stresses and
strains using dif f erent interpretations of Neuber's rule that involve ,

| the use of K a nd K , uniaxial and plane strain cyclic stress-strain
g f

relations, and modifications to Neuber's rule that account for net
section plasticity. Notch stresses and ctrains were determined in the

|following manners:

(a) Use of K in Neuber's rule in conj unction with the
g

uniaxial cyclic stress-strain law: i
,

(Y S,)I
t

8 (5)#a a " E

1/n
a, Ia,\

c, = 7 + (9)

(b) Use of K in Neuber's rule in conjunction with the planeg
strain cyclic stress-strain law:

(K 8 )t a (22)a),c , = E3
1

'

,, la f,,la ylln'
+I (3 0)C, la " Ej ( A' )

.

where
E

(ll)E '; - 1 - v]
,

1 I

!

1

C '

| a (I3)O,la " 1 - v + v 12
i

,

'

'
,

)

I
i3

c, (1 - v'); cj,= (14)

/1-v+v |2

|
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.. p

Ec ,p

"e + 2e
v= 2)Ec

Pa1+
"a

c) Use of K in Neuber's rule in conj unction with theg
uniaxial cycle.. stress-strain law:

(K S,)f

(23)e,c, = ~ E

II"
e* a\

c, = 7- + [ (9)

d) Use of K in Neuber's rule modified for net sectiong

plasticity in conjunction with the uniaxial cyclic stress-
strain law:

S8*apao,ca" (24)oy

II"
a' f a* T

c, = 7 - + ; - (9)

f*11/nwhere S* S, ,

e, = p + g j (25)

"y*
S, = S, 3 (20)

P

S = 0.36 g _ h + 0.91 e (26)p y
D

The equation for Sp (stress at fully plastic limit load) was modified
f.om an expression for fully plastic limit load (Ref. 33).
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4. RESULTS AND DISCUSSION

4.1 Smooth Specimen Tests

Cyclic stress-strain curve s were constructed for SA 106-B steel at

both 24*C ( 76 * F) and 288'C ( 550 * F) f rom inc remental step tests
conducted at the approximate half-lif e of each specimen. Both curves
a re plotted in Fig. 21. Equations for uniaxial cyclic stress-strain
for both tempe ra t u re s were fitted to each curve. The equation for
24'C is:

o, o, 11/0.13739
Ca" 205,810 + \ 689.68) (27)

where o, is in MPa,

or

o, f o, ) 1/0.13739
* 6 (105,425j

29.85 x 10

uhere o, is in psi.

The equation for uniaxial cyclic stress-strain at 288'C is:

0, / o, 11/0.08661
(20)Ca" 190,780 + 747.33)

where e, is in MPa,

or

o, / o, i1/0.08661
6+1(115.935j|c=

a 27.67 x 10

where e, is in psi. Table 3 contains cyclic stress-strain properties
of SA 106-B steel at both 24*C and 288'C.

SA 106-B steel was found to exhibit higher values for cyclic stress at
288'C than at 24*C. This behavior is believed to be attributed to
dynamic strain aging ef fects commonly found in many low carbon steels
(Ref. 34). In ordpr for strain aging ef fects to occur, there must be
a sufficient quantity of carbon and/or other interstitial solute atoms
such as nitrogen in solution. As the metal is cycled, dislocation
structures are formed. Low amplitude cycling produces isolated
dislocation cloud structures that contain a large proportion of small
loops f rom heavily-j ogged screw dislocations, whereas high smplitude |
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Fig. 21 Cyclic stress-strain curves for SA 106-B steel at 24*C (76*F) and at 288*C (550*F).
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cycling produces dislocation cell structures (Ref. 35). When in
solution, carbon tends to capture and lock low amplitude dislocations,
causing dislocation loop clouds to become very dense. Therefore, the
hardness of the material increases which is reflected by the increase

in cyclic flow stress. The interaction of dynamic strain aging of
persistant slip bands (PSB's) results in the alteration of fatigue
strength, which will be discussed in a later section.

Table 3 Cyclic Stress-Strain Properties of SA 106-B Steel at 24*C
and 288'C. Properties Were Measured at the Approximate
Half-Life of Each Test Specimen. Wave f o rm: Triangular.
R = -1.00. Frequency: 0.50 Hz. |

Temperature Elastic Modulus Yield Stress Stress at 0.010

(0.002 Offset) Total Strain

('C) (*F) (MPa) (ksi) (MPa) (ksi) (MPa) (ksi)

24 76 205,810 29,850 319.9 46.4 375.8 54.5
288 550 190,780 27,670 462.0 67.0 522.0 75.7

|

Fatigue tests were conducted on smooth specimens at 24*C and 288'C
under reversed (R = -1) loading conditions. The results are shown in
Figs. 22, 23. Tables 4 and 5 contain the data in tabular form.
Figure 22 plots strain amplitude as a function of cycles to failure
while Fig. 23 plots pseudostress amplitudes according to ASME Sec. III
procedures (Ref. 25). The Coffin-Manson strain-life equation was
fitted to the strain-life cu rves by dividing the total strain into
einstic and plastic components. The strain-life relationship for 24*C
is:

c, = 0.00339 (N ) + 0. 37010 ( N ) 0. 56217 (29)
-~*

g g

The strain-lif e relationship f or 288'C is:

c, = 0.00477 (N ) 0.08450 + 0.45487 (N ) 0.71029
- -

(30)g g

Both of these curve s are plotted on Fig. 22. The pseudotress-life
cu rve s we re obtained simply by multiplying the strain-life equations
by the clastic modulus. Figure 23 also contains the ASME Sec. III
carbon steel mean data line and the ASME design curve.

37
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Table 4 Fatigue Life Data For Smooth Specimens of SA 106-8 Steel

testedin24*C(76*{}Airat 1.0 Hz gnd R - -1.00; Elastic
Modulus: 205.0 x 10 MPa (29.85 x 10 psi).

SAtcimen Net Section Strain Pseudostress Cycles
Stress Amplitude Amplitude Amplitude to

Failure

(MPa) (ksi) (MPa) (ksi)

ZP11-48 365 52.9 0.0060 1235 179.1 3,315
ZP11-138 418 63.6 0.0102 2099 304.5 900
ZPil-13 305 44.3 0.0034 700 101.5 7,720

#
ZPil-145 380 55.1 0.0067 1389 201.4 2,740
ZP11-8 236 34.2 0.0014 288 41.8 337,040 I

- ZPil-10 225 32.7 0.0011 225 32.7 824,190
ZPil-23 236 34.2 0.0014 288 41.8 411,78gZPil-30 218 31.6 0.0011 218 31.6 1.656 x 20 1

ZPil-31 24 34.9 0.0019 391 56.7 85,200
ZP11-37 31 46.1 0.0039 803 116.4 7,370

6ZPil-39 241 30.6 0.0011 211 30.6 5.88 X 10
ZP11-43 279 40.5 0.0029 597 86.6 22,470
ZPil-22 225 32.7 0.0011 225 32.1 806,060
ZPil-82 401 58.1 0.0072 1491 216.3 1,940
ZP11-4 246 35.7 0.0016 330 47.8 187,340

ZPil-15 246 35.7 0 sJI6 330 47.8 164,980
ZP11-51 3 09 44.8 0.0016 330 47.8 166,800

%, , m c. -
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Table 5 Fatigue Life Data For Smooth Specimens of SA 106-B Steel

testedin288*C(55g*MPa(2767x101.0 Hg and R = -1.00; Elastic
F) Air at

Modulus: 109.8 x 10 psi)..

Specimen Net Section Strain Pseudostress Cyclea

Stress Amplitude Amplitude Amplitude
'

Failure
to

(MPa) (ksi) (MPa) (ksi)

ZP11-17 468 67.8 0.0041 782 113.4 2,300

ZPll-109 538 78.1 0.0089 1698 246.3 540
ZP11-70 443 64.3 0.0037 706 102.4 3,670

ZPil-14 356 51.6 0.0021 401 58.1 30,200
ZP11-56 424 61.5 0.0029 553 80.2 9,100

ZP11-28 463 67.1 0.0046 878 127.3 2,400
$ ZP11-11 427 62.0 0.0030 572 83.0 6,600

,

ZP11-21 492 71.4 0.0059 1126 163.3 745
ZP11-60 525 76.2 0.0051 973 141.1 1,260

| ZPil-74 375 54.4 0.0022 420 60.9 32,370
;

ZPll-9 329 47.7 0.0018 343 49.8 308,800
,~

ZPil-133 536 77.7 0.0099 1888 273.9 430
ZP11-131 591 85.7 0.0130 2480 359.7 205

i

;

q.
m
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The most striking feature in Figs. 22 and 23 is the difference in
slope of the curves at each test tempe ra tu re. At high strain ampli-
tudes, the 2E8'C data exhibit lower lives to failure than do specimens
tested at 24*C. However, specimens tested .at . strain amplitude 9smaller than roughly 2 x 10-3 exhibited the opposite effect. At 10
cycles, SA 106-B exhibited a. f atigue strength of 232 MPa (33.7 ksi) at
288'C and a fatigue strength of 185 MPa (26.8 ksi) at 24*C It is
believed that the enhancement of high cycle fatigue strength at PWR ;

environment temperatures is due to dynamic strain aging effects.
;

i

Fatigue strength effects from dynamic strain aging depend . on events I

occurring within the regions of active slip (PSB's) since, during d
fatigue cycling, almost all of the applied strain is accomodated by
dislocation movement within the PSB's (Pef. 36). If strain aging is
weak or nonexistent, slip bands at the metal surface have been
observed to broaden with progressive cycling (Ref. 37). When strain
aging ef fects are large, dislocation locking by dissolved carbon atoms
in the regions of high dislocation density (outside the PSB's) further
increases the dislocation density within the PSB walls. The PSB's j
then become narrow and sharply defined. As a consequence, slip

'

activity becomes highly localized and the local plastic strains within
these a reas increase in ' magnitude. Crack nucleation susceptibility
within the narrowed PSB's is therefore enhanced. ;

I
However, the mobile dislocations remaining within the PSB's must be |
constrained in o rde r to cause enhancement in fatigue strength

'

(Ref. 38). This is accomplished by the formation of stable carbides
within PSB's. Carbon tends to form carbides with iron, manganese, and
nitrogen when the reaction kinetics are favorable. When plain carbon
steels a re cooled rapidly f rom the austenitic temperature range much
of the carbon is t rapped in solution and is available for carbide
f o rma tion. Strain aging has been found to occur at temperatures rang-
ing f rom just above room temperature to over 400*C (752*F)
(Refs. 39, 40). This tempe ra tu re range facilitates mass transfer of
carbon atoms either by diffusion from one interstitial site to the
next, or by "pipe" diffusion through dislocation atmospheres
(Ref. 37). The resulting carbides can range in size, distribution,
and degree of cohe rency with the matrix, depending on the thermal
treatment and aging time. Interaction of cyclic strains with the
carbides inside the PSB's is critical to dislocation slip activity
modification. When high amplitude dislocation movement prevails,
mobile screw dislocations within the PSB's shear apart the continually
fo rming carbides, causing much of the available carbon to remain in
. solution, the reby resulting in little or no increase in fatigue
strength. The level of fatigue strength observed in SA 106-B steel
for strain amplitudes greater than 2 x 10-3 is consistent with this

i mechanism.

The interaction of PSB carbides with low amplitude dislocation move-
ment is more complex. Fatigue strength enhancement due to strain
aging results when a unif o rm dispersion of the smallest noncoherent
carbides that resist _ dislocation shearing is formed (Ref. 37). The
amount of plasticit/ within the sharply defined PSB's is suppressed
when dislocation motion is thus restricted. Studies performed by
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Wilson, et al. (Ref. 39) on 0.45% carbon steel have shown that speci-
mens aged and fatigued at 130*C (266*F) and 165'C (330*F) exhibited
enhanced fatigue limits. The surface of hia test samples showed
evidence of diffuse slip with little evidence'of strain concentrations
within isolated slip bands or of microcracking. Conversely, specimens
that were aged and fatigued at 60.* C (130*F) showed no increase in
fatigue strength; narrow slip bands containing many microcracks were
observed. The specimens fatigue-aged at the higher temperature
contained noncoherent precipitates within the PSB's whereas the speci-
mens fatigue-aged at the lower temperature exhibited dispersions of
small, coherent, and unstable carbides which did not resist disloca-
tion shearing.

Our observation of enhanced fatigue strength of SA 106-B steel i

fatigued at PWR environment temperatures is consistent wich the
incoherent carbide model of dynamic strain-aging. At high strain
amplitudes, screw dislocations within the PSB's undergo large ampli-
tude dislocation movements and continually shear apart at the
nucleating carbides and force carbon back into solution. As a result,
SA 106-B steel exhibits no apparent enhancement in fatigue strength
for high strain amplitude tests conducted at 288'C (Figs. 22, 23). On
the other hand, low amplitude screw dislocation movement within PSB's
do not carry enough energy to shear apart the incoherent carbides, and ,

the amount of plastic strain carried by PSB's is restricted. The {
result is an increase in fatigue strength observed at 288'C for low '

strain amplitudes (Figs. 22, 2?). Li and Leslie (Ref. 40) showed a
similar effect on the fatigue strength of AISI 1020 steel as shown in
Fig. 24.

The reduction in low cycle fatigue strength of SA 106-B steel smooth
specimens at 288'C results in nonconservative positioning of the ASME

iSection III desigt. curve for carbon steel in the low cycle regime. |

The design curve was intended to provide a margin of safety from |
unscen deleterious effects that could arise from variables such as I

environment, surface finish, material variability, residual stresses,
size effects, and statistical scatter of data. This was to be accom-
plished by providing design safety factors of 2 on stress or 20 on
life, whichever is greater. The results in this investigation have
clearly shown that the design curve for carbon steels is less conser-

vative in terms of the results of 288'c air environment smooth
specimen R = -1 tests, and therefore significantly reduces the margin
of safety in the low cycle regime. Based on the results of this
investigacion to date, a revised Section III design curve for carbon
steels could be positioned below the current design curve as shown in
Fig. 25. This figure suggests that a revised design curve would more
adequately impose the margin of safety as characterized by the 2 and
20 reduction factors for stress or number of cycles, and may be justi-
fiable solely on the basis of temperature (and hence, dynamic' strain
aging) effects observed in SA 106-B piping steel. However, a Code ,

revision such as this should be based on (1) an experimental data base
generated from a test matrix that would encompass variables such as
type of piping steel, variations in composition within each specifica-
tion, and test temperature and (2) PWR environment test results, some
of which are currently being conducted under the current program.
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4.2 Notched Specimen Tests

The results for all smooth and notched specimen tests conducted at
288'C are plotted in Fig. 26 as a function of net section stress
amplitude vs. cycles to failure. Table 6 contains the data points in
tabular form. As expected, a reduction in cycles to failure was
observed in the notched specimens at longer lives. The notch effect
appears to decrease with increasing net section stress amplitude until
no more notch ef fect is observed at stress amplitudes that correspond

3to lives shorter than 10 . cycles. This phenomenon has previously been
observed in ductile steels (Ref. 41).

7The value for baseline notch factor (K ) can be determined for 10g
cycles simply as the ratio of smooth specimen fatigue strength to
notched specimen fatigue strength. These values are also shown in
Table 5. At higher K values, the empirically-determined values for

t
K are considerably less then K' wing to the ductile nature of SA ;g t106-B steel. I

4.3 Neuber Analyois

Interpretation of the notched specimen data using different versions
of the Neuber formula which included K or K, use of the Neuber

fg
fcrmula in conjunction witn either the plane stress or plane strain
cyclic stress-strain equation, and a plasticity-modified Neuber
relation are presented in Figs. 27, 28,1 and 29. Tables 7 - 10 contain
the data points in tabular form. These figures plot notch root strain
amplitudes obtained from each Neuber variation vs. cycles to failure
for each notch root geometry. The results according to each analysis
method are discussed below:

,

(a) Us'e of K in Neuber's rule in conj unct ion with the untaxial Ie
cyclic stress-strain law: The results for K = 2 data cor, relate

t
well with the smooth specimen data but the K - 3 and K "0 't t
data yield strain amplitudes which are larger than those of
smooth specimen data. The K =6 data predicts strain-t
amplitudes which fall significantly above the fatigue ~ curve )
generated from smooth specimens. This method of analysis
yielded the most conservative results of all methods.

(b) Use of K in Neuber's rule in conjunction with the plane straint
cyclic stress-strain law: Again, the results for the K =2

tdata correlate well with the smooth specimen data. The K *3
t

data fell above the smooth spec. men data. Data of Kt"0
yielded strain amplitudes much sigher in value than strain
amplitudes from the smooth specimens. This method yielded

'

results which were less conservative than the method in (a)
above. The use of the cyclic stress-strain curve corrected for

l plane strain conditions was . expected to improve the data
correlation but did not. Similar corrections for plane strain

,

conditions in notched specimens yielded better results for other !

investigators (Ref. 10, 31).

46 '
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Table 6 Notched Specimen Life Data For ASME SA 106-B Steel Tested
in 288'c (550*F) Air at a Frequency of 1.0 Hz and at a
Load Ratio of -1.00. Net Section Stress Amplitude Values

.,

Specimen K E Net Section Cycles
t f

Stress Amplitude to

Failure

(HPa) (ksi)

K2-1 2 1.75 462 67.0 1,930> 4 i

'
K2-2 2 1.75 577 83.7 425
K2-3 2 .1.75 614 89.1 165
K2-4- 2 1.75 307 44.5 21,510
K2-5 2 1.75 392 56.9 4,170
K2-7 2 1.75 232- 33.6 380,970
K2-9 2 1.75 219 31.8 140,380'

K3-1 3 2.29 193 28.0 171,010
K3-2 3 2.29 268 38.8 29,200
K3-3 3 2.29 400 58.0 3,860 '

K3-5 3 2.29 445 64.5 1,695
K3-22 3 2.29 411 59.6 2,880
K3-7 3 2.29 230 33.3 222,550
K3-10 3 2.29 510 74.0 435 '

K3-15 3 2.29 184 26.7 156,610

K6-1 6 1.98 254 36.9 40,825
K6-3 6 1.98 170 24.7 218,300
K6-2 6 1.98 334 48.4 7,070
K6-5 6 1.98 445 64.6 -2,220'

K6-6 6 1.98 613 88.9 125
K6-14 6 1.98 176 25.5 1,740,500 '

K6-18 6 1.98 580 84.1 195

..

f

:

'
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Table 7 Fatigue Analysis of Notched Specimen Data (see Table 4). Notch Analysis
Was Accomplished by Using K in Neuber's Rule in Conj unction With

t
the Plane Strain Cyclic Stress-Strain Curve

Specimen K K Notch Stress Notch Strain Pseudostress Cycles
t g

Amplitude Amplitude Amplitude to

Failure

(MPa) (ksi) (MPa) (ksi)

-

K2-1 2 1.75 657 95.3 0.0062 1,300 188.5 1,930
K2-2 2 1.75 692 100.3 0.0092 2,050 279.3 425
K2-3 2 1.75 701 101.6 0.0103 2,154 312.4 165
K2-4 2 1.75 566 82.1 0.0032 665 96.4 21,510

K2-5 2 1.75 627, 90.9 0.0047 982 142.4 4,170
K2-7 2 1.75 460 66.7 0.0022 467 67.7 380,970

,
N K2-9 2 1.75 436 63.3 0.0021 441 63.9 140,380

K3-1 3 2.29 548 79.5 0.0029 612 88.8 171,010

K3-2 3 2.29 632 91.6 0.0049 1,020 147.9 29.200
K3-3 3 2.29 697 101.1 0.0098 2,064 299.3 3,860

K3-5 3 2.29 712 103.3 0.0119 499 362.4 1,695
K3-22 3 2.29 701 101.7 0.0103 2,168 314.4 2,880

K3-7 3 2.29 598 86.7 0.0038 794 115.1 222,550
K3-10 3 2.29 731 106.0 0.0153 3,205 464.9 435
K3-15 3 2.29 532 77.1 0.0027 574 83.3 156,610

K6-1 6 1.98 730 105.9 0.0152 3,190 462.7 40,825
K6-3 6 1.98 674 97.7 0.0074 1,551 224.9 218,300
K6-2 6 1.98 766 111.1 0.0250 5,234 769.2 7,070

K6-5 6 1.98 803 116.4 0.0424 8,897 1290.4 2,220

K6-6 6 1.98 844 122.4 0.0765 16,031 2325.1 125
K6-14 6 1.98 674 98.4 0.0078 1,641 238.0 1,740,500

K6-18 6 1.98 836 121.3 0.0690 14,470 2098.7 195

. . . - .
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Table 8 Fatigue Analysis of Notched Specimen Data (see Table 4). Notch Analysis
Was Accomplished by Using K,. in Neuber's Rule in Conjunction With
the Uniaxial Cyclic Stress-$ train Curve

Specimen K K Notch Stress Notch Strain Pseudostress Cycles
t f

Amplitude Amplitude Amplitude to

Failure

(MPa) (ksi) (MPa) (ksi)-

K2-1 2 1.75 514 74.5 0.0087 1,662 241.1 1,930
K2-2 2 1.75 537 77.9 0.0130 2,479 359.6 425
K2-3 2 1.75 544 78.9 0.0146 2,776 402.6 165
K2-4 2 1.75 463 67.2 0.0043 813 117.9 21,510-
K2-5 2 1.75 495 71.8 0.0065 1,245 180.5. 4,170

K2-7 2 1.75 416 60.3 0.0027 516 74.9 380,970v,

K2-9 2 1.75 404 58.6 0.0025 476 69.0 140,380''

K3-1 3 2.29 455 66.0 0.0039 738 107.0 171,010'
| K3-2 3 2.29 498 72.2 0.0068 1,270 187.8 29,200 |

| K3-3 3 2.29 541 78.5 0.0139 2,659 385.6 3,860 I

| K3-5 3 2.29 552 80.1 0.0169 3,223 467.4 1,695
K3-22 3 2.29 544 78.9 0.0146 2,792 405.0 2,880 ~

K3-7 3 2.29 478 69.4 0.0052 991 143.7 222,550
K3-10 3 -2.29 567 82.2 0.0217 4,136 599.9 435
K3-15 3 2.29 447 64.9 0.0036 682 98.9 156,610

K6-1 6 1.98 566 82.1 0.0216 4,116 597.0 40,825

K6-3 6 1.98 525 76.1 0.0104 1,991 .288.8 218.300
K6-2 6 1.98 594 86.1 0.0354 6,751 979.2 7,070
K6-5 6 1.98 623 90.4 0.0600 11,452 1661.0 2,220

K6-6 6 1.98- 657 95.3 0.1079 20,576- 2984.3 125
K6-14 6 1.98 528 76.6 0.0111 2,108 305.8 1,740,500
K7-18 6 1.98 652 94.5 0.0974 18,582 2695.1 195

.
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Table 9 Fatigue Analysis of Notched Specimen Data (see Table 4). Notch Analysis
Was Accomplished by Using K in Neuber's Rule in Conjunction Withg
the Uniaxial. Cyclic Stress-Strain Curve

Specimen K Notch Stress Notch Strain Pseudostress Cyclest f
Amplitude Amplitude Amplitude to

1

Failure

(MPa) (ksi) (MPa) (ksi)
a

K2-1 2 1.75 498 72.3 0.0069 1,311 190.2 1,930
K2-2 2 1.75 523 75.9 0.0102 1,950 282.8 425
K2-3 2 1.75 530 76.8 0.0114 2,182 316.4 165,

K2-4 2 1.75 443 64.2 0.0034 651 94.4 21,510
K2-5 2 1.75 478 69.4 0.0052 981 142.3 4,170
K2-7 2 1.75 385 55.9 0.0022 426 61.8 '380,970v,

r- K2-9 2 1.75 371 53.8 0.0021 397 57.6 140,380

K3-1 3 2.29 406 58.9 0.0025 482 69.9 171,010
K3-2 3 2.29 463 67.1 0.0042 811 117.6 29,200
K3-3 3' 2.29 512 74.3 0.0086 1,636 237.3 3,860
K3-5 3 2.29 524 76.0 0.0104 1,960 287.0 1,695

'

' K3-22 3 2.29 516 74.8 0.0090 1,717 249.1 2,880
K3-7 3 2.29 439 63.7 0.0033 629 91.3 222,550

;
! K3-10 3 2.29 538 78.1 0.0133 2,534 367.5 435 :
*

K3-15 3 2.29 395 57.3 0.0024 450 65.3 156,610

K6-1 6 1.98 432 62.6 0.0031 589 85.2 40,825
K6-3 6 1.98 333 48.3 0.0018 341 49.5 218,300 '

K6-2 6 1.98 474 68.7 0.0048 923 133.8 7,070
K6-5 6 1.98 508 73.7 0.0080 1,531 222.0 2,220 .

K6-6 6 1.98 543 78.7 0.0142 2,715 393.8 125
" K6-14 6 1.98 343 49.7 0.0019 354 51.3 1,740,500

1K6-18 6 1.98 543 78.8 0.0129 2,435 356.1 195 '

,

1
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Table 10 Fatigue Analysis of Notched Specimen Data (see Table 4). Notch Analysis
Was Accomplished by Using K in Neuber's Rule Modified for Net Section

g
Plasticity (Ref. 30) in Conjunction with the Uniaxial Cyclic Stress Curve

Specimen K Notch Stress Notch Strain Pseudostress Cycles
t f

Amplitude Amplitude Amplitude to
Failure

(MPa) (ksi) (MPa) (ksi)

K2-1 2 1.75 499 72.4 0.0070 1,329 192.7 1,930

K2-2 2 1.75 531 77.0 0.0116 2,215 321.3 425
K2-3 2 1.75 543 78.8 0.0144 2,754 399.5 165
K2-4 2 1.75 443 64.2 0.0034 651 94.4 21,510

K2-5 2 1.75 478 69.4 0.0052 988 143.3 4,170

v. K2-7 2 1.75 385 55.9 0.0022 427 61.9 380,970
" K2-9 2 1.75 371 53.8 0.0021 397 57.6 140,380

K3-1 3 2.29 406 58.9 0.0025 482 69.9 171,010
R3-2 3 2.29 463 67.2 0.0042 811 117.6 29,200

K3-3 3 2.29 513 74.4 0.0086 1,641 238.0 3,860

K3-5 3 2.29 525 76.1 0.0105 1,996 289.5 1,695
K3-22 3 2.29 516 74.5 0.0090 1,724 250.1 2,880
K3-7 3 2.29 437 63.7 0.0033 629 91.3 222,550

K3-10 3 2.29 541 78.4 0.0138 2,630 381.4 435
K3-15 3 2.29 395 57.3 0.0024 450 65.3 156,610

K6-1 6 1.98 432 62.6 0.0031 587 85.2 40,825
K6-3 6 1.98 333 48.3 0.0018 341 49.5 218,300
K6-2 6 1.98 474 68.7 0.0048 923 1343.8 7,070

K6-5 6 1.98 509 73.8 0.0081 1,544 223.9 2,220

K6-6 6 1.98 556 80.6 0.0179 3,415 495.3 125
K6-14 6 1.98 343 49.7 0.0019 354 51.3 1,740,500

K6-18 6 1.98 545 79.0 0.0147 2,810 407.5 195

-___



(c) Use of the K in Neuber's rule in conjunction with the uniaxialg
cyclic stress-strain law: These results provided the best
correlation for all methods taken into consideration. However,
the correlation still tended to be conservative in its

| estimation of notch base strain amplitudes required to cause
i specimen fatigue failure when compared to strain amplitudes
'

accumulated from smooth specimen data. .

(d) Use of the K in Neuber's rule modified for net sectiong
plasticity: Correlation for all of the notched data was quite
good, but was not as good as the method in (c) above. The
modification was intended to account for the change in stress at
the notch tip due to the influence of constraint on the value of
fully-plastic limit load. The end result was a small increase
in the conservatism of notch strain values over the values
generated with the use of Kg in an unmodified Neuber equation in
conjunction with the uniaxial cyclic stress-strain equation.

The strain-life behavior of notched specimens subjected to reversed
loading was shown to be determined most accurately by calculating
notch root cyclic strains with the use of K in the Neuber formulationg
in conj unc tion with the uniaxial cyclic stress-strain curve. This
assessment was facilitated by comparing the local cyclic strain vs.
cycles to failure data for notched specimens to strain-life data
acquired from smooth specimen testing as shown in Fig. 30. A key
assumption to this approach is that the number of cycles necessary for
crack initiation is equal for both smooth and notched specimens if the
cyclic strain histories are equal for each crack initiation site.
This assumption has been proven to be valid based on studies using
both smooth and notched aluminum and low carbon steel plates
(Ref. 31). The results of that study are shown in Fig. 8. Benefits
of the use of K in favor of K Proved to be most apparent for speci~f tmens having the sharpest (K = 6) notch.

t

Although Neuber had originally intended that K be used in conjunction
t

with his rule (Ref. 3), other investigators have modified Neuber's
rule to include Kg and have found good correlation between smooth and
notched specimen results (Refs. 5 - 7, 26 - 29). For blunt notches
and for the most notch-sensitive materials, K approaches K, andg teither factor could conceivably be successfully used in the Neuber
formula. The results for K 2 specimens (Fica. 28 - 30) supports=

ofbkunt notches. Fac sharp notches, K iathis claim for the case g
always less than K with larger discrepancies prevailing for moret
ductile materials. Previous belief dictated that the discrepancy was
due to material size effects (Ref. 12). However, the work of Leis, et
al. (Ref. 31) has shown that this difference is due not to size
effects, but to changes in the ratio of nominal to notch deforma-
tion. Small values of nominal stress are required to induce a state
of plasticity at the tip of an extremely sharp notch, and previous
work by Cowda, et al. (Ref. 42) suggests that the value of K becomes

g
invalid for inelastic strain amplitudes.
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A comparison of either net section stress amplitude or corresponding
Neuber-generated notch stress amplitude data with smooth specimen
results quickly reveals a few fundamental differences in interpreta-
tion of their fatigue behavior (Fig. 26). Comparison of notched
specimen net section stress amplitude data with smooth specimen data
clearly shows the detriment of the notch on fatigue life in terms of
smooth specimen stresses but fails to yield any quantitative measure
of the stress state at the notch tip. The Neuber generated notch
stress amplitude data, on the other hand, tends 'a correlate more.

closely with corresponding smooth specimen srcess amplitudes by
providing equal indices of fatigue damage for both smooth and notched
specimens. Local stress and local strain amplitudes estimated by
Neuber's rule tend to most closely model the state of notch root
stresses and strains using analytical formulas.

Given the capabilities and limitations of Neuber's rule, the question
arises as to whether or not the results of notched specimen tests can
be accurately correlated with the ASME Section III curves. As a first
cut, pseudostress calculations based on notch strain estimates appear
to provide a reasonable degree of correlation with smooth specimen
results within an order of nagnitude. However, both the inherent
conservatism in Neuber's rule and the rcmifications of crack
propagation dominating the lives of notched specimens yields
overestimations of notch stresses and strains and unfortunately does
not provide the desired accuracy needed as a basis of comparison
between smooth and notched specimen fatigue behavior. Once initiated,
the crack grows very rapidly through the notch elastic strain field
and slows down considerably once it has grown beyond the influence of
the notch (Ref. 18). Such a decrease in crack growth rate could add
considerably to the total number of cycles to failure and may result
in increased conservatism of the data points. Once initiation has
occurred, the fatigue life ;. 'oblem essentially becomes a fracture
mechanics problem in which the use of Neuber's rule becomes very
limited. Schemes which use Neuber's rule to estimate crack initiation
and fracture mechanics to characterize crack propagation are probably
best suited to investigate the total fatigue lives of notched
specimens.
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5. CONCLUSIONS

This investigation characterized the cyclic stress-strain and strain-
life behavior of SA 106-B piping steel at 24'C ( 76 'F) and at 288'C
(550*F) using smooth specimens. The correlation of strain-life
behavior of notched specimens with smooth specimens was facilitated by
determining the most appropriate use of Neuber's rule. Therefore, the
following conclusions were drawn:

* The higher value for cyclic stress amplitudes observed at
288'C from the construction of cyclic stress-strain curves at
24'C and 288'C is postulated to be due to dynamic strain aging
effects.

7e The fatigue limits at 10 cycles under completely-reversed
loading for smooth specimens were estimated to be 185 MPa
(26.8 ksi) at 24'C and 232 MPa (33.7 ksi) at 288'C. The
observed reduction in low cycle fatigue strength at 288'C
results in reduction in the safety factor of the ASME
Section III design curve for carbon steels. The observed
changes in fatigue strengths at PWR operating temperatures is
believed to be a result of dynamic strain aging.

e Notch strain histories for blunt (K 2) notches can be=
tdetermined, by the use of either K # E in Neuber's rule

t f
without any deviation of results.

e Notch strain histories for sharper notches (K = 3 and 6) are
most accurately determined by the use of K kn Neuber's ruleg
in conj unc tion with the uniaxial cyclic stress-strain curve.
When correlated with the results from smooth specimen tests,
the data f rom sharply-notched specimens are conservative.

e The fatigue life curves resulting from the high temperatere
air environment smooth specimen results in this report provide
acceptable baseline data for comparison with smooth specimen
tests to be performed in PWR environments using the same type
of specimens. The PWR environment test results will be used
to assess the validity of the ASME Boiler and Pressure Vessel
Code Section III stress-life design curves for Class 1 piping
components.

e The application of Neuber's rule in the assessment of notch
stress and strain amplitudes of SA 106-B steel for the purpose
of fatigue life characterization results in a degree of
conservatism which does not provide the accuracy needed as a
basis of comparison of notched specimen results with the ASME
Section III curves for carbon steels. It is concluded that
schemes which use Neuber's rule to estimate crack initiation
and fracture mechanics to characterize crack propagation are
probably best suited as tools to investigate notched specimen
total fatigue lives.
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