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Abstract: A number of measures of the creep-ductility of high temperature steels are reviewed with an
ultimate focus on intrinsic creep-ductility. It is assumed that there will be a future requirement for the
determination of long duration creep ductility values for design and product standards in the same
way as there is currently for creep strength values. The determination of such information will require
specialist modelling techniques to be applied to the complex nature of multi-temperature, multi-heat
(multi-cast) data collations, and possible solutions are considered. In service, the exhaustion of
creep-ductility is most likely to occur at stress concentrations, and for this, a knowledge of the
multiaxial creep-ductility is required, and its relationship to uniaxial creep-ductility. Some practical
applications requiring a knowledge of creep-ductility are reviewed.
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1. Introduction

The following review concerns the creep ductility of high temperature steels. At elevated
temperatures, metallic structures deform with time under load. Ultimately, the accumulation of
such plastic deformation leads to fracture by a creep-rupture mechanism (Figure 1). A list of the
symbols and terminology adopted in this paper is given in the Nomenclature section.

Creep strain is typically accumulated in three stages. During the primary creep stage, creep rates
decrease with time due to strain hardening until a minimum (

.
εc,min, or steady secondary) creep rate

is achieved [1,2]. During the secondary creep stage, there is a balance between strain hardening and
thermal softening (dynamic recovery) [3,4], and the creep rate remains approximately constant (

.
εc,min).

During the tertiary stage, creep rates increase due to thermal softening (microstructural change),
damage accumulation, and/or associated net section reduction, until rupture occurs [5]. Creep curve
profiles during the three stages are determined by the respective magnitudes of temperature and
stress, and can be strongly influenced by relatively small differences in chemical composition, e.g.,
Reference [6].

Above Tc, dislocations can more readily cross-slip and climb, the latter being a diffusion controlled
mechanism. With increasing temperature, more slip systems become operative, resulting in easier
cross-slip and climb responsible for dislocation rearrangement into sub-boundaries by polygonisation.
Damage accumulation during tertiary creep may be a consequence of plastic hole growth [7], diffusion
controlled cavity growth [8,9], or constrained cavity growth [10], as the magnitude of stress decreases.
In general, creep ductility is determined by the superposition of strains accumulated due to void
nucleation and growth [11].
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Traditionally, creep ductility is defined in terms of rupture elongation, Au (Equation (1a)) or
reduction of area at rupture, Zu (Equation (1b)) [12].

Au =
Lr,u − Lr,o

Lr,o
(1a)

Zu =
So − Su

So
(1b)

In practice, rupture elongation and reduction of area at rupture are the most widely reported creep
ductility parameters, although their magnitudes are known to be dependent on specimen geometry.
In such circumstances, like-with-like comparisons should only strictly be made when Au and Zu are
determined using proportional specimens with specific dimensional configurations, i.e., in terms of
Lr,o = k

√
So, where k is usually ≥5 (often 5.65) for stress-rupture specimens and ideally ~11 for high

precision creep strain specimens [12,13].

Figure 1. Variation of creep strain with time to rupture in constant load tests (creep rupture strain
and elongation at rupture are only the same when there is insignificant instantaneous plastic strain
on loading).

It is important to recognize that constant load tests of the type depicted in Figure 1 may actually
be conducted with or without strain measurement (i.e., respectively in creep-rupture or stress-rupture
tests). As a generality (and in particular for lower cost medium-to-long duration power generation
industry material characterization in the mid-to-late 1900s), stress-rupture tests were mainly conducted
without strain measurement to only give tu (σo), Au and Zu. There was therefore no intermediate strain
(or strain rate) data for the majority of creep tests performed for industry in this era (e.g., Reference [14]).
For low alloy ferritic and higher alloy martensitic steels, for which the instantaneous plastic strain on
loading (εo) is negligible in creep tests typically conducted for engineering assessments, Au and creep
strain at rupture (εcu) are identical. This is not necessarily the case for austenitic steels in higher load
tests at lower temperatures for which the accumulated instantaneous plastic strain on loading can be
significant, and Au comprises both εo and εcu.

Of the two most common direct measures of creep ductility, Zu is often the preferred quantity
because its magnitude is considered to be less dependent on specimen geometry (k), although this may
be more related to the method of determination being more repeatable and reproducible. Zu may be
alternatively expressed as a local strain to rupture in the region of necking, i.e.,

Au,loc = ln
(

1
1− Zu

)
= εcu,loc (2)

With all their limitations Au and Zu are the most widely reported (and sometimes the only
available) measures of creep ductility in large international data collations (e.g., Reference [14]),
and therefore cannot be ignored.
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Increasingly, there is a tendency to determine the uniform elongation at rupture, εcu,u, as a means
of eliminating the geometry dependent component of creep ductility associated with necking (e.g.,
Reference [15]), Equation (3), with the meaning of the symbols shown in Figure 2a.

Au,u =

(
do

(du1 − du2)/2

)2
− 1 (3)

The evidence for a number of engineering steels indicates that the magnitude of Au,u is comparable
with Au for Au ≤ ~5%, and approximately constant at Au,u ≥ ~10% for Au ≥ ~20% [15], Figure 2b.

Other creep ductility concepts are introduced later in the paper, most notably intrinsic creep
ductility. The intrinsic ductility, ε′cu, in Figure 1, is regarded by many (e.g., References [16,17]) as being
the most practical indicator of creep ductility.

Figure 2. (a) Quantities required for the determination of uniform elongation at rupture, (b) Schematic
of relationship between uniform elongation (Au,u) and rupture elongation (Au, εcu) for various turbine
steels at temperatures in the range of 550–625 ◦C [15] (the significance of the λ lines is discussed later).

In the following text, the uniform elongation at rupture (Au,u) is assumed to provide a reasonable
approximation of the intrinsic creep ductility (ε′cu, assuming insignificant instantaneous plastic strain
on loading). This is the basis for the λ line constructions in Figure 2b (i.e., λ ~ Au/Au,u ~ εcu/εcu,u).

Values of creep ductility are increasingly being used to form the basis of high temperature
component long time creep strain limits, in particular those with stress concentrating features,
the interest being in service duty involving both steady and cyclic loading. As will be seen, there is
a requirement for multi-temperature creep ductility models for a given alloy based on observations
for a number of heats (or casts), and typically from a number of sources) [18]. While there are models
becoming available for this purpose, their implementation is complicated by the inherent variability in
the source experimental observations and heat (or cast) sensitive variations in underlying mechanism
changes after long times.

2. Creep Ductility

For many high temperature steels, the variation of creep ductility with time and temperature can
be complex, due in part to associated mechanism changes (e.g., Figure 3a). For example, for ferritic
steels at a constant temperature above Tc, four creep regimes can be exhibited. In Regime-I (at high
stresses), ductility is high, with ductile-transgranular rupture resulting from the formation of voids
due to particle/matrix decohesion (and plastic hole growth) [19]. Regime-II is a transition region
in which the ductility drops due to the increasing incidence of grain boundary cavitation, but still
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accompanied by relatively high levels of matrix deformation (and diffusion controlled cavity growth).
In Regime-III, rupture is by the nucleation and subsequent diffusive growth of grain boundary cavities
(constrained cavity growth). Ultimately, in Regime-IV, over-ageing of the microstructure reduces the
rate of cavity nucleation and/or growth leading to a progressive increase in ductility. In practice, times
to the start and end of each mechanism regime typically vary with temperature (e.g., Figure 3b).

Figure 3. (a) Schematic representation of sequence of creep-rupture regimes for ferritic steels,
and (b) experimental evidence of the influence of temperature on kinetics of creep-rupture regime
development (data mainly available for regimes II, III and IV).

The multi-temperature creep ductility characteristics of alloys exhibiting a number of mechanism
regimes is clear, although the evidence in Figure 3b does not reflect the within-heat (within-cast)
test-to-test variability typically experienced with creep ductility observations. Consequently, the level
of complexity increases yet again for multi-heat, multi-temperature creep ductility data collations,
further complicating the process of model fitting.

A number of models have already been evaluated for predicting the behaviour depicted in
Figure 3b (e.g., Reference [20]). These include adaptations of the algebraic models used to represent
creep-rupture strength (e.g., Reference [21]):

εcu = min
(
εcu,U, max

[
εcu,L, a1 · TK

b1 · σc1 · exp(d1/TK + e1σ/TK)
])

(4)

and the stress modified ductility exhaustion model [22], i.e.,

εcu = min
(
εcu,U, max

[
εcu,L, C1 · eQ∗/TK ·

( .
εc,min

)n1 · σm1
])

(5)

Regimes I, II and III of the ductility (time) diagram in Figure 3a may be alternatively expressed
in terms of creep ductility as a function of creep strain rate (Figure 4). This provides a graphical
representation of Equation (5) (for a given stress), and the plastic hole growth, diffusion controlled
cavity growth and constrained cavity growth damage accumulation regimes referred to earlier.

Figure 4 indicates creep ductility responses associated with two types of cavity growth mechanism.
In regime II where cavity growth is diffusion controlled [8], creep ductility reduces with reducing strain
rate, whereas, in regime III where cavity growth is constrained [10], creep ductility is independent of
creep strain rate.
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Figure 4. Variation of creep rupture strain with creep strain rate and the influence of damage mechanism
on creep ductility (the indicated regime numbers coincide with those in Figure 3a).

While Equation (5) can effectively model the multi-temperature creep ductility behavior of a single
heat (cast) of material, its effectiveness is more limited when the multi-temperature data collation to be
assessed is comprised of observations from a number of heats. In order to account for heat-to-heat
variability, Binda modified Equation (5) to include a material pedigree parameter, i.e., f (MP) [23].
For 1CrMoV rotor steel, Binda first derived a number of independent and simple-interaction f (mp)
functions to represent the influences of individual chemical elements and heat treatment procedures on
creep ductility. These were then combined into the single f (MP) parameter contained in Equation (6),
i.e.,

εcu = min
(
εcu,U, max

[
εcu,L, C1 · f (MP) · eQ∗/TK ·

( .
εc,min

)n1 · σm1
])

(6)

The ability of Equation (6) to predict creep rupture strains for 1CrMoV steel heats with different
material pedigree characteristics is demonstrated by the black lines for the stresses indicated in
Figure 5 [13].

Figure 5. Comparisons of observed variations in creep rupture strain as a function of average creep
strain rate for a number of heats of 1CrMoV rotor steel at 550 ◦C with Binda modified SMDE predicted
behaviour (for f (MP) = 1, with the identifiers in the legend referring to different heats of the steel [13]).

In the original study, Binda indicated a more than 50% reduction in ductility prediction variance
by the adoption of an f (MP) material pedigree parameter [23].

3. Intrinsic Ductility

3.1. General

It has already been acknowledged that intrinsic ductility, as defined by ε′cu in Figure 1, is
regarded by many (e.g., [16,17]) as being the most practical indicator of creep ductility, with λ =
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Au/ε′cu, (or εcu/ε′cu) reflecting the capacity of a steel to redistribute stresses in structural components.
As defined, the determination of ε′cu requires the measurement of creep strain development during
the course of test. However, it has been postulated that uniform elongation at rupture could provide
an indication of intrinsic ductility. If this can be shown to be true, there would be a means of defining
ε′cu from tests without continuous strain measurement, i.e., through the measurement of Au,u.

By assuming that λ ~ Au/Au,u, indicative upper and lower-bound loci represent λ for various
turbine steels at 550–625 ◦C and have been included in Figure 2a. These compare with actual λ values
of ~5–7 for 1

2 CrMoV steels at 565 ◦C [24] and for Monkman-Grant based λ values of ~3–9 for 18Cr8Ni
steels at 600 ◦C (and ~13–30 for 18Cr8Ni steels at 650 ◦C) [25].

In the following sections, other quantities representing intrinsic ductility are examined, i.e., those
due to Monkman-Grant and to Woodward.

3.2. Monkman-Grant

The sensitivity of the tertiary strain component of Au (and Zu) to specimen geometry has at
least in part been responsible for the consideration of other creep ductility parameters, such as the
Monkman-Grant ductility, εcu,mg [26]. The Monkman-Grant ductility is not universally accepted,
not least because it can ignore a significant component of primary creep strain (Figure 1). Primary
creep can be as high as ~0.5% in some steels. Nevertheless, εcu,mg is importantly not dominated by a
specimen dependent tertiary creep strain component, and the ratio λ = Au/εcu,mg (or εcu/εcu,mg) is
regarded as being a reasonable approximation of λ = Au/ε′cu, (or εcu/ε′cu) [25].

While there is currently no known evidence to directly relate εcu,mg to εcu,u, it is postulated
that the results of future investigations will confirm the two quantities to be similar, in particular in
circumstances for which instantaneous plastic strain accumulation is negligible and primary creep
strain is small.

In terms of the Monkman-Grant ductility, ε′cu (as defined in Figure 1) comprises two components,
i.e.,

ε′cu = ε′cP + εcu,mg (7)

where εcu,mg is defined by a relationship proposed by Monkman-Grant [26], i.e.,

tu ·
( .
εc,min

)v
= Dmg (8)

from which εcu,mg may be derived by the substitution of εcu,mg =
.
εc,mintu, i.e.,

εcu,mg = Dmg ·
( .
εc,min

)1−v (9)

with υ often regarded as being equal to unity, although this has been shown to be not always the case
in practice [25].

It is not uncommon for ε′cP in Equation (7) to be ignored (either for simplicity, or when the extent
of primary creep is relatively low). In such circumstances, ε′cu is simply defined by Equation (9).

3.3. Woodford

Woodford has developed an alternative concept of intrinsic ductility which is the strain rate
sensitivity determined by differentiating log stress versus log strain rate curves determined from
the results of stress relaxation tests (e.g., Reference [27]). Originally, the concept was based on a
microstructurally independent experimental correlation between strain rate sensitivity and elongation
at creep rupture for a wide range of metals and alloys [28], but is more recently regarded by Woodford
as being verified by a theoretical treatment [29].
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The advantage of the concept is said to be that intrinsic ductility minima for a range of engineering
materials can be reliably identified in short duration stress relaxation tests [27,30]. Inherently, this claim
is regarded as dubious since ductility troughs are entered not only because of mechanism changes
associated with reducing stress (and strain rate), but also as a consequence of long-time thermally
induced metallurgical changes that cannot possibly be reproduced in short duration stress relaxation
tests (<~100 h) at the same temperature.

4. Multiaxial Ductility

In practice, the generation of creep damage typically occurs at stress concentrations, due to the
local exhaustion of multiaxial ductility. Various models are available to predict the magnitude of
multiaxial ductility relative to uniaxial ductility, and are invariably a function of the hydrostatic to
equivalent stress ratio (σm/σeq). A number of these are reviewed below in terms of ε∗cu/εcu, while
recognizing that the multiaxial ductility ratio should ideally be expressed in terms of intrinsic ductility,
i.e., ε′∗cu/ε′cu.

The model due to Rice & Tracey is based on their observations relating to the exponential
amplification of plastic void growth rate as a consequence of stress triaxiality [7], i.e.,

ε∗cu
εcu

= exp
(

1
2
− 3σm

2σeq

)
(10)

An alternative physically based multiaxial ductility model is that proposed by Cocks & Ashby,
which assumes that grain boundary cavities develop due to power law creep of the surrounding
matrix [32], i.e.,

ε∗cu
εcu

= sinh
[

2
3
·
(

n− 0.5
n + 0.5

)]
/sinh

[
2 ·
(

n− 0.5
n + 0.5

)
· σm

σeq

]
(11)

It has been demonstrated that Equation (11) can strongly overestimate ε*cu in some circumstances,
and has been modified with the intention of overcoming this problem [33], i.e., by:

ε∗cu
εcu

= exp
[

2
3
·
(

n− 0.5
n + 0.5

)]
/exp

[
2 ·
(

n− 0.5
n + 0.5

)
· σm

σeq

]
(12)

These physically based relationships compare with empirical models of the type proposed by
Manjoine [34], the latest of which is given by:

ε∗cu
εcu

= 2
(1− 3σm

σeq )
(13)

Based on the Rice & Tracey model, Spindler proposed [31]

ε∗cu
εcu

= exp
[

p ·
(

1− σ1

σeq

)
+ q ·

(
1
2
− 3σm

2σeq

)]
(14)

with p and q as fitting parameters, being respectively 0.15 and 1.25 for TP316, and 2.38 and 1.04
for TP304.

The effectiveness of the cited multiaxial ductility models to represent available experimental
observations for TP304 and TP316 stainless steels is given in Figure 6.
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Figure 6. Comparison of multiaxial ductility model predictions with experimental observations for
TP304 and TP316 stainless steels (data from [31]).

5. Practical Implications

5.1. Notch Sensitivity

Creep notch sensitivity is typically defined in terms of a ratio of the strength determined using
a standard notched specimen relative to that measured in an un-notched specimen in the same time
(usually in a time <<~10 kh). When this ratio is less than unity, the material is regarded as notch
sensitive (or notch weakening). The duration at which a material becomes notch sensitive according to
this definition relates to the time to the start of the ductility trough (as depicted in Figure 3).

Most engineering steels exhibit a creep-rupture strength scatterband reflecting the range of
chemical compositions and heat treatment conditions permitted by the alloy specification (e.g., [13]).
High strength materials in such scatterbands tend to be more susceptible to notch weakening, often
this being because the time to entering the ductility trough is relatively short (≤~1 kh). Bottom of the
strength scatterband heats (casts) are often regarded as being notch insensitive because the time to
enter the ductility trough for these materials is much greater than ~10 kh (e.g., Figure 7).

Figure 7. Variation of (a) rupture strength, and (b) rupture ductility, for different heats (casts) of
1CrMoV at 550 ◦C (only a small number of heats (casts) are shown from a much greater database to
illustrate the variability trends [35–37]).

High temperature plant designers should be careful. Critical component lifetimes are typically
well in excess of ~100 kh, and the assessment of notch sensitivity should be based on the time to the
start of the ductility trough with respect to such design lifetimes.

5.2. Creep Crack Incubation and Growth

Low creep ductility can influence creep crack incubation and creep crack growth times in power
plant components containing pre-existing defects at high temperatures [38]. Typically, there is an
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incubation period prior to the onset of creep crack extension, during which time damage accumulates
at the crack tip of the pre-existing defect, and the crack tip opens until a critical condition is exceeded
in terms of damage accumulated (local ductility exhaustion of ε*cu) and the opening displacement
(δi,x), Figure 8. Creep crack incubation models reflect this through the inclusion of ε∗cu (or better ε′∗cu)
in Equation (15) [5].

ti,x =

[
ε∗cu

B · σn

]
·
[

B · In · x
C∗

]
(15)

where
.
εmin = B · σn and x is typically 0.2–0.5 mm (for engineering calculations).

There is also long standing experience of the influence of creep-ductility on creep crack growth
rate (i.e., Equation (16)) [39], i.e.,

tg =
∫

ε∗cu

α′ · (C∗)β
· da (16)

It therefore appears that the overall creep lives of high temperature components containing
pre-existing defects are directly influenced by the magnitude of creep ductility, i.e., tu = ti,x + tg.
In particular, low creep ductility is responsible for reductions in both creep crack incubation and creep
crack growth times.

Figure 8. Crack incubation and crack growth contributions to lifetime of components with pre-existing
defect subject to steady loading (σo) at high temperature, for steels with: (a) Low creep ductility, and
(b) high creep ductility [38,40].

5.3. Creep-Fatigue

Increasingly, high temperature plant components are expected to operate at higher temperatures
(to improve efficiency) and with greater operational flexibility. In such circumstances, the integrity of
high temperature power plant components is strongly influenced by their resistance to creep-fatigue
loading. The creep damage at critical locations, which are largely subjected to secondary
self-equilibrating (thermal) loading, typically accumulates at the operating temperature later during
steady running periods when creep strain rates and creep ductility are low (e.g., Figure 5). Here,
the determination of accumulated creep damage using a ductility exhaustion model in conjunction
with Equation (17) is a logical option [41,42].

Dc = ∑
{

Ni

[∫ th εc

ε∗cu(εc, σ)
· dt
]}

(17)

where
.
εc =

1
E ·

dσ
dt and where the summed ductility is represented by the creep elements consumed

during the respective stress relaxation phase of each cycle.
There is strong experimental evidence to indicate that creep-fatigue crack initiation endurances,

for example for 1CrMoV rotor steel, are significantly influenced by creep ductility at 550 ◦C (Figure 9).
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Creep ductility is strain rate sensitive for a number of engineering materials, and tends to the minimum
value for the material heat (cast) at the lower relaxation rates experienced towards the end of longer
hold (operating) times [43,44]. Creep ductility is exhausted earlier in lower ductility alloy heats
(casts), these therefore being more susceptible to creep-fatigue damage accumulation and consequent
crack initiation.

Figure 9. Influence of creep ductility on cyclic/hold creep-fatigue crack initiation endurance.

6. Concluding Remarks

Creep ductility is an important outcome of creep-rupture tests on high temperature steels,
although there are a number of possible quantities which could be adopted and there is no consensus
about which is the most appropriate parameter to be used to quantify this property. The candidates are
reviewed. It is concluded that intrinsic ductility (as defined by Ainsworth and Goodall) is probably the
most useful indicator of creep ductility, but acknowledged that, currently, this can only be determined
from the results of tests with strain measurement. Unfortunately, there are many existing creep-rupture
test results that do not include intermediate strain values (i.e., the results of stress-rupture tests).

Other indicators of intrinsic ductility are examined.
The way in which creep ductility varies with temperature and stress (and the underlying

mechanisms) is relatively well known for many engineering alloys. The effective modelling of
this parameter from the results of multi-temperature, multi-heat (multi-cast) data collations, in
a comparable way to that of creep strength modelling, is currently a topic of on-going R&D.
The complexity of large alloy creep ductility data collations is far greater than that of the equivalent
creep strength data collations used to determine long time creep strength values for Design and
Product Standards, and modelling therefore provides a challenge.

It is recognized that, in service, the exhaustion of creep ductility is most likely to occur at
stress concentrations. This being the case, the important material property is not the creep ductility
determined from uniaxial specimens, but multiaxial creep ductility. Models available to convert
uniaxial ductility to multiaxial ductility are considered.

The assessment of creep notch sensitivity, creep crack incubation and growth, and creep
damage accumulation during creep-fatigue transients, are practical examples requiring a knowledge
of creep-ductility.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Nomenclature

a Crack depth
a1 . . . e1 Material constants (Equation (4))
Au Creep-rupture elongation (εo + εcu)
Au,loc Local creep rupture strain in region of necking (εo + εcu,loc)
Au,u Uniform creep rupture elongation (εo + εu,u)
B Constant in steady state creep law
C1 Constant in SMDE model
C* Parameter characterising crack tip stress and strain rate fields
do, du1 Initial net section diameter of gauge section, Net section diameter at rupture adjacent to

necking
du2 Net section diameter at rupture at end of parallel length (Figure 2a)
Dc Creep damage fraction
Dmg Monkman-Grant constant
E Elastic modulus
f (mp) Individual condition (independent or simple interaction) material pedigree function
f (MP) Overall material pedigree parameter (included in Equation (6))
In Tabulated geometrical function [5] (Equation (15))
k Original specimen dimension proportionality (Lr,o/

√
So) factor

Lr, Lr,o, Lr,u Reference length, Initial reference length, Reference length at rupture
LPD Load point displacement
m1 Stress exponent in SMDE model (Equations (5) and (6))
n Stress exponent for steady state creep
n1 Strain rate exponent in SMDE model (Equations (5) and (6))
p Material constant in Spindler multiaxial ductility model (Equation (14))
P, S, T Primary, Secondary, Tertiary (creep)
q Material constant in Spindler multiaxial ductility model (Equation (14))
Q* Constant relating to activation energy for diffusion creep
So, Su Initial cross sectional area of gauge section, Cross sectional area at rupture
SMDE Stress modified ductility exhaustion
t, tu Time, Time to rupture
ti,x, tg Creep crack incubation time (to crack initiation criterion, x), Creep crack growth time
T, TK Temperature (in ◦C), Temperature (in K)
Tc Insignificant creep temperature
x Crack initiation criterion
Zu Reduction of area at creep-rupture
α′ Creep crack growth constant in Equation (16)
β C* exponent in Equation (16)
δ, δi,x Crack tip opening displacement, Critical crack tip opening displacement (at the onset of

creep crack extension, ∆a = x)
ε, εc Strain, Creep strain
εcu Creep rupture strain (equivalent to Au, when there is insignificant instantaneous plastic

strain on loading)
ε∗cn Multiaxial creep rupture strain
ε′cu Intrinsic creep-rupture strain (Figure 1)
εcu,L, εcu,U Lower shelf creep rupture strain, Upper shelf creep rupture strain
εcu,loc Local creep-rupture strain in region of necking (equivalent to Au,loc, when there is

insignificant instantaneous plastic strain on loading)
εcu,mg Monkman-Grant ductility
εcu,u Uniform creep rupture strain (equivalent to Au,u, when there is insignificant instantaneous

plastic strain on loading)
.
εc,min Minimum (steady secondary) creep rate, also referred to as dεc,min/dt (in Figure 1)
ε′cP Fraction of primary creep not accommodated by Monkman-Grant ductility (see Figure 1)
εo Instantaneous plastic strain
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λ Creep ductility ratio (Au/ε′cu or εcu/ε′cu)
v Monkman-Grant strain rate exponent
σ, σo Stress, Initial stress in constant load creep test
σeq, σm Equivalent stress, Hydrostatic stress
σref, σ1 Reference stress, Maximum principal stress
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