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Ratcheting and low cycle fatigue (LCF) experiments have been conducted at 25 °C temperature in labo-
ratory environment under different loading conditions. SA333 steel exhibits cyclic hardening throughout
its life during LCF. It is found that ratcheting strain increases with both increasing mean stress and stress

amplitude. It has also been noticed that plastic strain amplitude and plastic strain energy decrease with
increase in mean stress at constant stress amplitude. Ratcheting and LCF life in the range of 10>-10°
cycles have been predicted with the help of a mean stress-based fatigue lifing equation.
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1. Introduction

SA333 steel is used as a piping material for pressurized heavy
water reactors of nuclear power plants. Typically, piping systems
comprise straight pipes, T-joints and elbows that must be designed
against failure under operative and accidental conditions. One of
the mechanisms through which damage may be incorporated in
such piping system is by fatigue. Fatigue damage may be mani-
fested through nominally elastic high cycle fatigue loading accom-
panying vibrations and by cyclic plastic loading, viz. low cycle
fatigue and ratcheting fatigue, due to start-up and shut-down, var-
iation in operating conditions or seismic events. While strain-con-
trolled cyclic plastic excursion is generally termed as low cycle
fatigue (LCF), ratcheting is the consequence of asymmetric cyclic
plastic loading, usually under stress control. Knowledge of the
resistance of materials to damage accumulation and failure under
various types of fatigue loading is necessary for efficient design
of piping systems. This paper examines low cycle fatigue and rat-
cheting fatigue behavior of SA333 steel at 25 °C temperature and
explores universal representation of its fatigue life under such
loading conditions.

With respect to LCF of engineering materials, there is a good
appreciation of the underlying lowest-level mechanisms [1-3],
leading to development of physics based models [4,5], and avail-
ability of knowledge-base for engineering applications [6-12]. Rat-
cheting fatigue on the other hand is perhaps not as well researched
a subject. There is however an increasing recognition of the impor-
tance of ratcheting, particularly with respect to damage in pressur-
ized components [13-15], like piping.

Ratcheting can be defined as progressive and directional accu-
mulation of plastic strain due to asymmetrical stress cycling
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[6,11,16]. In piping systems, it leads to ovalization at elbows and
appreciable thinning of pipe-walls [17,18]. Investigations have
been carried out to study ratcheting fatigue in specific engineering
materials: 1026 carbon steel [16], Elbrodur-NIB copper alloy [11]
and 1070 carbon steel [19] for example.

An important issue with respect to LCF and ratcheting is engi-
neering descriptions of fatigue lives. In general, fatigue life rela-
tions may be based on stress, strain or energy parameters.
Relations based on energy have a potential advantage in that both
stress and strain parameters are included in there formulations.
However, the use of plastic strain energy as the primary input for
life calculation limits the applicability of fatigue life relations as
this renders them insensitive to the effect of mean stress [12].
When thermal effects are the primary cause for fatigue, cyclic plas-
ticity can be defined easily in terms of strains, and strain-based ap-
proaches to fatigue lifing are found to be adequate. For the greater
majority of fatigue situations, cyclic loading in stress controlled,
and stress-based fatigue life models are most relevant for engi-
neering applications. Mean stress effects can easily be incorporated
into stress-based fatigue lifing models, and they can represent rat-
cheting fatigue more explicitly.

In this work, stress-based engineering approach to predicting
fatigue lives under both LCF and ratcheting fatigue has been em-
ployed to demonstrate their effectiveness.

2. Experimental

The SA333 Grade 6 carbon manganese steel used in this study
was sourced from piping components (outer diameter 508 mm
and wall thickness 50.8 mm) used for primary heat transport in
nuclear power plants. The nominal composition of the steel in
weight% was: C0.18%, Mn 0.9%, Si 0.02% and P 0.02%. The micro-
structure of the material consisted of ferrite—pearlite bands, as
shown typically in Fig. 1. The banding was oriented in the direction
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Fig. 1. Ferrite-pearlite banded structure of SA333 steel in optical microscope.

of the pipe axis. Cylindrical specimens of 7 mm gauge diameter
and 13 mm parallel length were fabricated from the pipe, with
their loading axes parallel to the pipe axis. Tensile, LCF and ratchet-
ing tests were conducted using the specimens, employing a 100 KN
closed-loop servo-electric test system. All tests were carried out in
ambient laboratory air at room temperature (25°C). A 12.5 mm
gauge length extensometer was used for measuring and control-
ling strains, as necessary. Test control and test data acquisition
was implemented through computers interfaced to test machine
controllers. Tensile tests were carried out at a strain rate of
1 x 103 s~! to obtain mechanical properties of material. The ten-
sile properties of the SA333 steel are given in Table 1.

All LCF tests were performed using triangular waveform, under
strain control at a constant strain rate of 1 x 1073 s~ . LCF test de-
tails are tabulated in Table 2. Fully reversed strain cycling (strain
ratio= —1) was applied for all LCF experiments. Ratcheting tests
were conducted under engineering stress control with various
combinations of mean stress and stress amplitude, at a constant
stress rate of 50 MPa s~!. The stress amplitude and mean stress
used in ratcheting test are given in Table 3. For all LCF and ratchet-
ing tests, it was ensured that at least 200 data points were col-
lected in every cycle. All tests were continued till failure. The
failure criteria decided for both LCF and ratcheting tests were
50% reduction of maximum load bearing capacity of the specimen.

Table 1
Tensile properties of SA333 steel.

Yield stress Ultimate tensile stress  Uniform Total

(MPa) (MPa) elongation (%) elongation (%)
304 494 17.18 24.53
Table 2

LCF test conditions and cycles to failure.

b Strain Number of cycles to Saturated stress amplitude

No. amplitude (%) failure (MPa)

1 0.5 2107 349.64

2 0.7 1487 391

3 0.85 769 394.2

4 1.0 801 424

5 1.2 559 428.89

6 14 397 455

7 1.6 303 459.5

Table 3
Ratcheting test conditions, cycles to failure, and failure ratcheting strain.

S. Stress Mean stress  Number of cycles  Final ratcheting
No. amplitude (MPa) to failure strain (%)
(MPa)

1 310 40 3199 29.5

2 310 60 2061 56.4

3 310 80 1184 53.2

4 310 120 570 57.2

5 270 80 13,392 31.1

6 350 80 475 44.2

3. Results and discussion

LCF experiments are in order to understand the material re-
sponses under strain variation (¢AT; « is the coefficient of thermal
expansion and AT is temperature fluctuation) which arises due to
temperature alteration. Study of ratcheting is needed where re-
peated cycles of load excursion is applied with the load cycles
not necessarily being symmetric in nature. Ratcheting can deterio-
rate the performances of a component by the cumulative effects of
fatigue damage, which arises from alternating stress, and damage
by permanent strain (ratcheting strain) accumulation in a particu-
lar direction. The latter leads to further enhancement of fatigue
damage by continuous thinning of the component cross-section.
Ratcheting strain can be defined as the position of the center of
the hysteresis loop on the strain axis. The axial ratcheting strain
& can be mathematically expressed as:

1
= j (Smin + Smax) (1)
where ¢ 1S the maximum of axial strain and &, is the minimum
axial strain for a particular cycle.

&

3.1. LCF behavior

Fig. 2 shows the cyclic stress response of SA333 steel observed
from LCF tests at various total strain amplitude. SA333 steel, being
a ferritic steel, shows continuous hardening throughout its LCF life.
At total strain amplitude of +0.5%, the hardening is barely percep-
tible. At higher levels of cyclic straining, hardening is rapid in the
first few cycles, followed by an almost steady but low rate of
hardening until failure is imminent. It may be noted that a satu-
rated state of hardening is not exhibited, except at the lower end
of the range of strain amplitudes investigated. This behavior is typ-
ical of bcc materials in which the paucity of mobile dislocations
preclude complex interactions that lead to extensive hardening.
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Fig. 2. Stress amplitude verses number of cycles in LCF: at the strain amplitude of
+0.5%, +0.7%, +0.85%, +1.0%, +1.2%, +1.4%, and +1.6%.



S.K. Paul et al./Journal of Nuclear Materials 401 (2010) 17-24 19

Similar observations have been reported for other bcc materials,
like [20,21], and also sometimes for fcc materials [1,22]. The almost
pure plastic behavior exhibited by SA333 steel at small plastic
strains during monotonic deformation (as also during the first
quarter cycle of cyclic loading) is a manifestation of this unavail-
ability of mobile dislocations.

Although cyclically stable stress-strain hysteresis loops were
not exhibited during LCF of SA333 steel, loops obtained, just prior
to initiation of micro-crack (and consequent distortion of the hys-
teresis loops) can be assumed to represent the ultimate hardened
state of the substructure. A set of such stable loops can be used
to define the cyclic stress-strain curve, represented by:

gsat gsat 1/n
0=+ (F) @

where 03 is the stress amplitude of saturated cycle, &, is the total
strain amplitude, E is the modulus of elasticity, K is the cyclic strain
hardening coefficient and n’ is the cyclic strain hardening exponent.
The value of K and n’ are calculated to be 830 MPa and 0.14214
respectively for SA333 steel. The cyclic stress-strain curve is shown
in Fig. 3. From the figure, it can be seen that the monotonic stress—
strain curve lies below the cyclic stress-strain curve, which indi-
cates that the material undergoes substantial hardening during
strain-controlled cycling. In order to quantify the degree of cyclic
hardening with respect to the monotonic stress-strain curve, a sim-
ple expression of degree of cyclic hardening (H) [10] can be given

Za " %a 3)

where ¢! is the stress amplitude in the first cycle. Degree of cyclic
hardening (H) is plotted as a function of applied strain amplitudes
(&) in Fig. 4. The figure indicates that with increasing applied strain
amplitude, the degree of cyclic hardening initially increases and sat-
urates at higher strain amplitude. Similar dependency of cyclic
hardening on imposed strain amplitude was also reported for
austenitic stainless steels, such as AISI 304L and AISI 316 [23-26].

3.2. Ratcheting behavior

The accumulation of ratcheting strain with number of cycles
has been depicted in Fig. 5. This curve is similar to a conventional
creep curve, and can be divided into the primary, secondary and
tertiary regions. Fundamentally, the deformation mechanisms are
vastly different. Ratcheting is associated with dislocation move-
ment, their interactions and cell formations [1], while creep is re-
lated to diffusion controlled glide and climb of dislocations, grain
boundary sliding and void formation [27]. In engineering stress
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Fig. 3. Cyclic stress—strain curve.
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Fig. 5. Ratcheting curve with three distinct zones: at stress amplitude of 310 MPa
and mean stress of 80 MPa.

controlled ratcheting, two competitive mechanisms are operative:
cyclic hardening [28] and geometrical softening which arises from
cross sectional area reduction due to accumulation of permanent
strain. As ratcheting strain is small in the primary region, the cross
sectional area reduction is also small and as a consequence cyclic
hardening dominates. Cyclic hardening plays a key role in ratchet-
ing rate decay in the primary region [29]. In the secondary region
there is a balance between cyclic hardening and softening and as a
result a steady state ratcheting rate is maintained. Softening dom-
inates in the tertiary region, the ratcheting strain reaching a suffi-
ciently high value to result in substantial cross sectional area
reduction. This dimensional alteration of the specimen helps to in-
crease the maximum true stress to such a high value that instabil-
ity and necking is often observed. Similar trends of ratcheting
strain accumulation have been reported for many materials; for
example Inconel 718 at 649 °C [30].

Fig. 6a and b shows the accumulation of ratcheting strain with
number of cycles for constant stress amplitude and constant
mean stress respectively. From these figures it can be seen that
ratcheting life decreases and ratcheting strain increases with in-
crease in mean stress or stress amplitude. It was also noted that
most of the specimens failed by necking rather than by fatigue
crack propagation, which is not a common observation during
LCF testing. This type of failure behavior is due to uncontained in-
crease in true stress, given by or = o(1 + &), accompanying accu-
mulation of ratcheting strain ¢, leading to localization of
deformation and necking.

Ratcheting test at a mean stress of 80 MPa and stress amplitude
of 310 MPa exhibited 53.18% strain accumulation before failure, as
shown in Fig. 5. Ratcheting strain accumulation of 53.18% results in
34.72% area reduction and 1.53 times rise in true stress. The true
stress amplitude thus increases uncontrollably while the engineer-
ing stress amplitude is maintained at constant value as shown in
Fig. 7. True stress and strain are representative of the actual
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Fig. 6. Ratcheting strain vs. number of cycles: (a) at constant stress amplitude of
310 MPa and mean stress of 40, 80, and 120 MPa (b) at constant mean stress of
80 MPa and stress amplitude of 270, 310, and 350 MPa.

responses of materials. In engineering stress controlled ratcheting
tests, the maximum true stress reaches a sufficiently high value
that is comparable to the true ultimate tensile stress during a ten-
sile test, and as a result necking becomes inevitable. It is seen from
engineering stress controlled ratcheting experiments that the rat-
cheting strain accumulated and the elongation prior to localization
is higher than the uniform elongation during tensile test, which for
SA333 steel is 17.18%. The material can thus accommodate much
higher strains during ratcheting without necking. Initiation of mi-
cro-voids is the probable cause of necking, and their coalescence
leads to failure [31,32]. So it may be said that initiation of micro-
voids is delayed in case of ratcheting and this leads to high ratchet-
ing strain in engineering stress controlled ratcheting experiments.
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Fig. 7. Variation of maximum true stress with number of cycles in engineering
stress controlled ratcheting test at a mean stress of 80 MPa and stress amplitude of
310 MPa.

Ratcheting strain rate for a particular cycle is the amount of
non-closure in the hysteresis loop of that cycle. The variation of
ratcheting strain rate with life fraction (ratio of number of cycles
to the number of cycles to failure) is plotted in Fig. 8a and b. From
the figures, it can be seen that the trends of the plots are quite sim-
ilar: initially in the primary region ratcheting rate decreases; after
that in the secondary region ratcheting rate maintains a steady
state; and finally ratcheting rate increases uncontrollable, indicat-
ing the tertiary region of the ratcheting curve.

Width of the hysteresis loop is generally taken as double of
plastic strain amplitude for fully reversed strain cycling. Similarly
width of the hysteresis loop measured at mean stress value is con-
sidered as double of plastic strain amplitude for ratcheting, shown
in Fig. 9a. Fig. 9b and c demonstrates the change of plastic strain
amplitude with life fraction at constant stress amplitude and con-
stant mean stress respectively. Change of plastic strain amplitude
describes the cyclic hardening/softening of the material under
stress controlled cycling. In both the figures it can be seen that
plastic strain amplitude decreases in the initial few cycles, fol-
lowed by a region of steady value and finally raises at very rapidly
to give failure. With cyclic hardening, geometric softening due to
reduction of cross section area occurs simultaneously, and their
combined effects are reflected in plastic strain amplitude varia-
tions. It may be noted that lower plastic strain amplitudes are
exhibited at higher mean stress in comparison to lower mean
stress, as evident from Fig. 9b. Various researchers have showed
similar results for different materials, like carbon steel [33,34],
304 stainless steel [35,36], polycrystalline copper [37,38] and poly-
crystalline nickel [39].

The hysteresis loop area represents the energy that has been
put into the material system in any given cycle to contribute the
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damage that has accumulated. It is instinctive to study how this
area is altered during ratcheting tests. Hysteresis loop area, as a
function of life fraction has been plotted in Fig. 10a and b for con-
stant stress amplitude and mean stress respectively. The nature of
the curves is similar to that of Fig. 9a and b, i.e. plastic strain ampli-
tude variation with life fraction. Like plastic strain amplitude, hys-
teresis loop area is also very much sensitive to mean stress. Fig. 10a
depicts that hysteresis loop area decreases with increasing mean
stress for constant stress amplitude.

3.3. Ratcheting and LCF life prediction by a stress-based fatigue lifing
equation

Engineering structures and components are often subjected to
cyclic loads superimposed with tensile mean stress during service.
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During the time of investigating the cyclic response of materials,
the effect of mean stress should be considered. The experiments
are generally conducted in two different controlling modes:
strain-controlled cycling with constant mean strain and stress con-
trolled cycling with constant mean stress. If the material response
is entirely elastic (high cycle fatigue), the above mentioned two
types of tests are equivalent, and both can be used to study the ef-
fect of mean stress on the fatigue life of materials. On the other
hand, if cyclic response of the material is elastic—plastic in nature,
the above mentioned tests may produced different results. For
strain cycling with mean strain, results relaxation of mean stress
in the early stage of fatigue life will occur. Therefore the fatigue life
is not appreciably affected by the introduction of a mean strain as
compared with the symmetric strain cycling test [40,41]. Whereas,
stress controlled cycling with mean stress causes accumulation of
permanent strain (ratcheting strain) which impose an additional
damage, resulting shorter in fatigue life [11,12,30,39]. So,
ratcheting effects should be taken into account during prediction
of fatigue life in case of asymmetric stress cycling.

During stress controlled fatigue, the accompanying variation in
strain range with progression of cycles is due to the change in the
hardening/softening response of the material. The evolving strain
range is a function of the superimposed mean stress and can vary
significantly through a test. Strain-based fatigue lifing approaches
may not therefore be effectively employed for predicting stress con-
trolled fatigue lives. Due to similar reasoning, energy based fatigue
life prediction approaches are also not suitable. The inadequacy of
strain based and energy based fatigue life prediction approaches
are particularly apparent when the amount of plasticity is small
and the hysteresis loop does not open up appreciably. It becomes
imperative therefore to look towards stress-based approaches to
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model and predict fatigue lives under ratcheting conditions partic-
ularly, but extendable to all modes of fatigue cycling.

Under high cycle fatigue conditions, i.e. essentially for elastic
stress controlled loading, the Basquin relation [8] is popular for
modeling fatigue life. It is a power law relation given by

0o = 0f(Ny)’ (4)

where g4, 0; and Ny are the stress amplitude, fatigue strength
coefficient, and number of cycles to failure respectively. The expo-
nent b has been related to the cyclic strain hardening exponent n’
through
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The Basquin relation was developed for fully reversed uniaxial
stress cycling. In order to incorporate the effect of mean stress, a
number of approaches are available, popular amongst which are
the Goodman equation [9], modified Goodman equation [7], and
Smith-Watson-Topper (SWT) parameter based equation [10]. All
of these approaches attempt to formulates on equivalent stress
amplitude ¢! that can be substituted for g, in the Basquin rela-
tionship given in Eq. (4).

Some of the alternative formulations of o¢! are:

Goodman equation:

0% = g, (1 +?) — a}(Ny)" (6)
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Table 4

Material constants for proposed mean stress-based fatigue lifing equation.
Material Reference K (MPa) n
SA333 C-Mn steel Generated by us 756.2 —0.0969
Carbon Steel-45 Xianjie Yang [43] 934 -0.104
Copper alloy Elbrodur-NIB Lim et al. [11] 1284 -0.117
ASTM A-516 Gr. 70 steel Xia et al. [42] 1216 -0.114

Smith-Watson-Topper (SWT) parameter based equation:

Om ,
0% = \/GmaxOa = Gay /1 + F o;(Np)’ (7)

where o, 0, and o2« are the mean stress, ultimate tensile stress
and maximum tensile stress of a particular cycle respectively. It
may be noted that the equivalent stress amplitude ¢! calculated
as per any of the above methods is related to the fatigue life Ny
through Eq. (4) with the constants o and b defined as per the Bas-
quin relation.

In order to assess the efficiency of prevalent elastic stress-based
approaches to model cyclic plastic fatigue life, a comparative study
was carried out using the fatigue data of Xia et al. [42] for ASTM
A-516 Gr. 70 steel. For this steel o} was calculated as 903.3 MPa
and b as —0.102. Fig 11a-c have shown the fatigue life plot for
Basquin, Goodman, and Smith-Watson-Topper (SWT) lifing equa-
tions. None of these lifing equations are able to predict fatigue life
satisfactorily for ASTM A-516 Gr. 70 steel. Of course, Basquin rela-
tion was formulated for fully reverse elastic cycling (HCF) only, so
with onset of plasticity it does not work well. Similarly, Goodman
equation which was also formulated for elastic stress cycling in
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presence of mean stress, does not predict fatigue life well in the
presence of plasticity. One of the primary reasons for inability to
predict fatigue life in the plastic domain by Goodman and SWT
equations are, the use of same power law coefficient (¢;) and expo-
nent (n’) which were introduced for HCF life prediction. So, this
power law coefficient and exponent should be re-adjusted for the
fatigue life prediction in plastic domain.

Equivalent stress amplitude in SWT equation is a function of g,
to o, ratio. So, equivalent stress amplitude is dependent on ,,/d4,
not on the individual values of ¢,, and a,, and as a result, low val-
ues of g, and o, and high values of ¢,, and o, provide same re-
sponses which are not true. The SWT equation failed to predict
ratcheting life especially at the high value of ¢,, and low value of
o4 which is shown in Fig. 11c. Equivalent stress amplitude in Good-
man equation is a function of o, to g, ratio. This Goodman lifing
equation shows very low response at the condition of high stress
amplitude and low mean stress, but it shows better result than
SWT mean stress-based fatigue lifing equation which is shown in
Fig. 11b. Similarly for SA333 steel, Fig 12a-c have shown the fati-
gue life plots for Basquin, Goodman and Smith-Watson-Topper
(SWT) lifing equations respectively. For SA333 steel, power law
coefficient (o) and exponent (b) are 650 MPa and —0.08307. So
above said figures clearly demand the re-tuning of power law coef-
ficient and exponent in the fatigue lifing equation to predict fatigue
life in the presence of cyclic plasticity.

To improve the response of mean stress (ag,,) on fatigue life pre-
diction, equivalent stress amplitude, used in Goodman equation
can be modified as:

o
0% = g, <1 +G—;> (8)
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Fig. 13. Ratcheting and LCF life prediction by proposed mean stress-based fatigue lifing equation for the materials of: (a) ASTM A-516 Gr. 70 steel [42], (b) Carbon Steel-45

[43], (c) copper alloy: Elbrodur-NIB [11], and (d) SA333 C-Mn steel.
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where oy is the average flow stress which can be expressed as:

gy + 0
op = 2% 9)

where o, is the yield stress.

Above discussion stipulates that power law coefficient (o}) and
exponent (b), used in stress-based fatigue lifing equation (Egs. (4),
(6), and (7)), that was proposed to use in elastic stress cycling, are
not valid with onset of plasticity. So, by redefining the power law
coefficient (K) and exponent (n), fatigue lifing equation can be ex-
pressed as:

20,

0 =0g| 1+ ——-
¢ a( Oy + Oy

) =Ky (10)
where K and n are the material constants. Essentially, K is true frac-
ture stress (o) and n is fatigue strength exponent (b) for Basquin,
Goodman and SWT fatigue lifing equations. In the proposed fatigue
lifing equation, material constants K and n can be determined from
simple empirical equations: Egs. (11) and (12). The Eqgs. (11) and
(12) are fully empirical and derived from solely experimental fati-
gue life data, fitting for different materials.

K = 1750, (11)
1 o35
n= 15K (12)

where n’ is the cyclic strain hardening exponent. The proposed
mean stress-based fatigue lifing equation is validated by four differ-
ent materials. The values of material constants K and n are given in
Table 4 for different materials. Fatigue life prediction by the pro-
posed mean stress-based fatigue lifing equation are shown in
Fig. 13a-d for the material of ASTM A-516 Gr. 70 steel [42], Carbon
Steel-45 [43], copper alloy: Elbrodur-NIB [11] and SA333 C-Mn
steel respectively. So it can be concluded from the above discus-
sions after validating with four different metals that proposed mean
stress-based fatigue lifing equation has the capability to predict rat-
cheting and LCF life in the range of 10?-10° reasonably well.

4. Conclusions

From the above mentioned ratcheting and LCF study on SA333
steel, the following conclusions can be drawn:

(a) This material shows cyclic hardening throughout its LCF life.

(b) Ratcheting strain accumulation can be divided into three
regions: primary, secondary, and tertiary.

(¢) In engineering stress controlled ratcheting tests, specimens
are failed by necking due to huge cross sectional area
reduction.

(d) Ratcheting strain rate increases with increase in mean stress
or stress amplitude.

(e) It is found in ratcheting tests that the plastic strain ampli-
tude and hysteresis loop area decrease in the presence of
mean stress.

(f) Proposed fatigue lifing equation predicts the ratcheting and
LCF life in the range of 102-10° cycles well.
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