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ABSTRACT

The local strains obtained from the best-known analytical approximations namely; Neuber’s rule, Equivalent Strain
Energy Density method, and linear rule, were compared with those resulting from finite element analysis. It was found
that apart from Neuber’s rule with the elastic stress concentration factor K;, all the aforementioned analytical
methods underestimate the local strains for all notch root radius, strain amplitudes levels, at room temperature and
550 °C. Neuber’s rule with K, slightly overestimates the maximum strains for lower notch root radius, namely 1.25
mm, at high temperature. Based on the analytically and numerically obtained notch root strains, the fatigue lives
were estimated using the Coffin-Manson-Basquin equation. Besides, a numerical assessment of fatigue lives was
made based on Brown-Miller and maximum shear strain multiaxial fatigue life criteria. It was found that all these
methods provide inaccurate fatigue life results for all notch root radius, strain amplitude level, and under both
temperatures conditions. Therefore, a new method was suggested, for which only the applied strain amplitude is
needed to calculate the fatigue life of notched components. It was revealed that the suggested-method provides a

good fatigue life prediction at a higher temperature loading state.

Keywords: Finite element analysis, 316 LN stainless steel, notched specimens, local strain approaches, low cycle
fatigue.
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1 Introduction

Engineering components such as shafts in vehicles, pistons in engines, and many other
mechanical parts are frequently subjected to cyclic loadings during their service, which makes
fatigue failures more common. Like any other type of failure, failure due to fatigue occurs in the
stress concentration regions as a result of discontinuities in the structures such as holes, grooves,
fillets, and welds, which are generally known as notches. The presence of the notches in a part
generates a multiaxial state of stress in the material and makes the fatigue life predictions more

complicated.

The estimation of the fatigue life of notched components completely relies on a reliable
determination of the stresses and strains components at the notch-root. The assessment of the
material response at the notch-tips could be made experimentally, numerically, or based on
analytical rules. Since the experimental determination of the local stress and strain is expensive
and laborious, numerical and analytical evaluations are more often used in the field of
engineering. The most commonly applied numerical tool for predicting the stresses and strains
for elastic-plastic behavior at the notch-tips is the Finite Element Analysis (FEA). This method has
proven to be efficient, reliable and sufficiently precise. Another kind of non-linear stress-strain
assessment consists of applying analytical approximations such as Neuber’s rule [1], and
Equivalent Strain Energy Density (ESED) method [2,3]. Over time, extensive research has been
conducted to evaluate the accuracy of the Neuber’s rule [1] and the ESED method [2,3] to predict
the strains in notched components. In general, it has been found that in the event of elastic-plastic

problems, the Neuber’s rule [1] overestimates the strains at the notch-tip, whereas the ESED
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relation [2,3] underestimates the local strains [4]. Substantial efforts have been made to improve
the accuracy of Neuber and ESED relations [1-3] for several materials, notch geometries, and
types of load. Particularly, Topper et al. [5] extended the Neuber’s rule to fatigue studies by
replacing the elastic stress concentration factor K: with the fatigue stress concentration factor Kj.
Hoffmann and Seeger [6] suggested a generalization of the Neuber’s rule [1] to multiaxial elastic-
plastic notch problems under monotonic and cyclic loading. To account for the general yielding in
the net section, Seeger and Heuler [7] introduced a generalized formula of Neuber’s rule that
accounts for various notch geometries and loadings. To consider the effect of the notch root
constraint, Fuchs and Stephens [8] proposed a modification of the cyclic Neuber’s rule [1] by
introducing an exponent noted m on the ratio Ag/ASK;, where Ao and AS are the local and
nominal stress range, respectively. Wang and Sharpe [9] re-examined the modified Neuber’s rule
suggested by Fuchs and Stephens [8] for aluminum specimens and found out that the modified-
version gives a better prediction of axial strains compared to the local strains predicted by the
original Neuber’s rule [1]. Based on the concept of the total strain energy density proposed by
Neuber [1] and the Equivalent Strain Energy Density envisaged by Molski and Glinka [2] and Glinka
[3], Moftakhar et al. [10] presented a method allowing the evaluation of the non-linear stress-
strain behavior at the notch tips in the case of multi-axial cyclic loading problems. Singh et al. [11]
suggested a method which enables the determination of the elastic-plastic strain at the notch tips
for structures under uniaxial or multiaxial nominal cyclic loads. More recently, Ye et al. [12]
demonstrated that the Neuber’s rule [1] is a particular case of the ESED method [2,3]; that is to
say when the plastic strain energy is ignored in the ESED method [2,3], both Neuber’s rule [1],

and the ESED method [2,3] become identical. Meanwhile, they developed a modified version of
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the ESED method [2,3] that considers the heat energy dissipated during one loading cycle instead
of the plastic strain energy in the local strain approach. Campagnolo et al. [13] carried out a
detailed theoretical and numerical study on the elastic-plastic behavior of three-dimensional
notched components under multiaxial cyclic loading, it was found that the obtained local strains
from FEA and that resulted from Ye et al. [12] suggested method are well correlated. A modified
version of the ESED method [2,3] was also introduced by Li et al. [14], where a factor of (1+ve)/
(1+vef) was incorporated to modify the heat energy included in the ESED equation [2,3], where
Ve and vesr are the elastic and the effective Poisson’s ratio respectively. This method was proven
to be valid for monotonic, and uniaxial Low Cycle Fatigue (LCF) loads. Zhu et al. [15] proposed a
modification in the ESED method [2,3] by including the effective Poisson’s ratio ves to correct the

dissipated heat energy in the original ESED equation [2,3].

In addition to the Neuber’s rule [1], and the ESED method [2,3], Barkey et al. [16] developed an
analytical approach to determine the non-linear local strains for isotropic notched materials
undergoing a multiaxial cyclic loading state, relying on the notion of the structural yield surface.
This method counts on the anisotropic plasticity theory to establish the structural yield surface in
nominal stress space that combines the isotropic material properties and the anisotropic
geometry factors of notch [16]. Based on the same concept, Kottgen et al. [17] suggested two
related approaches namely, the pseudo-stress and the pseudo-strain approaches, which can be
applied for low cycle fatigue uniaxial and multiaxial nominal loads problems. Over time, many
research studies have been conducted to correct the inaccuracy of Kottgen et al. [17], in
particular, Hertel et al. [18] modified the Kottgen et al. [17] method by applying Jiang’s plasticity

model [19] to improve the stress-strain assessment for low cycle fatigue multiaxial loading. Most
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recently, Firat [20] introduced a new model based upon the Chaboche cyclic plasticity relation
[21] to determine the multiaxial strains of notched specimens under tensile and torsion loadings
for 1070 steel. In reliance on the multiaxial Radial Return Method, Antoni [22] suggested a new
method to assess the multiaxial elastic-plastic behavior at the notch. This method can be applied

to analytical elastic problems and complex three-dimensional elastic-FE analyses.

The 316 LN Stainless Steel (SS) is one of the most widely used materials in engineering practice,
especially in liquid metal cooled fast breeder reactors, owing to high corrosion resistance and
excellent mechanical properties [23]. Over the years, extensive research studies have been made
to examine the low cycle fatigue of smooth specimens made of 316 LN SS in different
environments and at various temperature loading conditions [24-28]. More recently, Abarkan et
al. [29] studied the low cycle fatigue behavior of smooth cylindrical specimens made of this
material at room temperature conditions, by mean of different numerical and analytical methods.
Due to inaccuracy of predicted lives obtained from some analytical models, they proposed new
parameters to correct the disparities between the analytical results and the experimental data.
Nevertheless, little research exists in the literature on the low cycle fatigue behavior of notched
samples made of 316LN SS [30,31]. Therefore, it is important to investigate the ability of notched
specimens made of 316 LN stainless steel in withstanding uniaxial cyclic loadings, when both the
net section and the notch root are under a plastic loading state, in both room and higher
temperatures.

The conventional way for evaluating the fatigue life of components with notches consists of first
determining numerically or analytically the local stress-strain at the notch root, then calculating

the fatigue life using the commonly known strain-life equation with the fatigue data associated
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to smooth samples. However, this method is lengthy and tedious. Moreover, any inaccurate
prediction of local strain at the notch root will lead to erroneous fatigue life. The present work
aims to establish a new method that allows the estimation of low cycle fatigue life using the
nominal strain as an input parameter instead of using local strain to predict fatigue life using the
Coffin-Manson-Basquin equation [32-34]. This method has been examined for samples made of
316LN stainless steel at room temperature and 550 °C with different U-notch root sizes. It has
been revealed that the obtained LCF life results correlate well with the experimental ones
obtained by Agrawal et al. [31] at a high-temperature state. A comparison of the local strains
obtained from analytical methods namely, the Neuber’s rule [1,5], the ESED method [2,3] and the
linear rule [35] with those obtained from FEA was made, and the cyclic life was determined using
the Coffin-Manson-Basquin equation [32-34]. Based on the numerical evaluation of the local
strains, an attempt was made to predict the fatigue life using multiaxial strain-life equations
specifically, Brown-Miller [36] and maximum shear strain life [37] criteria both with Morrow mean

stress correction [38].

2 Experimental Details

Agrawal et al. [31] carried out a uniaxial fully reversed (R, = —1) low cycle fatigue experiment
on twenty-four specimens, at room temperature and 550 °C. The test was conducted on six plain
specimens; three were tested at room temperature, and the other three were tested at 550 °C.
The remaining eighteen specimens were circumferentially notched ones, with a different notch
root radius of 1.25, 2.5, and 5 mm, and a constant notch root depth of 1.465 mm. Nine of them
were tested at room temperature, and the other nine were tested at 550 ° C. The plain, and the
notched specimens with a gauge length of 28 and 10 mm gauge diameter were loaded at a
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constant strain rate of 3 X 1073 s, at various strain amplitudes namely, + 0.4, + 0.6, and  0.8%.
Figure 1 and Figure 2 depict the geometry and the dimensions of plain and notched specimens,

respectively.

3  Finite Element Analysis

Smooth and notched specimens subjected to fully reversed uniaxial cyclic loading were modeled
using finite element analysis on ABAQUS/Standard software [39]. The 2D-axisymmetric model
that represents the gauge section of the smooth and notched specimens, has a 5 mm radius and
a 12.5 mm in height, was meshed using the CAX4R elements, which are 4-node bilinear elements
with reduced integration and hourglass control, generally used in axisymmetric finite element
stress studies, and for simulation involving large-strain analysis. Mesh refinement technique was
employed near the notch roots as seen in Figure 3(a) to ensure accurate prediction of elastic
stress concentration factor as well as the local stresses and strains. Symmetry boundary
conditions were applied along the gauge length and the gauge diameter. The prescribed
displacement model was implemented on the top edge of the FE model, as illustrated in Figure
3(b), and the predefined temperature was applied and fixed at 550 °C for isothermal low cycle
fatigue analysis. The material properties implemented in the ABAQUS [39] are represented in

Table 1 for both temperatures.

4 Results and Discussion
4.1 Cyclic Stress-Strain Behavior
Since the experimental hysteresis loops are not provided by Agrawal et al. [31], a FE simulation

with the same characteristics mentioned in section 3 was performed on a modified 9Cr-1Mo steel
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[40], and the numerical model was validated, by comparing the numerical hysteresis loops with
the experimental ones given by Veerababu et al. [40]. Figure 4 shows a comparison between the
numerical and the experimental stress-strain curve for a plain specimen with the same geometry
and dimensions represented in Figure 1, and subjected to £ 0.3, and + 0.8 % strain amplitudes, at
550 °C. As it can be observed, the numerically obtained hysteresis loops match well with
experimental ones, which indicates that the FE model is totally correct. It should be pointed out
that the FE model was simulated using Chaboche material parameters [41] provided by
Veerababu et al [40]. More details about the material model implementation are mentioned in
Abarkan et al. paper [29]. Figure 5 depicts the local stress-strain behavior (i.e. at the notch-tip)
obtained from the current FEA simulation and the one carried out by Veerababu et al. [40] for a
specimen with the same shape and dimensions shown in Figure 2-(a) under +149.95MPa nominal
stress amplitude and at 550°C temperature level. As it can be noticed, the numerically obtained
local stress-strain curves using FE analysis are in good agreement with the one found numerically
by Veerababu et al. [40]. As Chaboche parameters are not provided by Agrawal et al. [31] for
316LN SS, Ramberg-Osgood material model [42] was implemented in FE simulations to determine

the maximums strains and subsequently the cyclic life.

It should be pointed out that the analysis of the cyclic stress behavior (i.e. maximum stress vs the
number of cycles) of smooth samples under different imposed strain amplitudes, at room
temperature and 550 °C, revealed that the present study used material shows initial cyclic
hardening succeeded by cyclic softening, and then saturation before final failure occurs. The initial

cyclic hardening was observed to be significant for higher number of cycles at 550 °C than at room
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temperature. Besides, at both temperatures, it was found that the range of initial hardening

exhibited by this material decreases with the decrease of strain amplitude [31].

4.2 Notch-Root Strains Assessment
The local strains were determined using four different analytical approximations, namely,
Neuber’s rule with elastic stress concentration factor K;[1], Neuber’s rule with fatigue stress
concentration factor K¢[5], ESED or Glinka’s method [2,3] and the linear rule [35], as well as using

the FEA.

Neuber’s rule with K; [1] relates the local stress range Ag and the local strain range Ae with the

nominal stress and strain ranges AS and Ae, respectively, as follows:

AcAe = KZASAe (1)
This equation can be solved for local strains by using the following Ramberg-Osgood equation

[42].
S
pe="2+2(50)" @)
where K’ and n' are, respectively, the cyclic strength coefficient and the cyclic strain hardening

exponent, and E is Young’s modulus of the material. By substituting (2) in (1), one can obtain the

following equation:

L

Ao? Ao \n'
——+ 240 <ﬁ) = K2ASAe (3)

In the case of a plastic net section (i.e. the applied stress is more than the yield stress of the SS),
the nominal strain range Ae is related to the nominal stress range AS, by Ramberg-Osgood

equation [42] as follows:
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1

AS AS \77

Ae = — + 2 ([— (4)
e=fF T (21«)

Thus Eq. (1) and (3) take the following form respectively.

1
AS? AS \='
AcgAe = K? -+ 2KZAS (ﬁ) (5)
1 1
AUZ N 2A <AO' )n’ _ KZ ASZ n ZKZAS ( AS )TL’ (6)
E k) THTE t 22\ g7

For a given nominal stress range AS, the local stress range Ao can be obtained from Eq.(6), and

then the local strain range Ae from Eq.(5).

Neuber’s rule with Ky proposed by Topper et al. [5] consists of replacing the elastic stress
concentration factor K; with the fatigue stress concentration factor K¢. The expression of Ky,

which was suggested by Peterson [43], is as follows:

K; =1+ (K, — Dq (7)

where q is the notch sensitivity factor, and it is expressed as follows [43]:

1
= 8
=717 o/ (8)
7 is the notch root radius, and p depends on material properties [43]:
2070y\*"®
p= 0.0254( ) (9)
Sy

where §,, is the ultimate tensile strength in MPa, and it is equal to 646 and 504 MPa, at ambient

temperature and 550°C, respectively [31].
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The values of the fatigue stress concentration factor Ky obtained from Eq.(7) are listed in the
Table 2 for notch root radius of 1.25, 2.5, and 5 mm. The values of the elastic stress concentration
factor K;, which is defined as K; = a/S = ¢/e (0,¢, S, and e are the local stress, the local strain,
the nominal stress, and the nominal strain, respectively) have been found by performing an elastic

FEA using ABAQUS software, and are summarized in the same table (i.e. Table 2).

On the other hand, the elastic strain energy density equation for fatigue problems proposed by

Molski, and Glinka [2], and Glinka [3] is defined by as:

Ac?  4Ac (Aa

1
W 2 (10)
E w1 21(') KiAShe

For a plastic net section, Eq. (10) becomes as:

1

1
Ac?%  4AAo /Ao \W AS? AS \7'
+ = K2 — + 2K2AS (—) (11)
E n'+1 (21(') t t 2K’

E
Thus, for a given nominal stress range AS, one can calculate the local stress range Ag from (Eq.

(11), and the local strain range can eventually be found using Ramberg-Osgood equation (Eq. (2))

[42].

The linear rule [35] assumes that the elastic stress concentration factor K; is the ratio of the local

strain range Ae and to the nominal strain range Ae:

As = K, Ae (12)

For a given Ae and K;, one can easily obtain the local strain range A¢ using Eq. (12).

The local strains obtained from the analytical approximations have been compared with those

found from FE simulations. Figure 6 and Figure 7 illustrate the local strains of specimens with
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notch root radius of 1.25, 2.5, and 5 mm under £ 0.4, £ 0.6, and £ 0.8% strain amplitudes, at room
temperature and 550°C respectively. At room temperature conditions, it can be observed that
Neuber’s rule with K;[1] underestimates the local strains for all notch root radius sizes and strain
amplitudes. However, at higher temperature condition, it somewhat overestimates the local
strains for lower notch radius sizes and underestimates the strains at higher notch radii. At normal
and high temperature conditions, Neuber’s rule with K¢[5], and ESED method [2,3] underestimate
the maximum strains for all notch root radius sizes and strain amplitudes. However, the resulted
relative error using the Neuber’s rule with K¢[5] is less significant than those obtained using the
ESED method [2,3] for all notch root sizes. For example, at room temperature, when the applied
nominal strain is £ 0.6%, and the notch root radii is 2.5 mm, the obtained relative error using
the Neuber’s rule with K¢ [5] and the ESED method [2,3] is -30.93 and -45.59% respectively. As it
was expected, Neuber’s rule with K; [1] always predicts higher local strains than the ESED method
[2,3], differently stated, the local strain results obtained from Neuber’s rule [1] show close
agreement with those found from FE analysis, while the local strain results resulted from the ESED
method always lie below those provided from Neuber’s rule, this is due to the presence of an
extra-factor 2/(1 + n") in the Eq. (11) for ESED method [2,3] as compared with Neuber’s rule
with K, [1] presented by Eq.(6). Since the value of n' is always less than 1, the local strains
calculated by the ESED method [2,3] are subsequently lower than those obtained by Neuber’s
rule with K; [1]. From another aspect, Ye et al. [12] explained the disparities between these two
methods [1-3] due to the fact that in the Neuber’s relation [1], the dissipation of the plastic strain
energy at the notch root is neglected i.e. it always equals to zero, and larger than zero in the case

of ESED relation [2,3], as a result, Neuber’s rule [1] will always lead to higher local strains
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compared to the ones resulted from the ESED method [2,3]. The linear rule [35] also
underestimates the local strain for all applied loads at both temperatures and all notch root
radius. The relative error increases slightly as the strain amplitude increases. For instance, for a
notch root radii of 2.5 mm, the relative error increases from -57.3 to -59.1 % and -37.3t0-42.1 %
at room temperature and 550 °C, respectively. As it can be seen from Table 3, the relative error
is higher at room temperature than at high-temperature, and for large notch root radius than for

small notch radius.

4.3 Fatigue Life Estimation
In this section, fatigue lives will be evaluated using uniaxial low cycle fatigue method, specifically
the Coffin-Manson-Basquin equation [32-34], and using multiaxial low cycle fatigue criteria, in
particular, Brown-Miller [36] and maximum shear strain life equations [37] along with Morrow

mean stress correction technique.

4.3.1Fatigue Life Estimation Based on Uniaxial Low Cycle Fatigue Method
Long ago, Basquin [33] suggested the following stress-life relationship:

!

Ag, O
=2 @)Y (13)

On the other side Coffin [31] and Manson [32] separately introduced the following strain-life

equation:

Ae
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where Ag, and Ag, are respectively the elastic and plastic strain ranges, a]i is the fatigue strength
coefficient, e} is the fatigue ductility coefficient, b is the fatigue strength exponent, ¢ is the

fatigue ductility exponent and Ny is the fatigue life.

Thus, the total strain range A¢; can be related to the fatigue life Ny by the Coffin-Manson-Basquin

equation [32-34] as follows:

Ae,  Ae, Ag, o b
T = T + T = E(ZNf) +£f(2Nf)C (15)

The experimental and predicted fatigue lives based upon the calculated total local strains
obtained from Neuber’s rule with K;[1], Neuber’s rule with K¢[5], ESED method [2,3], linear rule
[35], and FEA are plotted in log-log scale, as depicted in Figure 8 and Figure 9 for room
temperature and 550 °C respectively. In comparison with the experimental fatigue lives, it should
be pointed out that the fatigue lives estimated at room temperature generally have less relative
error compared to the fatigue lives obtained at the high temperature condition. In addition, the
predicted fatigue lives using the local strains from Neuber’s rule with K; [1] are very conservative,
especially at higher temperature level, where the relative error is =94.5% for 2.5 mm notch root
radii and £ 0.6% strain amplitude. On the other hand the relative error is only —49.1% at room
temperature for the same notch root radius and strain amplitude level. The expected fatigue lives
based on the local strains calculated from Neuber’s rule with K¢[5] have also led to much-
underestimated results, mainly at 550°C. The relative errors for a notch root radius of 2.5 mm,
and £ 0.6% strain amplitude at room temperature and 550 °C are —40.2 and -90.8%, respectively.
However, the relative errors between the calculated fatigue lives from Neuber’s rule with K; [1],

and the experimental ones are more relevant than the relative errors between the estimated
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fatigue lives from Neuber’s rule with K¢ [5] and the experimental life data. On the other hand,
the fatigue lives obtained from the ESED method [2,3] are conservative at high temperature for
all notch root sizes, and room temperature for 1.25 mm notch size. Nonetheless, ESED method
has generally resulted in non-conservative estimation for 2.5 and 5 mm notch root radii under
room temperature condition, for some strain amplitude levels. By way of example, the relative
errors at + 0.8% strain amplitude are 10.2 and 12.1 % for 2.5 and 5 mm, respectively. Despite that
the obtained fatigue lives using the linear rule [35] are conservative at 550 °C, with a maximum
relative error of -80.9% for 5 mm notch root radius, under + 0.8% strain amplitude condition, the
resulting fatigue lives using this rule are non-conservative at room temperature with a maximum
relative error of 96.88 % . The fatigue lives estimated from the numerically obtained local strains
(FEA) are very conservative for room and elevated temperature, with a maximum relative error
of -82.07 and —96.43 % at room temperature and 550°C, respectively. In Table 4 are illustrated
the values of the relative error between the predicted fatigue lives using the local strain
approximation methods and the experimental ones as a function of temperature, applied strain
amplitude and notch root radius. Overall, the calculated fatigue lives based on the local strains
from the linear rule [35] are the closest to the experiment at high-temperature, and the fatigue
lives found using the maximum strains from the ESED method [2,3] are the most realistic at room

temperature loadings.

4.3.2Fatigue Life estimation Based on Multiaxial Low Cycle Fatigue Methods
Since the presence of discontinuities in a component develops a multiaxial state of stress near
the notch root, attempts have been undertaken to assess the fatigue life using multiaxial low cycle

fatigue life methods, such as Brown-Miller and maximum shear strain life criteria. In the first
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place, the cyclic stress-strain data for each notch root radius, strain amplitude level, and
temperature conditions were imported from ABAQUS [39] into Fe-Safe fatigue software [44]. As
the fatigue cracks usually initiate on the surface [45], the nodal values of the FE-model were
selected, and the elastic-plastic block was created to take into consideration the elastic-plastic
behavior of the material. The static and the cyclic properties of 316 LN SS listed in Table 1 were
implemented in the material databases in Fe-safe. The Brown-Miller [36] and maximum shear
strain life [37] criteria along with the Morrow mean stress effect [38], i.e. Eq.(16) and Eq.(17)

respectively were independently opted as algorithms in Fe-Safe for fatigue analysis.

Ay Ag, If — Om b ¢
by bey o .y 16
< 2 2 >max 1.65 ———(2Ny)"+1.75¢7 (2Ny) e
A g —o
e 3% s w

where Ag, is the strain range normal to the maximum shear strain plane, Ay,,q4,is the maximum

shear strain range, and g, is the mean stress.

Figure 10 and Figure 11 represent the strain-life curves obtained from Brown-Miller [36] and
maximum shear strain life [37] methods as well as the experimental data for specimens with
notch root radii of 1.25, 2.5 and 5 mm at strain amplitude ranging from + 0.4 to + 0.8% at room
temperature and 550°C respectively. As can be noticed, both criteria drastically underestimate
the fatigue lives for all notch root size, all strain amplitude levels, and at both temperature loading
conditions. The relative error is more significant at high-temperature than that at room
temperature. The two criteria provide approximately the same relative error, with a slight
increase in the relative error of 2.2 % on average when calculating the cyclic life based on

the Brown-Miller approach [36]. Forinstance, in the case of a specimen with 2.5 mm notch radius,
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subjected to + 0.6% nominal strain amplitude, the relative errors using Brown-Miller [36] and
maximum shear strain life [37] equations are -83.60 and -80.40 % respectively at room
temperature, whereas at 550°C, the relative errors are -97.25 and -96.33% respectively. For the
maximum shear strain life method [37], the relative error increases as the strain amplitude
increase for all notch root size at higher temperature loading conditions. The same trend was

observed at 550°C when using Brown-Miller method [36].

As it is noticed from Table 4, the fatigue lives obtained from both uniaxial and multiaxial low cycle
fatigue life methods are inaccurate for all strain amplitude levels, all notch root radius and at both
temperatures. This is due to the fact that the fatigue life is very sensitive to the calculated local
strain, and any imprecise value of the notch strains will lead to an incorrect fatigue life estimation.
Therefore, it is important to suggest a new method that allows the determination of the fatigue

life using the nominal strain as an input parameter instead of the local strain.

4.3.3 Fatigue Life Estimation Based on the Proposed Method
In analogy with the elastic stress concentration factor [35], in the plastic range (i.e. plastic net
section and plastic notch), one can assume that, under cyclic loading condition, the plastic stress
concentration factor Kp4s:c is the ratio of the plastic strain range at the notch root Ag, to the

plastic strain range developed in the net section Ae,,:

Aey,
Kplastic = E (18)
14

According to Ramberg-Osgood [42], the local plastic strain range Ag,, and the nominal plastic

strain range Ae,, can be expressed as follows:
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1 1
Ag \n' AS \w
_ (2% (19) _ (_) (20)
Asp 2(21{’) Aep 2 oK

Substituting Eq. (19) and (20) in (18), one can obtain the following expression:
1
Kplastic = (%)n (21)
On the other hand, for Masing materials the plastic strain energy at the notch root AW}, and the

plastic strain energy in the net section AW, are defined by the following equations [46].

1—-n' 1—-n'
= AcAeg, (22) AW, = 7 AShey (23)

AW, =
P14

Substituting Eq.(19) and (20) in (22) and (23) respectively, we get the following equations:

1 1
1—-n' Ao\ 1-—n' AS \7'
_ (24) - <_) (25)
Al =2 (1 n n'> Ao (21«) =2\ )~ e

Rearranging Eq.(24) and (25), one can obtain:

n' n'

po = @y (=" )T 26) a5 = gy (— T apy )T (27)
= n+1 | ——m  —— = "n'+1 | —0 —— !
o= QKO gy AW @R\ =y M

By substituting eq.(26) and (27) in (21) and rearranging, we get:

1
Kpiastic = % mn (28)
ptiastic Am/p]
On the other hand, based on the Coffin-Manson [32,33] and Basquin [34] equations we have:

Ac = 207 (2Ny)? (29) AS = 207 (2Nf)? (30)

Mgy, = 2e¢(2Nf)¢ (31) Ae, = 2e£(2Nf)° (32)

PVT-20-1150 18 Ikram Abarkan



Journal of Pressure Vessel and Technology

where Ny and Nf' are the fatigue life for notched and plain specimen respectively. Thus, by
replacing Eq.(29) and (31) in (22), and Eg.(30) and (32) in (22) and (23) respectively ,one can obtain

the following expressions:

!

AW, = 4 =) e 2N, b (33) AW/ =4 1= 2N (34)
P 14+n O-fgf( f) P 1+n' O'fo( f)

Substituting Eq.(33) and (34) in (28) and rearranging, we obtain:

b ! 1b+c
Ne"* = KpiasicNf (35)
By determining the fatigue life of plain specimens using the Eq.(15), one can easily calculate the

fatigue life of notched specimens using Eq.(35) under the same strain amplitude level. Where

Kpiastic can be identified using the following Stowell’s equation [47].

E
Kplastic =1+ (K. —1) Es (36)

where E is the secant modulus at a point of maximum stress, and it was determined using the

following equation [47].

o E
—=142= 37
S i (37)

The obtained values of E; from FEA are listed in Table 5, for each notch root size, strain amplitude
level, and temperature loading. The calculated values of Kp;4:;c for 316LN stainless steel are also

shown in the same table (i.e. Table 5).

In the absence of the experimental fatigue data i.e. the fatigue strength exponent b and the

fatigue strength exponent ¢, Morrow [48] suggested the two following approximations:

PVT-20-1150 19 Ikram Abarkan



Journal of Pressure Vessel and Technology

-n -1’

b = (38) c~ (39)
14 5n’ 14+ 5n’
And Eqg. (35) becomes as follows:
_ —(1+57’l,) 1]
Nf - Kplastic Nf (40)
By substituting Eq.(40) in (15) and rearranging, one can obtain the following expression:
b c
As, Ae, Aeg, of 2N 2N
_t=_e+_p=_f —f, +E; —f, (41)
2 2 2 E\ g-G+sn) —(1+5n")
plastic plastic

Thus, for a given nominal strain amplitude (i.e. Ag;/2 ), one can swiftly predict the fatigue life of

a notched specimen using Eq.(41).

The calculated fatigue lives applying Eqg. (35), along with the temperature dependent material
parameters provided in Table 1, are represented in Figure 12 and Figure 13 for room temperature
and 550°C, respectively. As evidenced, the suggested equation provides a better fatigue life
prediction at elevated temperature and inadequate estimation at room temperature with an
average relative error of -16.87 and 406.19%, respectively. The discrepancies between the
estimated and the experimental results at ambient temperature are due to the fact that the
316LN SS exhibits a non-Masing behavior under this temperature loading condition, particularly
at higher nominal strain amplitudes [25,49].Nerveless, this type of steel generally follows a
Masing behavior at higher temperatures and nominal strain amplitudes level [49]. Moreover, as
observed in Table 4, the suggested method provides a better fatigue life estimation at a high
temperature compared to all the methods applied previously. For instance, for a specimen with
2.5 mm notch root radius, subjected to + 0.6% nominal strain amplitude, the resulted relative

error is only -8.72%. While the ones obtained from the uniaxial strain-life equation [32-34] using
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the local strains found from Neuber’s rule with K; and K¢ [1,5], ESED method [2,3], linear rule [35]
and FEA are -94.50,-90.80, -89.45, -79.82 and -94.95 % respectively, and from the multiaxial
strain-life equations Brown-Miller [36] and Maximum Shear strain methods are -97.25 and -
96.33% respectively. It is worth to mention that the concept of non-Masing behavior is not
addressed in this study, because, on the one hand, the equations of non-Masing analysis are
complicated to be solved analytically, on the other hand, there is lack of experimental data in the

literature to justify such a problem.

5 Conclusions

The local strains were estimated for cylindrical notched specimens made of 316 LN SS, with notch-
root radius of 1.25, 2.5 and 5 mm, and subjected to strain amplitudes ranging from * 0.4 to +
0.8%, atroom and elevated temperature by using various analytical approximations, this includes
Neuber’s rule with K; [1], Neuber’s rule with K¢ [5], ESED method [2,3] and linear rule [35]. Based
on the obtained local strains, the fatigue lives were predicted using the uniaxial strain-life
equation [32-34] and the multiaxial low cycle fatigue equations [35,36]. The following conclusions

can be made:

- A comparison of the local strains obtained from the better-known analytical
approximations [1-3,5,35] with those found from FEA revealed that Neuber’s rule with K
[5], the ESED method [2,3], and the linear rule [35] underestimate the local strains, for all
notch root radius, strain amplitude level and at both temperature loading conditions.

However, Neuber’s rule with K; [1] overestimates the local strains at lower notch size,
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namely at 1.25 mm under high temperature condition, while it underestimates the local
strains at 2.5 mm and 5 mm at 550 °C, for all notch root radius at room temperature.

- The estimated fatigue lives based on the Manson-Coffin-Basquin equation [32-34], by
using the numerically and analytically obtained local strains are inaccurate for all notch
root radius, strain amplitudes and at both temperatures.

- The predicted fatigue lives from Brown-Miller [36] and Maximum Shear Strain [37]
equations using Fe-safe software [43] showed that, in comparison to the experimental
data, both multiaxial-low cycle fatigue criteria significantly underestimate the fatigue life
results.

- The proposed method provides a better fatigue life prediction at higher temperature
compared to all other methods for all notch root radius and under all applied strain
amplitude. Nerveless, this method is not suitable for specimen made of 316LN SS loaded
at higher nominal strain amplitudes, under room temperature loading condition, because

this material exhibits a non-Masing behavior under this loading state.
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NOMENCLATURE
FEA Finite Element Analysis
ESED Equivalent Strain Energy Density
S Stainless Steel
LCF Low Cycle Fatigue
K; Elastic stress concentration factor
K Fatigue stress concentration factor
Ao Local stress range
Ae Local strain range
K’ Cyclic strength coefficient
n' Cyclic strain hardening exponent
Young’'s modulus
Ae Nominal strain range
AS Nominal stress range
q Notch sensitivity factor
r Notch root radius
p Parameter depends on material properties
o Local stress
€ Local strain
S Nominal stress
e Nominal strain
Su Ultimate tensile strength
Ae, Elastic strain range
Ae, Plastic strain range
aji Fatigue strength coefficient
s]i Fatigue ductility coefficient
b Fatigue strength exponent
c Fatigue ductility exponent
N¢ Fatigue life of notched specimen
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Ag, Strain range normal to the maximum shear strain plane
AVmax Maximum shear strain range
Om Mean stress
Kpiastic Plastic stress concentration factor
Ae, Nominal plastic strain range
AW, Plastic strain energy at the notch root
AW, Plastic strain energy in the net section
Nf' Fatigue life of plain specimen
E; Secant modulus at a point of maximum stress
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Figure Captions List

Fig. 1 Shape and dimensions of smooth specimens (all dimensions are in mm).

Fig. 2 Shape and dimensions of (a) notched specimens, with different notch root
radius, (b) 1.25 mm, (c) 2.5 mm, and (d) 5 mm, (all dimensions are in mm).

Fig. 3 Finite element modeling of a 2D-axisymmetric part with 2.5 mm notch
root size, (a) mesh refinement, and (b) boundary conditions and loading.

Fig. 4 A comparison between the experimental hysteresis loops found by
Veerababu et al. [40], and the ones obtained from FEA for a plain specimen
made of 9Cr-1Mo steel, under (a) £ 0.3 %, and (b) £0.8 % strain amplitudes,
at 550 °C temperature loading.

Fig. 5 A comparison between the first hysteresis loop at the notch-root,
obtained from the current FE simulation and the one resulted from
Veerababu et al. [40] FEA, for a notched specimen with 2.5 mm notch root
radius, under *149.95 MPa nominal stress amplitude, at 550 °C

temperature loading.

Fig. 6 Comparison between the elastic-plastic strains obtained from FEA and the
analytical methods for different strain amplitudes at room temperature

for (a) 1.25 mm, (b) 2.5 mm, and (c) 5 mm notch root radii.
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Fig. 7 Comparison between the elastic-plastic strains obtained from FEA and the
analytical methods for different strain amplitudes at 550 °C for (a) 1.25

mm, (b) 2.5 mm, and (c) 5 mm notch root radii.

Fig. 8 Comparison between the experimental and estimated fatigue life from the
uniaxial fatigue life method for different strain amplitudes at room
temperature for (a) 1.25 mm, (b) 2.5 mm, and (c) 5 mm notch root radii.

Fig. 9 Comparison between the experimental and estimated fatigue life from the
uniaxial fatigue life method for different strain amplitudes at 550 °C for (a)

1.25 mm, (b) 2.5 mm, and (c) 5 mm notch root radii.

Fig. 10 Comparison between the experimental fatigue life and the fatigue life
obtained from Brown-Miller and Maximum shear strain methods for
different strain amplitudes at room temperature for (a) 1.25 mm, (b) 2.5
mm, and (c) 5 mm notch root radii.

Fig. 11 Comparison between the experimental fatigue life and the fatigue life
obtained from Brown-Miller and Maximum shear strain methods for
different strain amplitudes at 550 °C for (a) 1.25 mm, (b) 2.5 mm, and (c)
5 mm notch root radii.

Fig. 12 Comparison between the experimental fatigue life and the fatigue life
obtained from the proposed method for different strain amplitudes at
room temperature for (a) 1.25 mm, (b) 2.5 mm, and (c) 5 mm notch root

radii.
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Fig. 13 Comparison between the experimental fatigue life and the fatigue life
obtained from the proposed method for different strain amplitudes at 550

°C for (a) 1.25 mm, (b) 2.5 mm, and (c) 5 mm notch root radii.
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Table 1: Static and cyclic properties of 316LN SS at room temperature, and 550 °C [31].

Cyclic Fatigue
Yield Cyclic Fatigue Fatigue fatigue
Young's strain strength
strength strength strength ductility ductility
Temperature | modulus hardening | coefficient
S, coefficient exponent | coefficient | exponent
E (GPa) exponent of )
(MPa) K'(MPa) b & c
n' (MPa)
Room
200 268 1393 0.275 2636 —0.22 0.6501 —0.541
Temperature
550 °C 155 117 2267 0.354 1359 —0.161 0.08453 —0.394
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Table 2: The obtained values of K., and K at different notch root radii for 316LN SS.

PVT-20-1150

r (mm) K; K¢
1.25 3.91 3.31
2.5 3.13 2.89

5 2.62 2.52
34
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Table 3: Relative error values between the analytical and numerical obtained local strains under
each applied strain amplitude for notch root radii of 1.25, 2.5, and 5 mm, at room temperature
and 550 °C.

Relative error % = (% - 1) x100%
Notch root Nominal Strain
Temperature radius amplitude

(mm) % Neuber K: Neuber Kf ESED Linear rule

04 -9.69 -23.90 -29.55 -55.35

1.25 0.6 -10.00 -24.21 -35.10 -56.35

0.8 -10.59 -24.74 -35.84 -57.08

0.4 -23.55 -29.49 -43.85 -57.30

Room

temperature 2.5 0.6 -25.08 -30.93 -45.59 -58.93

0.8 -24.76 -30.64 -45.70 -59.10

0.4 -40.52 -39.02 -53.17 -61.20

5 0.6 -38.00 -45.16 -54.65 -62.54

0.8 -39.93 -41.99 -56.36 -63.99

0.4 8.83 -14.36 -14.49 -36.99

1.25 0.6 7.98 -15.13 -15.74 -38.99

0.8 7.50 -15.59 -16.91 -40.10

0.4 -1.68 -12.32 -21.99 -37.30

550 °C 2.5 0.6 -3.61 -20.35 -24.45 -39.87

0.8 -5.92 -16.17 -26.80 -42.10

04 -14.43 -19.07 -31.48 -41.13

5 0.6 -15.81 -29.17 -33.53 -43.23

0.8 -18.65 -23.09 -36.31 -45.76
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Table 4: Relative error values between the experimental and predicted fatigue life for different

imposed strain amplitudes and for notch root radii of 1.25, 2.5, and 5 mm, at room temperature

and 550 °C.
N Predicted
Relative error % = ( f o 1) x100%
Ny
Notch Nominal
Temperature root Strain Maximum
P radius amplitude Neuber Neuber Linear Brown- Suggested
ESED FEA . shear .
(mm) % Kt Ks rule Miller . equation
strain

0.4 -52.41 -33.14 96.88 -22.10 -61.19 -72.80 -68.56 506.80

1.25 0.6 -56.55 -39.29 81.55 -17.86 -64.88 -77.38 -72.02 452.38

0.8 -64.35 -50.43 48.70 -32.17 -71.30 -81.74 -79.13 333.91

0.4 -44.96 -35.04 82.31 3.14 -67.77 -76.86 -72.73 465.12

Room 25 0.6 49.10 | -4020 | 7011 | 356 | -71.17 | -83.60 -80.40 421.35

temperature

0.8 -41.61 -31.39 94.89 10.20 -66.42 -77.37 -72.99 478.10

0.4 -48.71 -51.29 24.86 -15.90 -82.07 -86.44 -83.48 272.02

5 0.6 -43.38 -27.63 57.08 6.16 -78.08 -82.42 -80.37 357.53

0.8 -40.52 -36.64 65.09 12.10 -78.02 -82.76 -80.60 368.53

0.4 -93.48 -86.52 -67.39 -86.52 -91.30 -94.78 -93.91 -27.83

1.25 0.6 -94.95 -90.91 -76.77 -89.90 -93.94 -96.97 -96.97 -7.07

0.8 -95.45 -90.91 -77.27 -88.64 -93.18 -97.73 -95.45 -15.91

0.4 -94.61 -92.53 -79.67 -89.49 -94.88 -96.68 -96.13 -49.38

550 °C 2.5 0.6 -94.50 -90.80 -79.82 -89.45 -94.95 -97.25 -96.33 -8.72
0.8 -94.90 -92.86 -80.61 -89.80 -95.92 -97.96 -96.94 -18.37

0.4 -88.92 -86.87 -65.25 -78.25 -93.02 -95.08 -93.71 -12.86

5 0.6 -92.97 -88.38 -77.37 -85.93 -95.72 -96.94 -96.02 6.12

0.8 -94.05 -92.86 -80.90 -88.10 -96.43 -97.62 -97.02 -17.86
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Table 5: The secant modulus and plastic stress concentration factor of 316LN SS at a point of

maximum stress for each notch root radius at different stain amplitudes at room temperature,

and 550 °C.
Nominal 1.25 mm 2.5 mm 5mm
Temperature Strain
amplitude Eg(MPa) Kpastic Eg(MPa) Kpastic Eg(MPa) Kpiastic
%
Room 0.4 136547 3.00 119275 2.27 106259 1.86
0.6 127055 2.85 109997 2.17 98688 1.80
temperature
0.8 125931 2.83 108086 2.15 96680 1.78
0.4 117962 3.21 97263 2.32 81330 1.85
550°C 0.6 115061 3.16 94805 2.30 79624 1.83
0.8 113228 3.13 93471 2.28 78592 1.82
PVT-20-1150 37 Ikram Abarkan
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Fig. 1: Shape and dimensions of smooth specimens (all dimensions are in mm).
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Fig. 2: Shape and dimensions of (a) notched specimens, with different notch root radius, (b)

1.25 mm, (c) 2.5 mm, and (d) 5 mm, (all dimensions are in mm).
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Fig. 3: Finite element modeling of a 2D-axisymmetric part with 2.5 mm notch root size, (a) mesh

refinement, and (b) boundary conditions and loading.
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Fig. 4: A comparison between the experimental hysteresis loops found by Veerababu et
al. [40], and the ones obtained from FEA for a plain specimen made of 9Cr-1Mo steel,

under (a) + 0.3 %, and (b) + 0.8 % strain amplitudes, at 550 °C temperature loading.
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Fig. 5: A comparison between the first hysteresis loop at the notch-root, obtained from the
current FE simulation and the one resulted from Veerababu et al. [40] FEA, for a notched
specimen with 2.5 mm notch root radius, under + 149.95 MPa nominal stress amplitude, at 550

°C temperature loading.
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Fig. 6: Comparison between the elastic-plastic strains obtained from FEA and the analytical

methods for different strain amplitudes at room temperature for (a) 1.25 mm, (b) 2.5 mm, and

PVT-20-1150

(c) 5 mm notch root radii.
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Fig. 7: Comparison between the elastic-plastic strains obtained from FEA and the analytical

methods for different strain amplitudes at 550 °C for (a) 1.25 mm, (b) 2.5 mm, and (c) 5 mm
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notch root radii.
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Fig. 8: Comparison between the experimental and estimated fatigue life from the uniaxial

fatigue life method for different strain amplitudes at room temperature for (a) 1.25 mm, (b) 2.5
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mm, and (c) 5 mm notch root radii.
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Fig. 9: Comparison between the experimental and estimated fatigue life from the uniaxial

fatigue life method for different strain amplitudes at 550 °C for (a) 1.25 mm, (b) 2.5 mm, and (c)

PVT-20-1150

5 mm notch root radii.
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Fig. 10: Comparison between the experimental fatigue life and the fatigue life obtained from

Brown-Miller and Maximum shear strain methods for different strain amplitudes at room

temperature for (a) 1.25 mm, (b) 2.5 mm, and (c) 5 mm notch root radii.
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Fig. 11: Comparison between the experimental fatigue life and the fatigue life obtained from

Brown-Miller and Maximum shear strain methods for different stain amplitudes at 550 °C for (a)

1.25 mm, (b) 2.5 mm, and (c) 5 mm notch root radii.
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Fig.12: Comparison between the experimental fatigue life and the fatigue life obtained from the

proposed method for different strain amplitudes at room temperature for (a) 1.25 mm, (b) 2.5

PVT-20-1150

mm, and (c) 5 mm notch root radii.
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Fig. 13: Comparison between the experimental fatigue life and the fatigue life obtained from the

proposed method for different strain amplitudes at 550 °C for (a) 1.25 mm, (b) 2.5 mm, and (c) 5

PVT-20-1150

mm notch root radii.
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