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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 temperature, 288°C (550°F), under
completely reversed loading. Smooth specimens were tested at both
tempevatures whereas specimens containing n%tches of various acuities
were tested at 288°C., Fatigue limits at 10’ cycles were 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 observed at the PWR temperature is
postulated to be due to dynamic strain aging processes. However,
there is a reduction in low cycle fatigue strength at this temperature
which results in a decrease in the intended safety factor of the ASME
Section I1l1 design curve for carbon steels, Notch strain histories
were estimated for the notched specimen tests using various interpre-
tations of Neuber's rule, It was concluded that the use of the
fatigue notch concentration factor (K;) in the Neuber relation in
conjunction with the uniaxial cyclic stress-strain curve provided the
best correlation of notched specimen fatigue data with results
obtained from smooth specimer. tests. The notched specimen strain-life
results derived from 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 ASME Section III1 fatigue curves for carbon
steels,
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l. INTRODUCTION

Fatigue 1life estimation of structural components having geometric
discontinuities has long been an area that has generated considerable
attention. Stress ralisers such as those present at joints, angles,
weldments, holes, thread roots, etc., are almost always the site for
the nucleation and growth of fatigue cracks in stiructural elements
subjected to fatigue loading, A key element in predicting the fatigue
l1ife of a notched member is an accurate assessment of the strain
history at the notch root. There 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 favored by
most investigators who study fatigue crack nucleation and total
fatigue 1life, Neuber's rule enjoys an advantage over other notch
analysis methods when both accuracy and simplicity of wuse 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-1ife 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 form 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 II1 stress~life (S-N) desigu 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 1in 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 formulate revisions to the ASME Section III
curves,



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 consists 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 tHWeoretic#l
stress concentration factor and is noted as:

/2

1
K, = (KCKG) (1)

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 | 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 for both
plane stress and plane strain conditions. The geometric mean of X

and K_ from Neuber is larger (and therefore, more conservative) than
K ancf’l(o from the finite element analysis,

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
relation. The solid data points represent tests performed when gross
ylelding 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
somewhat counteracted by the process of residual stress relaxation at
notch roots because sufficient plastic strain was present
(Refs. 6, 7).,
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Fig. 2 Fatigue life curve of notched 7075-T6 aluminum
specimens correlated, using Neuber's rule, to
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Neuber's rule (Eq. 1) can be more conveniently used by substituting
the following expressions for Kt

K = 3 . Stress at the notch root (2)
o S unnotched stress
' oka strain at the notch root (3)
E e unnotched strain
Rearranging and multiplying by E (elastic modulus) yields:
1/2 1/2
K, (S,e E) (o, ¢,E) (4)

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)
stresszs and strains are plastic, S, * Ee, can be substituted in the
left-hand side of Eq. 4:

1/2
K:Sa = (oaeaE) L)

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

KS§ = 9, (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:

a8 " constant (7)

&



0f course, the quantities of o and ¢ are both unknowns; theretore,
another equation containing these two values must be solved simultane-
ously with the Neuber equation. This other equation usually describes
the stress-strain behavior of the material under transient stress~-
strain conditions. The intersection of the Neuber equation with the
cyclic stress-strain equation after material stabilization has
occurred will yield the notch stress and strain values.

Figure 3 shows a series of hyperbolae, each having different values
for e,0, intersecting the cyclic stress-strain ~urve obtained from
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 slightly (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
oceurred; that is, the vhape and dimensions of the curve essentially
remain unchaaged after a prerequisite amount of cycling. Figure 5
shows the stabilization of strain with number of cycles for different
strain amplitudes for te¢sts performed in strain control under constant
amplitude conditions (Ref. 10).

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

£ = & + ¢ (8)

where ¢, is the total straln amplitude and ¢, . and ¢ 4 are the elastic
and plastic components of strain amplitude, respectfbely. Equation 8

can be rewritten as:
F 3 1/n
a a
“*'T * (A ) (9)

where ¢, and o, are strain and stress amplitudes respectively, A is
the cvcfic strength coefficient and n is the cyclic strain hardening
expunent and is the cyclic counterpart to the monotonic Ramberg-Osgood
strain hardening exponent.
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figure shows two blocks of strain-time
traces obtained incrementally decreasing and then increas-
ing the strain range for each cycle. The lower figure shows a
set of hysteresis loops that correspond to one set of strain-
time increments (Ref. 9).

curve, The upper
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Equation 9 properly describes the cyclic stress-strain behavior for
plane stress conditions because the material can freely 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 {s 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:

o' o' Hal
e' = I ( 18 ) (10)
1

where

Ei, the modified vlastic modulus is

g & seem— (11)

Vo —— (12)

1a’ the stress amplitude in the first principal direction is

g

a
g = (13)
la 1l =ve+vy




€1a* the strain amplitude in the first principal direction is

e.(l - vz)

P Rl =y s
’ //l e $

¢! (14)

where
v_ is Poisson's ratio for the elastic case, A' 1s the cyclic
stgength coefficient, and n' is the cyclic strain hardening
exponent, A' and n' are fitted to the cyclic stress-strain
equation modified for plane strain.

In order to experimentally determine the local stresses and strains
using Neuber's rule, the investigator needs only a few pieces of
engineering 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 of K.,. Ore of
the bhest sources is the handbook on stress concentration Factorc by
Peterson (Ref. 12). K, is presented 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 tension
specimens, can be determined through finite element analysis programs
(Refs. 13 - 16) or equivalent advanced analytical techniques. Third,
the smooth specimen cyclic stress-strain curve 1is obtained using
completely-reversed loading under identical conditions as the ensuing
testing is needed. Analytical analysis can be greatly facilitated if
Eqs 9 is fitted to the curve.

As previously mentioned, the application of Neuber's rule {n the
determination of notch stresses and strains during fatigue loading
involves the use of a notch concentration factor in the calculation.
Examination of the literature shows that a number of variatiors on
Neuber's original rule have been employed. Dowling et al. (Ref. 11)
and Leax et al., (Ref, 17) wused the theoretical elastic stress
concentration factor K in their assessment of tatigue 1life
predictions for specimens tested with various notch acuities,
temperatures, and mean stresses. Plane strain conditions were assumed
to prevail in the notched compact tension specimens wused in
Reference 11, so the plane strain version of the cyclic stress strain
equation was used in conjunction with the Neuber relation involving
K, Center-notched plate specimens were used by Leax, et al,
(&ef. 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 smioth 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 in studies that combined c¢rack initi-

ation with crack propagation in their assessment of total life
(Refs. 18 - 20), Specimens such as notched compact tension specimens

10



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, the initiation
and propagation components of specimen life were summed for all speci-
mens and pliotted 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 witn 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

5

Ao = AK (wp)—o° (15)

where p is the notch root radius, and AK is the range in stress
intensity, was used to relate the stress amplitude with the stress
intensity and notch root radius for compact tension specimens. After
combining Eq. 15 with Neuber's rule, they obtained the expression

€, E = Aki (weoa)-1 (16)

which assumed that p was sufficiently small so as to introduce insig-
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 notche A cyclic stress-strain
relation was not used in their analysis; instead, a relation for
nominal stress for compact tension specimens was used:

3(W + a) 1 (17)
(W~ a)

AS = AP
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This wmethod, applied to center hole and compact tension specimens,
approximates actual load-strain behavior measured with strain gages.
Socie, et al, (Ref., 19) applied Seeger and Heuler's method toc estima-
tion oi 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 experi-
mental data agreed fairly well vith thelr analytical estimates,

Questions concerning the value of the proper notch factor constant for
use in Neuber's rule have previously arisen and been addressed
(Refs. 28, 31). Leis, et al., (Ref, 31) performed a deformation
analysis in which Neuber's rule was rewritten in terms of Ke» smooth
specimen stresses and strains, and nominal (net section) stresses and
strains for notched members and was compared with the Neuber uxpres-
sion relating K¢ to the same parameters for stress and strain.
Experimental measurements of notch stresses and strains were obtained
with strain gages mounted onto notched plates of high strength alumi-
num and low strength mild steel and were compared to the deformation
analysis, It was found that fatigue predictions were valid for
notched specimens based on the assumption that equal lives to crack
initiation were obtained in both smooth and notched specimens having
identical strain histories at the notch root (see Fig. 8), thereby
indicating that any discrepancies between Kc and K. may not be attri-
buted to size effects, but must be attributed to cganges 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 Ky factor was a valid para-
meter for elastic transient deformation, but wac not valid for plastic

deformations, and that an experimentally determined accurately
predicts stable notch root deformation (see Figs. 9, 10). Walker
(Ref, B8) further investigated the use of and Ky and found that the

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 law
yields the same results as the use of K, in Neuber's rule with a
multiaxial stress strain 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 .wore
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 notchea
ipecimens of various geometries and material types, Methods of intro-
ducing %, and K, into expressions based on Neuber's rule have been
applied to strain-life, stress~life, crack initiation, and total life
estimations of structural elements, 1In short, the use of K, has his-
torically yielded accurate results when applied to ctress-li&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
notched elements were estimated,

16
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In the study of described below, strain-life tests of smooth and
circumferentlally notched, round bar specirens as SA 106-B piping
steel have been completed, and notch straln analysis results were
correlated with deta 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 "OCEDURE

The material used . “Me ° .igation is SA 106=B 203-mm (8-in.)
Schedule 100 stee! pi, s« cnemical composition is given in Table |
and the room temperaty.: tensile properties are given in Table 2.
Microstructural sanples 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 silicates. Figure 14
shows the distribution of the silicate inclusions.

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

C S Si Mo Cr Ni Mn P N

n.,26 0.020 0.28 0,003 0,015 0.002 0.92 0.008 0.006%

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
(d) for all notched specimens was 6,35 mm (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 geometries
were obtained from Peterson's handbook of stress concentration factors
{Ref. 12) ond are also shown in Fig., 17.
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Fig., 15 Orientation of specimens wused 1in this
investigation.
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Fig. 16 Smooth specimens used in this investigation.
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The test system counsisted of a servocontrolled electrohydraulic cest-
ing system having a loading capacity of % 44.5 kN (& 10,000 1b). The
frame was of a four-post design and was situated in a horizontal
configuration (Fig. 18), Even though the four-post design helped to
reduce the amount of compressive buckling, it was found early i{n 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 teamperature, 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 (v ) measurements acquired with a remotely-
mounted clip gage can be difﬁctly correlated with plastic strain (g)
measurements simultaneously acquired with a clip gage mounted on the
gage length of a smooth axial specimen. An experimentally-established
plot of Aup ve. Ae was then constructed for room temperature tests
(Fig. 19), " which J}ovided 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 Pmax - Plin
fea " %ea " 2 AnE (21)
where Pae and P are the maximum and wminimum specimen loads,
reopectiveiy, and is the net cross-sectional area of the speciwmen,

Once tf' and CR' were estimated for each test, the total strain ampli-
tude ee‘) waS determined simply by summing I and Cpa'
The load and deflection signals were fed into a chart recorder.
Typically, hysteresis loops for the first five cycles were recorded as
well as the tenth, one-hundredth, and so forth until the approximate
half-1ife 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 specim:ns having K, values of 2,
3, and 6 were tested for R = -], Tests were usually started while in
axial deflection control, Once the plas:tic strains had stabilized,
the tests were switched to axial load cortrol and were run at higher
frequencies (2 to 10 Hz) until failure had occurred. 1In these tests,
failure was considered to be the point when the crack had progressed
completely through the cross section of the specimen.
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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 different interpretations of Neuber's rule that involve
the use of and K., uniaxial and plane strain cyclic stress-strain
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 conjunction with the
uniaxial cyclic stress-strain law:

2
(K.8_)
Tats * (5)
" g 1/n
ete(2) 2

(b) Use of K, in Neuber's rule in conjunction with the plane
strain cyclic stress~strain law:

(k5"
9, . €,. = 2 (22)
la”la El
a.l. °'la 1/n'
s . & | ——pp= (13)
. la E; A
where
l'.'l - : y (1)
-y
a
o}, * : (13)
l = vy
. €, (1 = %)

(14)






4. RESULTS AND DISCUSSION

4ol Smooth Specimen Tests

Cyclic stress-strain curves were constructed for SA 106-B steel at
both 24°C (76°F) and 288°C (550°F) from d{ncremental step tests
conducted at the approximate half-life of each specimen, Both curves
are plotted in Fig. 21. Equations for uniaxial cyclic stress-strain
for both temperatures were fitted to each curve. The equation for
24°C is:

] o 1/0.13739
¢ . +( : ) (27)
a 205,810 689.68
where g is in MPa,
or
o %, *( 9 )1/0.13739
* 29,83 x 10° 103,423
where % is in psi,
The equation for uniaxial cyclic stress-strain at 288°C is:
9, O )1/0.08661
€a" 190,780 © ( 747,33 (20)

where 94 is in MPa,

or

o9 . ( o, 1/0.08661
6 115,935

27.67 x 10

where o, is in psi, Table 3 contains cyclic stress-strain properties
of SA 186-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 effects commonly found in many low carbon steels
(Ref, 34). 1In ordger for strain aging effects to occur, there must be
a sufficient quantity of carbon and/or other interstitial solute atoms
such as nitrogen in sclution. As the metal is cycled, dislccation
structures are formed, Low amplitude cycling produces 1{solated
dislocation cloud structures that contain a large proportion of small
loops from heavily-jogged screw dislocations, whereas high smplitude
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Table 5 Fatigue Life Data For Smooth Specimens of SA 106-B Steel
tested in 288°C (552‘?) Air at 1.0 Hg and R = -1.00; Elastic

1%

Modulus: 109.8 x 10° MPa (27.6/ x 107 psi).

Specimen Net Section Strain Pseudostress Cycles

Stress Amplitude Anmplitnde Amplitude to

: Failure

(MPa) (ksi) (MPa) (ksi)
ZrP11-17 468 67.8 0.0041 782 113.4 2,300
ZP11-109 538 78.1 0.0089 1698 246.3 540
ZP11-70 443 64.3 0.0037 706 102.4 3,670
Zrll-14 356 51.6 0.0021 401 58.1 30,200
ZP11-56 424 61.5 0.0029 553 80.2 9,:00
ZP11-28 463 67.1 0.0046 878 127.3 2,400
ZrPll-11 427 62.0 0.0030 572 83.0 6,600
ZP11-21 492 71.4 0.0059 1126 163.3 745
ZPL1-60 525 76.2 0.0051 973 141.1 1,260
ZP11-74 375 S4.4 0.0022 420 60.9 32,370
ZP11-9 329 47.7 0.0018 343 49.8 308,800
ZrPi:-133 536 77.7 0.0099 1888 273.9 430

ZrPl1-131 591 85.7 0.0130 2480 359.7 205




The most striking feature in Figs. 22 and 23 is the difference in
slope of the curves at each test temperature, At high strain ampli-
tudes, the 2£8°C data exhibit lower lives to failure than do specimens
tested at 24°C, However, _specimens tested at strain anplitude,
smaller than roughly 2 x 1073 exhibited the opposite effect. At 10
cycles, SA 106-B exhibited a fatigue 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.

Fatigue strength effects from dynamic strain aging depend on events
occurring within the regions of active slip (PSB's) since, during
fatigue cycling, almost all of the applied strain is accomodated by
dislocation movement within the PSB's (l'ef, 36). 1f 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 effects are large, dislocation locking by dissolwved carbon atoms
in the regions of nigh dislocation density (outside the PSR's) further
increases the dislocation density within the PSB walls. The P<B's
then become narrow and sharply defined. As a consequence, slip
activity becomes highly localized and the local plastic strains within
these areas increase in magnitude. Crack nucleation susceptibility
within the narrowed PSB's is therefore enhanced.

However, the mobile dislocations remaining within the PSB's must be
constrained in order to cause enhancement {n fatigue strength
(Ref, 38). This 1s accomplished by the formation of stable carbides
within PSB's, Carbon tends to form carbides with iion, mangarese, and
nitrogen whea the reaction kinetics are favorable. When plain carbon
steels are cooled rapidly from the austenitic temperature range much
of the carbon i{s trapped in solution and i{s available for carbide
formation. Strain aging has been found to cccur at temperatures rang-
ing from just above room temperature to over 400°C (752°F)
(Refs. 39, 40)., This temperature range ‘acilitates mass transfer of
carbon atoms either by diffusion from one interstitial site to the
next, or Dby "pipe" diffusion through dislocaticn atmospheres
(Ref. 37). The resulting carbides can range in size, distribution,
and degree of coherency 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 aamplitude dislocation movement prevails,

mobile screw dislocations within the PSB's shear apart the continually
forming carbides, causing much of the available carbon to remain in
solution, thereby vesulting 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 107 ° 1is consistent with this
mechanism,

The interaction of PSB carhides with low amplitude dislocation move=-
ment is more complex, Fatigue strength enhancement due to strain
aging results when a uniform dispersion of the smallest noncoherent
carbides that resist dislocation shearing is formed (Ref., 37). The
amount of plasticity within the sharply defined PSB's is suppressed
when dislocation motion {s thus restricted. Studies performed by
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Fig. 25 Dotted line represents ASME Section Ill-style safety factors as applied to the mean data
curve of SA 106-B steel smooth specimens tested in 288°C (550°F) air.



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 expncted, 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 effect is observed at stress amplitudes that correspond
to lives shorter than lO3 cycles. This phenomenon has previously been
observed in ductile steels (Ref., 41).

The value for baseline notch factor (K;) can be determined for 107
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
K. are considerably less then Kt' owing to the ductile nature of SA
106-B steel.

4.3 Neuber Analyuis

Interpretation of the notched specimen data using different versions
of the Neuber formula which included K, or Kf, use of the Neuber
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, 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) Use of K, in Neuber's rule 1in conjunctlon with the uniaxial
cyclic stress-strain law: The results for K, = 2 data correlate
well with the smooth specimen data but the K, = 3 and K, = 6
data yleld strain amplitudes which are larger than those of

smooth specimen data. The K, = 6 data predicts strain
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 strain
cyclic stress~strain law: Again, the results for the Kt = 2
data correlate well with the smooth specimen data. The Kt =3

data fell above the smooth spec men data, Data of Kt = 6

yielded strain amplitudes much dgher {n 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

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).
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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, K¢ Net Section Cycles
Stress Amplitude td
Failure
(MPa) (ksi)

K2~-1 2 1475 462 67.0 1,930
K2-2 2 1.75 577 83.7 425
K2-3 2 1.75 614 89.1 16%
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 2 175 219 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 .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 2545 1,740,500
K6-18 6 1.98 580 84,1 195
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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 With
the Uniaxial Cyclic Stress-Strain Curve
Specimen K Kf Notch Stress Notch Strain Pseudostress Cycles
Amplitude Amplitude Amplitude to
Failure
(MPa) (ksi) (MPa) (ksi)

K2-1 2 1.75 498 72.3 0.0069 1,311 190.2 i,930
K2-2 2 1.75 523 5.9 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 61.8 380,970
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
K32 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 629 913 222,550
K3-10 3 2:29 538 78.1 0.0133 2,534 367.5 435
K3-135 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 3&1 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
K6-18 6 1.98 543 78.8 0.0129 2,455 356.1 195







(c) Use of the K¢ in Neuber's rule in conjunction with the uniaxial
cyclic stress-strain law: These results provided the best
correlation for all methods taken into consideration. However,
the correlation still tended to be conservative 1in its
estimation of notch base strain amplitudes required tec cause
specimen fatigue failure when rompared to strain amplitudes
accumulated from smooth specimen data.

(d) Use of the K. in Neuber's rule modified for net section
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 K, 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 formulation
in conjunction with the uniaxial cyclic stress-strain curve. This
assessment was facilitated by comparing the local cyeclic strain vs.
cycles to failure data for notched specimens to strain-life data
acquired from smooth sprucimen testing as shown in Fig. 30. A key
assumption to this approacn is that the number of cycles necessary for
crack initiation is equal for both smooth and notched specimens {f the
cyclic strain histories are equal for each crack initiation site.
This assumption has been proven to be valic based on studies using
both smooth and notched aluminum and 1low carbon st-el 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-
mens having the sharpest (Kt = 8) notch.,

Although Neuber had originally intended that K, be used in conjunction
with his rule (Ref. 3), other investigators have modified Neuber's
rule to include K¢ 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, , and
either factor could conceivably be successfully used in the Neuber
formula, The results for K, = 2 specimens (Fiee. 28 = 30) supports
this claim for the case of b&unt notches. F.c sharp notches, Kg 1s
always less than Ky with larger discrepancies prevailing for more
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 Gowda, et al, (Ref. 42) suggests that the value of Kt becomes
invalid for inelastic strain amplitudes.
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Fig. 30 ASME Code rseudostress—life plots of both smooth and notched SA 106-B steel specimens.
Notch root strains, and hence, notch root pseudostresses, were estimated by using Kf in
Neuber's rule in conjunction with the uniaxial cyclic stress-strain curve.



























