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ESDU Data Items

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information,
both published and unpublished, and are invariably supported by original work of ESDU staff engineers or
consultants. The whole process is subject to independent review for which crucial support is provided by
industrial companies, government research laboratories, universities and others from around the world through
the participation of some of their leading experts on ESDU Technical Committees. This process ensures that
the results of much valuable work (theoretical, experimental and operational), which may not be widely available
or in a readily usable form, can be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of
your use of our data, or any suggestions for new topics or information that might lead to improvements, will
help us to provide a better service.
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The ESDU Stress and Strength Series is recognised as a valuable source of validated data and methods by
the Institution of Mechanical Engineers and its Structural Technology and Materials Group is involved in
continually reassessing the scope and focus of the content of this Series.

The construction and subsequent development of the Data Iltem were undertaken by

Dr D.L. Downs — Senior Engineer.

The person with overall responsibility for the work in this subject area is Mr A.C. Quilter, Head of Strength
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AN INTRODUCTION TO LOW-CYCLE FATIGUE PHENOMENA

1. INTRODUCTION

Fatigue is a process of repeated loading that could lead to failure of a component. Repeated loading, either
thermal or mechanical, causes fluctuating stresses that initiate damage to the material, often on a
microscopic scale. Fatigue analysis and testing have long been regarded as vital elements for the
development and maintenance of a wide variety of engineering structures that are, or will be, subject to
loading that might give rise to fatigue.

The fatigue behaviour of metals can be separated into two types: high-cycle fatigue (HCF), more than
approximately 10 000 cycles to failure, and low-cycle fatigue (LCF), fewer than 10 000 cycles to failure.
Sometimes, however, the transition from low- to high-cycle fatigue can occur at as few as 500 cycles.
During HCF, the applied load is such as not to cause appreciable plastic deformation, even at a stress
concentration. However, the recurring application of this load causes microscopic damage from which the
material eventually fails by the propagation of cracks. In LCEF, a larger load is applied, normally beyond
the elastic range of the material, and so the material is able to withstand only relatively few of these
cyclic applications.

Two methods can be used in design and analysis of fatigue, the first being the stress-life method and the
other the strain-life method. These methods both attempt to predict the fatigue life of the component in
terms of number of cycles to failure at a specific load level. The stress-life method, based on elastic stress
levels only, is most suited for high-cycle fatigue. However at low cycles, scatter in the fatigue data make
this method increasing unreliable. The strain-life method can be used for low-cycle fatigue where loading
is a combination of elastic and plastic on at localised regions. This method allows for a more detailed
analysis of plastic deformation during loading and the strain-life method is nearly always used for low-cycle
fatigue analysis.

Low-cycle thermal fatigue can have an effect on components where rapid heating and cooling occur in
response to fluctuating power demands and start-up/shut-down procedures. Power-producing equipment,
such as gas turbines, engines and high-temperature steam pipelines, are susceptible to high thermal
transients. For short endurances, most metals can endure some repeated plastic deformation; therefore
conditions that subsequently lead to thermal fatigue failures are usually quite severe.

Section 2 of this Item introduces the basic equations of low-cycle fatigue analysis, and some of the
limitations of their usage. Many of the data required for the application of these methods are provided in
ESDU Data Items that may be located via the current ESDU Subject Index. The cyclic hardening and
softening behaviour of materials and the response of materials at different test temperatures are discussed
in Section 3. Section 4 outlines low-cycle fatigue testing procedures and discusses the uncertainties that
may arise during testing. Suitable estimates of low-cycle fatigue properties that can be used when limited
data are available are considered in Section 5. Worked examples are given in Section 7.

1.1 Notation

A 0 initial cross-sectional area m? in2
A instantaneous cross-sectional area m? in?
A 5 cross-sectional area at fracture m? in?
b fatigue strength exponent
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fatigue ductility exponent
Young’s modulus
total engineering strain

elastic engineering strain
plastic engineering strain
engineering strain at fracture
strength coefficient

cyclic strength coefficient

exponent used to correlate Nf and Aep
instantaneous length

initial length

maximum temperature at which martensite
transformation is induced during monotonic tensile
straining

number of cycles to failure’
transition fatigue life

strain-hardening exponent, see Equation (2.7)
cyclic strain-hardening exponent
applied load

load at fracture

stress or strain ratio

reduction in area, a ratio that is often expressed as a
percentage

melting temperature

total strain range

elastic strain range

plastic strain range

Note that ‘failure’ may be defined in several different ways, see Section 4.3.
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N/m? Ibf/in?
N/m? 1bf/in?
N/m?  Ibffin?
m in

m in

°C °F
cycles  cycles
cycles  cycles
N Ibf

N Ibf
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Ac

G*

total stress range
total logarithmic strain

elastic logarithmic strain
logarithmic fracture ductility
fatigue ductility coefficient
maximum strain

plastic logarithmic strain

true stress

true stress amplitude
engineering stress

true fracture strength

true fatigue strength coefficient
mean true stress

maximum true stress

minimum true stress

stress amplitude at zero mean

tensile strength

N/m? 1bf/in?

N/m? 1bf/in?
N/m? 1bf/in?

N/m? Ibf/in?
N/m? 1bf/in?
N/m? 1bf/in?
N/m? 1bf/in?
N/m? 1bf/in?
N/m? 1bf/in?
N/m? 1bf/in?

N/m? 1bf/in?

yield strength (for materials which do not show an N/m? Ibf/in?
obvious yield point, a proof stress, which produces a
permanent plastic extension of, say, 0.2 per cent in the

test piece gauge length, may be used instead)

reference stress

2. LOW-CYCLE FATIGUE RELATIONSHIPS

N/m? 1bf/in?

The low-cycle fatigue properties of metals are generally studied using low-endurance, high-strain fatigue
tests carried out under conditions of uninterrupted cycling. The examination of low-cycle fatigue behaviour
in this Data Item, and the data presented in ESDU 05007", ESDU 05008 and ESDU 11003+ too, is based
on data obtained using the strain-life method. As well as resistance to mechanical loading, the resistance
of materials to thermally-induced stresses and strains and to creep-fatigue are also of interest. To replicate
the in-service conditions of components subject to high-temperature fatigue, hold times at the maximum
stress are introduced. Under these conditions, the LCF life of components is reduced because of creep
effects (assuming the load distribution remains the same).

s
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ESDU 05007, “Strain-life data for type 316 austenitic stainless steels at temperatures between —269 and 816 °C (—452 and 1501 °F) .

T ESDU 05008, ‘Cyclic stress-strain response of type 316 austenitic stainless steels during low-cycle fatigue at temperatures between
—269 and 800 °C (-452 and 1472 °F)’.
ESDU 11003, ‘Cyclic stress-strain and strain-life properties for metallic materials’.
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Although there have been advances in the understanding of the fatigue behaviour of metals since the 1950s,
there still exists a need to verify component design and modifications to ensure that there remains adequate
fatigue strength and fatigue life. This can involve reporting prototype or actual component testing, but
experimental work can be complex, time-consuming and costly if service conditions are to be replicated
accurately. A contemporary method is to apply computational modelling techniques, which tend to use
basic test data, to replicate the environmental and working conditions of the component. The reliability
and accuracy of these methods vary, depending on their complexity, and on the data that are available.

This Data Item introduces the quantitative relationships between plastic strain and fatigue life that form the
basis of an understanding of the LCF behaviour of materials under inelastic cyclic deformation. Although
most engineering structures are designed such that nominal stresses remain elastic, stress concentrations
cause inelastic strains to develop around notches. The strain-life method, which takes into account plasticity
around the notch root, is based on the observation that, in many components, the response of the material
in critical locations becomes strain-, or deformation-dependent. Therefore, at high load levels in the LCF
regime, the cyclic stress-strain response of the material is best considered under strain-controlled conditions.

For the strain-life approach, the plastic strain, or deformation, is measured directly and quantified. Crack
growth is not explicitly accounted for in the strain-life method, but the component is said to have failed
when the ‘equally-stressed volume of material® fails. Therefore, strain-life methods are often considered
to give estimates of life to crack initiation.

The effects of LCF deformation at high temperatures, the Bauschinger effect, mean stress, and other types
of inelastic deformation are also discussed in this Item.

2.1 Monotonic Stress-Strain Curves

A basic understanding of the LCF behaviour of metals may be drawn from their monotonic stress-strain
properties, see Section 5. Monotonic stress-strain properties of metals are determined by testing smooth
polished test pieces with uniform cross-section under axial loading to measure the load, diameter and/or
strain to obtain a stress-strain curve.

For isotropic materials, engineering stress and engineering strain are defined as follows:

engineering stress, G, =

£ 2.1)
0

and

-1
engineering strain, e = — 0 A—l (2.2)

ly Lo

In the early portion of the engineering stress-strain curve (see Sketch 2.1a), many materials obey Hooke’s
law, to areasonable approximation, so that stress is proportional to strain with the constant of proportionality
being the modulus of elasticity, £. Up to a point called the limit of proportionality, the material loads and
unloads near-elastically. However, beyond this point, plastic deformation will begin and become
appreciable at the yield stress, o, ,or the proof'stress. In a ductile material, the stress then needed to increase
the strain continues to rise, a mechanism termed ‘strain- or work-hardening’. The rate of strain-hardening
diminishes up to a point called the tensile strength 6, . Past this point, the engineering stress-strain curve
falls, giving the impression that the material is strain-softening; the material is, in fact, still strain-hardening,
but the cross-section area of the test piece is decreasing and this more than offsets that effect.
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Beyond the elastic limit, the engineering stress-strain curve must be treated with caution since the specimen
dimensions begin to experience substantial changes from their original proportions (Sketch 2.1a). True
stress, calculated using instantaneous cross-sectional area, 4 , rather than engineering stress, gives a more
direct measure of the response of the material in the plastic region:

P
true stress, 6 = 1 (2.3)
A measure of strain that is used in conjunction with true stress is true, or logarithmic, strain, which takes
the increment of strain to be the increment in displacement, d/, divided by the instantaneous length:

Lal

true, or logarithmic, strain, € = L ;
0

_— (2.4)
ZO

The true strain may be divided into its elastic, €,, and plastic, €, components. A true stress-true strain
curve is shown in Sketch 2.1b where the highly localised strains exceed the engineering strain and in the
necked region triaxial stresses are introduced. In tension, the true stress is larger than the engineering stress,
owing to decreases in the cross-sectional area resulting from deformation. Similarly, until necking occurs
in the specimen, the true strain is smaller than the engineering strain because / is greater than /. Note
that true stress and strain are sometimes referred to as localized stress and strain. Note also, however, that
if /, is suitably defined, one may also use the term ‘local engineering strain’.

o Onset of necking -
ts T . |
/ /NF inal fracture =
- E) / @ i =
Engineering // @ // , True Stress corrected for

stress J / / stress [ triaxiality in neck

Gy 1 / / -—

© :
0 ! —— ’
e | % Englneermg _ .
B ‘ strain True, or logarithmic, strain
°
Or-_+pr OP-L_F-p
l

0
@P- P @p~2 3P,
(a) Engineering stress-strain curve (b) True stress-true strain curve
Sketch 2.1 Stress-strain relationships

The total strain, €, in a tensile test can be separated into an elastic component, €, which is recoverable on
unloading, and an inelastic, or plastic, component, €, which cannot be reclaimed on unloading. The total
strain can thus be written as:

e = g, t €, 2.5)
where the elastic strain is determined from the true stress and the modulus of elasticity, £':
o
g€, = E . (2.6)
Documents
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Note that for small strains, engineering strain and true strain are approximately equal. For most metals of
practical interest, a log-log plot of true stress versus true plastic strain can be drawn as a straight line, and
is expressed using a power law expression:

n

c = Kscep , (2.7)
where K., is the strength coefficient
and n is the strain-hardening exponent.

Rearranging Equation (2.7) gives the plastic strain:

1/n
E = |77 . .
P K.
From the expression for elastic and plastic strains, Equations (2.6) and (2.8), the total strain may be written
as:
1/n
o 9
€ = =+ | . 2.9
E [KSCJ ( )

During testing, deformation is uniform along the test piece (this is one of the assumptions beneath
Equations (2.1) to (2.9)) until a neck forms and then all subsequent deformation takes place in the neck.
The neck becomes smaller, local true stress increasing all the time, until the test piece fails. The true fracture
strength, Ofs is the true stress at final fracture:

P

_ _f
o, = L. (2.10)

S Af

The engineering strain at fracture, e, includes the deformation in both the necked and un-necked regions.
Since the strain in the neck is larger than the strain in the un-necked material, the value of e, depends on
the fraction of the length of the test piece that has necked. Therefore, e, is a function of the specimen
geometry as well as the material. The true fracture ductility, er, which is greater than ey, can be defined
in terms of the initial cross-sectional area and the area at fracture:

A
€= In—=In——, (2.11)

A —Af

where RA = reduction in area = (note that this ratio is often expressed as a percentage).

The strength coefficient, K ., can also be expressed in terms of the true stress at fracture and the true strain
at fracture by substituting Of and & into Equation (2.7):

o, = K& (2.12)
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on re-arranging;:

c
_
K. = - (2.13)
&
2.2 Cyeclic Stress-Strain Behaviour

To understand the behaviour of structures subject to repeated loading into the inelastic range, cyclic
stress-strain curves are used. The cyclic stress-strain properties are determined by testing smooth, polished
test pieces under axial cyclic strain-controlled conditions using completely reversed constant-amplitude
strain-controlled tests.

The response of the material to inelastic loading is in the form of a hysteresis loop. The area within the
hysteresis loop is the energy per unit volume dissipated during a cycle; it is a measure of the work of plastic
deformation done on the material. After some number of cycles (depending on the test conditions, material
etc.) the same stresses are induced for given applied strains and the hysteresis loop is said to have stabilized,
see Sketch 2.2a. If it is not possible to establish when the hysteresis loop has stabilized, then the cyclic
stress and strain amplitudes are assumed to be stable at approximately half life-to-failure.

Ifthe tips of stabilized hysteresis loops from tests at several strain ranges are connected, a cyclic stress-strain
curve can be obtained, see Sketch 2.2b.

c o c
Cyclic stress-strain
// AG curve
€ €
(i
/
Ae CAE T
P | "e
Ae
(a) Stablized hysteresis loop (b) Cyclic stress-strain curve
Sketch 2.2

The total width of a hysteresis loop is the total strain range, Ae, and the total height of the hysteresis loop
is AG, or the total stress range. From these the strain amplitude and the stress amplitude are:

strain amplitude = %, (2.14)
and
. Ac
stress amplitude = > (2.15)
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Similarly to Equation (2.5), the total strain range is the sum of the elastic and plastic strain ranges:

Ae = Aeg, + Aep, (2.16)
or, in terms of amplitudes,
Ae Ag e ASP
—_ = — 4+ —L
> 3 7 (2.17)
Using Hooke’s law, the elastic term in Equation (2.17) can be replaced by Ac/E to give:
Age
Ae _ Ao 7% (2.18)
2 2F 2
2.2.1 The Bauschinger effect

The response of a metal test piece first loaded in tension past the yield strength, ¢, to a maximum stress,
.1 » corresponding to a strain €, is shown in Sketch 2.3a. When the material is subsequently
unloaded and then compressively loaded to —0, |, inelastic strains develop before —G is reached, thus
modifying the shape of the hysteresis curve, as shown in Sketch 2.3b. On loading again in tension to a
strain of €, ., a new maximum stress of G, ., is attained. Similar behaviour will occur until the
hysteresis loop becomes stable. In the same way, if the experiment was repeated with initial loading in
compression to -G, . yield would take place at -0, but would again occur before o, was reached in the
tensile loading direction.

This phenomenon is known as the Bauschinger effect (Reference 11). The point to note is that inelastic
strains develop before the nominal yield stress is reached. A simplified hypothesis from Massing states
that reversed yield first takes place at a stress level 2($y from 6, ;,as shown in Sketch 2.3b.

The Bauschinger effect gave the first indication that a single reversal of inelastic strain could change the
stress-strain behaviour of metals and was a forerunner to the understanding of cyclic-hardening/cyclic-
softening behaviour in metals (Reference 14).

o Gmax2' o ’,—"'
Gmaxl T o~ Gmaxl 7] ,’, Yy
’
c | ___ (N
y y /
/
/ G, . — 20
, max y
€ /
T 7
0 8maxl /l 0 €
/
l L
/
/
/
/ Fr —O
/ Y
- -0
max1

(@ (b)
Sketch 2.3 The Bauschinger effect
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