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Abstract

This report reviews material property data requirements for the assessment of defect-free components
subject to creep-fatigue loading during service duty. Examples of data input parameters are present-
ed based on an evaluation of information contained in four Electric Power Research Institute (EPRI)

creep-fatigue data workbooks compiled for 1CrMoV, 24 CrMo (Grade 22), 9CrMoVNb (Grade 91),
and Grade 316 steels. The background of the creep-fatigue data workbooks is also introduced.

An important step in the assessment of creep-fatigue integrity is the determination of the state of stress
and strain at critical locations of the component under evaluation. This requires a knowledge of the
external forces and thermal transients experienced by the component during service, as well as rep-
resentations of the cyclic and creep deformation properties of the materials of construction in terms of
model constitutive equations. Options for these are reviewed with examples.

With this information, the state of damage at critical locations can be determined as a function of
cycle number, and the material property data required to do this are also reviewed with examples.

The advantages of using properties determined from prior creep deformed or damaged and prior
fatigue deformed or damaged materials are explored.

In reviewing the material property data requirements for creep-fatigue assessment, the importance of
data pre-assessment and differentiating between creep-fatigue deformation and damage interaction
effects, in particular for the 9-11% Cr steels, is also examined.
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Introduction

1.1 Background

In 2006, the Electric Power Research Institute (EPRI) convened a group of international experts on
creepfatigue damage interaction to do the following:

Assess and document current fest methods and available data.
Evaluate analytical methodologies with respect to crack initiation and growth.

Consider life prediction methodologies for different applications.

Assess deficiencies that exist in the area of creep-fatigue damage and identify future
research and development requirements.

One outcome of this initiative was the compilation of four of EPRI creep-fatigue data workbooks. The
concept behind these is infroduced in the next section, and details of the current status of the data work-
books are given in Appendix A (which refers to [1-26]). A nomenclature listing is given in Appendix B.

The main driving force behind the generation of the data workbooks was the need to provide a source
of materials property data to underpin the model equations on which the creep-fatigue assessment of
components could be based. The present report defines material property requirements for component
assessment and uses evidence contained in the data workbooks to determine the parameters for model
equations that can be used to provide material property input in creep-fatigue assessment procedures.

1.2  EPRI Creep-Fatigue Data Workbooks

The EPRI creep-fatigue data workbooks are based on the concept introduced in reference [1]. This
involves the storage of creepfatigue data on three levels, that is, experimentally determined data
reduced to a feasible quantity (Level 1), summary data (Level 2), and assessed data (Level 3), as
presented in Appendix A. A brief overview of the tests used to generate the data contained in the data
workbooks is given in Section 2.

Data workbooks have been established for four steels, namely, 1CrMoV [2], 2"4CrMo (Grade 22) [3],
9CrMoVNb (Grade 91) [4], and Grade 316 [5].

1.3  Creep-Fatigue Interaction

Critical locations in hightemperature power plant components may be subject to the combined
accumulation of cyclic damage arising from strain transients generated during startup and shutdown
operation and creep damage arising from primary (directly applied) and secondary (self-equilibrating)
stresses during operation.

The development of creep-fatigue damage in most power-plant steels depends on temperature, strain
range, strain rate, hold time, and the creep strength and ductility of the material. [8, 27, 28]. In
the absence of a significant hold time (and/or at relatively high strain rates), crack initiation and
growth are fatigue dominated, even at high application temperatures (see Figure 1-1, panel a). With
increasing hold time (and/or decreasing strain rate) at high temperatures, the creep damage
condition within the structure becomes increasingly influential, to the limit beyond which crack
development becomes fully creep dominated (see Figure 1-1, panel b). At intermediate hold times
and strain rates, fatigue cracking interacts with creep damage developing consequentially or

Creep-Fatigue Testing and Assessment Guideline:
Material Property Data Requirements for Component Assessment
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simultaneously, resulting in accelerated crack propagation (see Figure 1-1, panels c and d). The extent
of any inferaction increases with decreasing creep ductility [27]. The interaction of fatigue and creep is
not limited to the accumulation of damage. Deformation interactions are also influential, and they are
a dominant influence for some alloys under certain conditions [29].

1.4 Creep-Fatigue Assessment Procedures

Various published and in-house procedures are adopted to assess the integrity of defectfree
components subject to creep-fatigue loading, but in general, they require essentially the same material
property input data (see Figure 1-2) [30-33]. Other approaches are available (for example, [34-36]),
but not so widely adopted. An important step in any procedure is a determination of the state of
stresses and strains at the critical location(s) in the component. This requires a knowledge of the exter-
nal forces and thermal transients experienced by the component during service and representations of
cyclic and creep deformation properties of the material(s) of construction in terms of model constitutive
equations (see Section 3). The magnitudes of stresses and strains generated during thermal transients
depend largely on the physical properties of the material at the critical location, such as coefficient of
expansion, thermal conductivity, and elastic modulus. Irrespective of whether the local stress-strain
state is determined by approximate analytical solutions or finite element analysis (FEA), the constitutive
model options are generally the same.

With this information, fatigue and creep damage fractions can be determined (Section 4). Fatigue
damage fraction is commonly determined in terms of cycle number fraction, N/N,(Ag), where N,(A¢)
could be the low-cycle fatigue (LCF) or the cyclic/hold creep-fatigue test crack initiation endurance.
The method of determination of creep damage fraction can depend on whether it is accumulated due
to primary (directly applied) or secondary (self-equilibrating) loading. Regardless of the approach
adopted, the material properties required are derived from the results of creep-rupture tests (Section 2).

With a knowledge of the fatigue and creep damage fractions accumulated per cycle at the compo-
nent critical location, it is then possible to determine lifetime, for example, by means of a damage
summation diagram construction (see Figure 1-2). Typically, such diagrams are constructed from the
results of cyclic/hold (LCF with hold time) creep-fatigue tests or thermo-mechanical fatigue (TMF) tests
and indicate the extent of any creep-fatigue interaction of the specific material (see Figure 1-1) [29].

It is important to recognize that there is not a unique set of model equations that represent the material
property data input requirements of all creep-fatigue assessment procedures, analysis, and material
types. However, the test data forming the basis of the required material model representations gener-
ally originate from the same experiment types (Section 2). The material property data requirements for
the defectfree creep-fatigue assessment of high-temperature components are reviewed in the present
report and summarized in Section 5.

12 Creep-Fatigue Testing and Assessment Guideline:
Material Property Data Requirements for Component Assessment
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(a) Fatigue dominated (b) Creep dominated
\ | \
(c) Creep-fatigue interaction (d) Creep-fatigue interaction

(creep damage simultaneous) (creep damage consequential)

Figure 1-1
Creep-fatigue cracking mechanisms [24]: (a) fatigue dominated, (b) creep

dominated, (c) creep-fatigue interaction (due to simultaneous creep damage
accumulation), and (d) creep-fatigue interaction (due to consequential creep
damage accumulation)
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Description of cyclic and creep
deformation properties in terms of
model constitutive equations

Assessment of external forces
applied to feature specimen/
component during operation
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Determination of state of
stress strain at locations
(for example, stress raisers, weldments)

; S

Determination of n/Nx
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Determination of €/€r

Evaluation of risk of crack initiation using
creep-fatigue damage assessment diagram
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D¢ (t/tr or S/Er)

Figure 1-2

Generic flow diagram representing analysis route adopted by a number of
defect-free creep-fatigue assessment procedures (for example, [30-33])
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Sources of Material Property Data

2.1 Overview

The model equations used for determining the stress-strain state (Section 3) and damage condition
(Section 4) originate from the results of low-cycle fatigue (without and with hold times) and creep-rupture
tests. Section 2 is a general overview of the tests employed, their control and response variables, and
the characteristics typically displayed in the steels and alloys employed for power plant applications.

2.2 Low-Cycle Fatigue

LCF tests can be conducted in load or strain control, although typically for the provision of data for
power generation purposes, they are conducted in strain control (for example, [37]). The focus in this
section is on strain-controlled tests conducted at a constant (usually elevated) temperature.

LCF tests are generally loaded to give crack initiation or failure endurances in the range 100 to less
than 100,000 cycles. At elevated temperatures, the influence of creep processes on deformation and
damage response is increased by reducing strain rate(s) during strain transients and/or by increasing
hold times usually (but not exclusively) at peak strain in tension (for example, see Figure 2-1, panel a).
LCF tests generating specimens exhibiting evidence of both fatigue and creep deformation or damage
are referred to as creep-fatigue tests [24, 25].

The crack initiation (or failure) endurances from a series of LCF tests with different control +¢_ strain
amplitudes provides the basis for an N(Ae) model equation, shown in Figure 2-2.

2.2.1 Continuous Cycle Tests

Continuous cycle LCF tests are those without a hold time (that is, with £=0). In addition to providing
crack initiation or failure endurances, they also provide the basis for model representations of cyclic
stress-strain response throughout life (see Figure 2-1).

Typically, metals subject to cyclic plastic deformation harden and/or soften during the course of their
life, by an amount depending on the temperature and the fotal (plastic) strain amplitude (see Figure
2-3). As a generality, cyclic hardening is a result of the generation and interaction of dislocations,
whereas softening occurs as a consequence of dynamic recovery of the dislocation substructure. Many
austenitic steels such as Grade 316 cyclic harden at high temperature, while exhibiting both hardening
and softening during the course of life at lower temperatures (see Figure 2-3, panel a). In contrast, low-
alloy and martensitic steels such as 1CrMoV and Grade 91 cyclic soften throughout life at temperatures
within their application range (see Figure 2-1, panel b, and Figure 2-3, panel b).

The consequent evolution in mechanical response associated with these microstructural changes can
lead to a requirement for evolutionary stress-strain representations for some applications.

2.2.2 Cyclic/Hold Creep-Fatigue Tests

Cyclic/hold (LCF with hold time) tests provide crack initiation endurances that can be used to form
the basis of creepfatigue damage summation diagrams. They also provide important information
concerning (1) creep-hardened (or creep-softened) cyclic stress-strain behavior and (2) cyclic-hardened
(or cyclic-softened) creep response; for example, see Mazza et al. (2004) [38].

Creep-Fatigue Testing and Assessment Guideline:
. . 2-1
Material Property Data Requirements for Component Assessment
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2.3 Creep Rupture

Creep-rupture tests are usually conducted in load control (for example, [39]). The results of such
tests provide observations to characterize creep deformation response, time to rupture, and
rupture ductility, as shown in Figure 2-4.

Creep-rupture properties are determined from the results of a number of creep tests performed for
a range of constant temperature and constant stress (usually constant load) conditions, as shown in
Figure 2-5. While there is a large quantity of data on creep rupture (or at least stress rupture), data are
most commonly available for test durations of >>100 hours at temperatures in a regime close to the
maximum application temperature. For power generation applications, such data are typically
collected to form the basis of 100,000 hours of creep-rupture strength values. Although this
information is also required for creepfatigue assessment, there is an equally important need for
creep-rupture properties associated with higher stresses (shorter rupture durations), ideally at
temperatures from T_, to the maximum application temperature.

N o
Age Ao Ao maxﬁ
Seeo o a' !
ty O: —""“‘de‘--~\i
« > §
t t / £ A Cycles, N '
1
i Ni
Omin :
\/ \/ \/ — '

(a) (b)

Figure 2-1
Schematic representation of control (¢) and response (c) variables for LCF test:

(a) for a single cycle and (b) for a single test (The diagram shows the case for
“with hold time” (cyclic/hold) creep-fatigue tests. For conventional “without
hold time” (continuous cycle) tests, 1, is zero, and there is no stress relaxation.)
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Figure 2-2

Schematic representation of a number of individual LCF tests providing the
basis for an N,(Ac) endurance model
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Figure 2-3
Examples of changes in maximum stress with increasing cycle number for (a)

a cyclic-hardening steel and (b) a cyclic-softening steel (The data line labels in
the two diagrams refer to total strain range.)
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Sources of Material Property Data

A
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® Creep regimes
»
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Figure 2-4
Schematic representation of a creep-rupture curve showing primary,

secondary, and tertiary deformation regimes

@ (b) (©

Figure 2-5
Schematic representation of (a) the T,c dependent-variable conditions for

three creep-rupture tests each at three temperatures, (b) the corresponding
¢(f) response-variable test records at each temperature, and (c) the resulting

t.(T,c) data points
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Model Equations for Deformation Analysis

3.1 Overview

The model equations reviewed in Sections 3 and 4 fall into two categories. In this section, cyclic and
creep deformation equations are considered for the determination of stress and strain at critical loca-
tions. Fatigue endurance and creep-rupture models that provide a basis for the calculation of damage
are reviewed in Section 4. The selection of model equations is not intended to be exhaustive, but simply
presented to provide a platform on which to base a concept for the determination of stress-strain state
and damage for the purpose of assessing creepfatigue integrity in high-temperature components.

It is clear from Figure 2-3 that deformation response changes throughout creep-fatigue life, in
different ways for different materials. While some cyclic harden, others cyclic soften, or even exhibit
both trends before stabilizing. Even for the same material, deformation response characteristics can
change with temperature; for example, see Gerland et al. (1997) [40]. The rigorous assessment of
stress-strain state throughout life therefore requires the implementation of fully evolutionary deforma-
tion models incorporating an internal state variable such as accumulated plastic strain (for example,
[38]). In practice, the adoption of such approaches is currently not commonplace, and it is more usual
to use deformation models determined using material properties measured at midlife cycles (with the
assumption being that on average these reflect the deformation response existing throughout life). The
cyclic deformation parameters referred to later in this section are determined from midlife cycle data.

A knowledge of physical properties such as coefficient of expansion (o) and thermal conductivity (k)
is important for the determination of stress-strain states arising as a consequence of thermal transients.
These are not reviewed in this report, although sources of appropriate values are available [32, 41].

3.2 Elastic Modulus

Despite the fact that elastic modulus is a key parameter for the assessment of stress-strain state in
creep-fatigue assessment, there is a tendency for this property to be employed in an overly simplistic
way. First, it is important to remember that above the insignificant creep temperature, £ becomes strain
rafe sensitive [42]. Equally important, after the first plastic strain transient in a LCF test, the apparent
elastic modulus can reduce or increase significantly [43]. Despite these observations, it is not unusual
to adopt data sheet values determined from conventional tensile tests for which the strain rate is not
precisely defined or first transient values established during a fatigue fest.

For consistency in this report, the E values tabulated in Table 3-1 are used.

Creep-Fatigue Testing and Assessment Guideline:
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Table 3-1
Temperature dependence of elastic modulus

Model Equations for Deformation Analysis crrl

Temperature E (GPa)
(°C) 1CrMoV Grade 22 Grade 91 Grade 316
300 192.3 192.9 194.3 177.7
400 183.5 186.5 186.9 169.4
500 170.2 174.9 174.1 160.6
550 161.1 166.2 164.1 156.1
600 150.0 155.0 149.2 151.4
650 128.1 146.7
700 141.8

3.3 Cyclic Deformation

Various model equations are available for the representation of cyclic deformation [17, 44, 45]. These
range in complexity from simple bilinear [46] to forms that fully incorporate nonlinear kinematic and
isotropic hardening; for example, see Lemaitre and Chaboche (1990) [47]. Many of these can be
directly implemented into commonly used FEA codes such as Abaqus [48]. A convenient formulation
is that provided by Equation 3-1 [49], and material constants for the Ramberg-Osgood model have
been derived for four steels from the information contained in the EPRI creep-fatigue data workbooks

(Table 3-2).

A simple version of the Chaboche equation set is given in Equation 3-2. This represents the class of
more advanced formulations that are available to fully incorporate nonlinear kinematic and isotropic
hardening [45].

f =]2(0_X) =0y
(0-X)

X=cCé,

— yXé, +ZXC
c Eq. 3-2
o =S(1-e%) + 0,

where symbols in bold represent tensorial quantities.

Cyclic stress-strain observations from the data workbooks are shown for 1CrMoV (in Figure 3-1),
Grade 22 (in Figure 3-2), Grade 91 (in Figure 3-3) and Grade 316 (in Figure 3-4). Where available,
low-strain-rate and long-hold-time data are also included for comparison with the reference results for
a strain rate of 0.001/s. There is a just discernible reduction in the resistance to cyclic plastic defor-
mation as a result of reducing strain rate or the introduction of a 60-minute hold time at peak strain in
tension for the low-alloy steels at temperatures in the range 500 to 600°C (see Figures 3-1 and 3-2).
However, the reduction is much more notable for the Grade 91 steel, in particular for low-strain-rate
cycles (see Figure 3-3). For the Grade 91 steel, reducing the strain rate from 1x10° to 1x105/s is
significantly more influential than the introduction of a 60-minute hold time at peak strain in tension.

3.2 Creep-Fatigue Testing and Assessment Guideline:
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The effect of reducing strain rate on the cyclic stress-strain response of Grade 316 steel is significantly

different from that of low-alloy ferritic and martensitic steels (see Figure 3-4), with austenitic steel exhibit-
ing enhanced flow characteristics at 400 and 500°C and a reduction in the resistance fo plastic flow
at 600 and 700°C.

Table 3-2
Summary of midlife cycle Ramberg-Osgood constants (determined from data in
workbooks)
(a) 1CrMoV
N & t E
feme (€) (s) (h) (MPa) : P
400 0.001 0.0 183,500 1386.0 0.082
500 0.001 0.0 170,200 1062.4 0.062
550 0.001 0.0 161,100 967.5 0.062
600 0.001 0.0 150,000 856.7 0.069
Note: Parameters for Equation 3-1 with Ae (¢°) in m/m, and & in MPa.
(b) Grade 22
Temp (°C) & f, K B
(s") (h) (MPa)
300 0.001 0.0 192,900 1285.3 0.089
400 0.001 0.0 186,500 1306.7 0.095
500 0.001 0.0 174,900 1092.2 0.089
600 0.001 0.0 155,000 866.8 0.079
Note: Parameters for Equation 3-1 with Ae (€°) in m/m, and © in MPa.
(c) Grade 91
o, é fh E
feme (<) (s) (h) (MPa) N "
500 0.001 0.0 174,100 1046.9 0.084
550 0.001 0.0 164,100 1195.1 0.146
600 0.001 0.0 149,200 749.0 0.081
650 0.001 0.0 128,100 523.7 0.079
Note: Parameters for Equation 3-1 with Ae (¢°) in m/m, and ¢ in MPa.
(d) Grade 316
o, é th E
feme (€ (s) (h) (MPa) K g
400 0.001 0.0 169,400 3537.9 0.324
500 0.001 0.0 160,600 2334.9 0.213
600 0.001 0.0 151,400 1990.2 0.208
700 0.001 0.0 141,800 1405.3 0.219
Note: Parameters for Equation 3-1 with Ae (¢°) in m/m, and & in MPa.
Creep-Fatigue Testing and Assessment Guideline: 33
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3.4 Creep Deformation
3.4.1 |Insignificant Creep

There is only a need to consider creep if the temperature is high enough for creep effects to be
significant. The insignificant creep temperature for a given material is dependent on time. The current
recommendation of RCC-MR [32] is that creep effects are insignificant if the total time at any high tem-
perature is less than that which would either (1) give rise to 20% reduction in stress during relaxation
at constant strain starting from an initial stress of 1.35.R ) or (2) accumulate 0.03% creep strain at a
constant sfress of 1.25.R ; ,.

Based on these criteria, values have been determined for a number of steels [33]. Indicative values
from this source are summarized in Table 3-3.

Table 3-3

Indicative insignificant creep temperatures [33]

T, T, T T, T,
Mal'erial C/10h Cc/100 h €/1,000 h €/10,000 h €/100,000 h
(°C) (°c) (°c) (°C) (°c)
Grade 22 450 438 400 377 357
Grade 316 601 567 533 509 482

An alternative solution for determining insignificant creep temperature is to construct a diagram
containing R, , strength values and R creep strength values both as a function of temperature.

0.2/1/T
Intersection of the two relations occurs at T, the insignificant creep temperature for a specific time.

c/

3.4.2 Creep Strain

There are many model equations available to represent the accumulation of creep strain in the primary,
secondary, and tertiary regimes, and the wide spectrum of creep deformation characteristics exhibited
by different materials; for example, see Holdsworth (2008) [50]. At the simplest level, and in particular
when data are limited, the Norton minimum (secondary) creep rate model is employed [51], that is,

€Cmin = Anexp(Qc/RT)o™ Eq. 3-3

However, for certain materials under certain conditions, it is necessary to use models that also repre-

sent primary and/or tertiary creep deformation, for example,

gc = Dexp(Qc/RT)a"t? Eq. 3-4

ec = €c1[1 — exp(=g1(t/t12)")] + égmin + Coz(t/t23)” Eq. 3-5

The characteristic strain model [52] provides an effective description of primary, secondary,
and tertiary creep deformation behavior for metallurgically stable steels when only creep strength and
rupture strength data are available.

ec = & (Rryy1/Rejyyr— 1)/ (Reyyyr/o — 1) Eq. 3-6

3.4 Creep-Fatigue Testing and Assessment Guideline:
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Constants for the Norton model (Equation 3-3) have been derived for three steels from the information
contained in the data workbooks (Table 3-4). In these examples, the constants have been derived to
represent isothermal conditions, and A, (exp(Q./RT) in Equation 3-3 is replaced by A (7).

Table 3-4

Summary of Norton law constants (determined from data in workbooks)

(a) Grade 22

Temp (°C) AT n G, (MPa) G, .. (MPa)
510 5.523x10?%2 7.8 280 145
538 3.962x10% 8.6 150 40
566 3.130x10" 7.5 200 110
Note: Parameters for Equation 3-3 with éC,min in h', and 6 in MPa.
(b) Grade 91
Temp (°C) AN n G,... (MPa) G,.. (MPa)
500 1.393x10% 18.1 340 170
600 1.882x104? 17.0 200 140
1.788x1022 7.7 140 110
650 7.554x103¢ 15.3 130 105
1.932x10% 7.7 105 55
Note: Parameters for Equation 3-3 with &Cmin in h', and o in MPa.
(c) Grade 316
Temp (°C) AN n G,.x (MPa) G,.. (MPa)
600 2.349x10% 11.0 300 220

Note: Parameters for Equation 3-3 with €C,min in h”, and & in MPa.

There was limited creep deformation data in the version 2 data workbooks (the original focus had
been on the collation of LCF and cyclic/hold creep-fatigue test data). This is reflected by the quantity of
illustrative information given in Figure 3-5. Although the use of a Norton law representation provides a
relatively simple means of modeling creep strain data, its use as defined in Equation 3-3 is complicated
by the fact that n varies with temperature and stress (for example, see Table 3-4, part b, and Figure
3-5, panel b).

Unlike the midlife cyclic stress-strain data given in Table 3-2, which reflect that cyclic (and creep)
hardening or softening occurs during life (see Figure 2-3), the creep deformation parameters given
in Table 3-4 are based on the response of virgin material only to steady stress and temperature. The
effect of cyclic deformation on creep properties can only be determined by performing creep tests on
material that has been prior cyclic deformed or by analyzing the cyclic stress-relaxation data derived
from cyclic/hold creep-fatigue tests (see Figure 2-1). A comparison of the minimum creep strain rates
measured during cycle-1 and midlife cycle dwell periods of cyclic/hold creep-fatigue tests for 1CrMoV
and Grade 91 steels is shown in Figure 3-6 [29].

Creep-Fatigue Testing and Assessment Guideline: 3.5
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The cyclic response characteristics of Grade 91 are very different from those of the low-alloy steels.
Grade 91 cyclic softens to a significantly greater extent during the course of fatigue lifetime (cf. a
midlife to cycle-1 softening ratio of ~0.6 for Grade 91 with ~0.8 for 1CrMoV steel). In particular, the
creep resistance of Grade 91 is more significantly influenced by cyclic deformation than the low-alloy
steels. In Figure 3-6, the midlife to cycle-1 strain ratio for Grade 91 is ~100 compared with that of ~50
for 1CrMoV steel.

3.4.3 Stress Relaxation
When creep deformation is accumulated as a consequence of self-equilibrating (strain-controlled)
loading, stress relaxation can be modeled using alternative expressions such as those developed by

Feltham [53] or Conway [17]:

0; = Oinit(1 — B"In(bt + 1)) Eq. 3-7

0 = Ojpirexp(—bt°) Eq. 3-8

Additional stress-relaxation model representations are reviewed in Conway et al. (1975) [17].

The parameters for such model equations can be fitted directly to the stress-relaxation profiles observed
during the dwell periods of cyclic/hold creep-fatigue fests. In this way, the effect of cyclic hardening
or softening on the creep deformation (stress-relaxation) response can if necessary be quantified on a
cycle-by-cycle basis.

m Creep-Fatigue Testing and Assessment Guideline:
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Figure 3-1
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Midlife cyclic stress-strain properties for 1CrMoV steel extracted from the data

workbook [2] (Reference cyclic stress-strain lines are those for a strain rate of
0.001/s defined by the parameters listed in Table 3-2, part a.)
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Figure 3-2
Midlife cyclic stress-strain properties for Grade 22 steel extracted from the

data workbook [3] (Reference cyclic stress-strain lines are those for a strain
rate of 0.001/s defined by the parameters listed in Table 3-2, part b.)
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Figure 3-3
Midlife cyclic stress-strain properties for Grade 91 steel extracted from the

data workbook [4] (Reference cyclic stress-strain lines are those for a strain
rate of 0.001/s defined by the parameters listed in Table 3-2, part c.)
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Figure 3-4
Midlife cyclic stress-strain properties for Grade 316 steel extracted from the
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rate of 0.001/s defined by the parameters listed in Table 3-2, part d.)
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Figure 3-5
Minimum creep rate properties exiracted from the data workbook for (a)

Grade 22, (b) Grade 91, and (c) Grade 316 (Reference data lines are those
defined by the parameters listed in Table 3-4.)
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Figure 3-6
Comparison of minimum creep strain rates measured during cycle 1 and

midlife cycle dwell periods in cyclic/hold creep-fatigue tests on cycle dwell
periods in cyclic/hold creep-fatigue tests on(a) 1CrMoV and (b) Grade 91
steels (+0.5%¢_ tests with 30-minute hold time) [29]
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Model Equations for Damage Assessment

4.1 Overview

In order to predict creep-fatigue crack initiation endurances at component critical locations, it is tra-
ditionally necessary first to determine the damage fractions caused by cyclic and steady loading (see
Figure 1-2). Fatigue damage fraction is commonly determined in terms of cycle number fraction, that s,

__N Eq. 4-1
dr = Nj(Ag)

for which a fatigue endurance model is required. Creep-fatigue assessment procedures are broadly
differentiated by the way the components of fatigue and creep damage are determined. In general,
they fall info two main categories, depending on how the creep damage as a result of secondary
(self-equilibrating) loading is calculated, that is, either by time-fraction [30-32] or strain-fraction [33]
analysis methods. Time-fraction methods are currently the most widely used to determine d, and they
are universally adopted to determine creep usage arising from primary (directly applied) loading, that is,

de = Eq. 4-2
C tl’;(dp)

A tg(T,0) rupture time model is required for the determination of dg Creep damage fraction caused
by secondary loading can be determined as a function of time (Equation 4-3) or strain (Equation 4-4),
depending on the adopted procedure, that is,

S _ (tn dt . 4-
dC(t) _f = Eq. 4-3
R(0S)

for which a tg (T,0) rupture time model is required, and

s _ (th_&c Eq. 4-4
dC(S) - f AL(éc) dt

for which a rupture ductility model is required, for example, Ag(€c).

Candidate options for the models required for the determination of fatigue and creep damage fractions
are considered in the next section. The list of options presented here is not exhaustive.

Creep-Fatigue Testing and Assessment Guideline:
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4.2 Fatigue Endurance
4.2.1 Model Equations

The Coffin-Manson equation is the most widely used formulation for representing fatigue crack initiation
endurance [54], that is,

Ag; = Agp + Aep = Ce(Nivke—l)—Ye + Cp(Nivkp—l)_yp Eq. 4-5

Equation 4-5 is referred to as the frequency modified Coffin-Manson equation, although the model is
commonly used without the frequency terms. Constants for the simpler version of the model (without
the frequency terms) have been derived for four steels from the information contained in the data work-
books (Table 4-1). This information provides the basis of N,(A¢), required for Equation 4-1.

Table 4-1

Summary of Coffin-Manson equation constants (determined from data in the
workbooks)

(a) 1CrMoV

Temp & t

(9 | " (h) Ce " & e
400 0.001 0.0 7.14x103 0.346 6.18x10" 0.618
500 0.001 0.0 6.86x103 0.059 6.48x10" 0.657
550 0.001 0.0 5.88x10° 0.054 1.42x10° 0.784
600 0.001 0.0 5.24x10° 0.056 6.24x10" 0.706

Note: Parameters for Equation 4-5 with Ag,in m/m.

(b) Grade 22

Tem : t
(°C )P ( s£ 1) (I:) C Ye Cp Yo
300 0.001 0.0 7.72%x103 0.057 7.14x10" 0.621
400 0.001 0.0 1.16x102 0.119 6.24x10" 0.641
500 0.001 0.0 6.74x103 0.055 1.32x10° 0.780
600 0.001 0.0 5.58x10° 0.057 3.22x10° 0.963
Note: Parameters for Equation 4-5 with A, in m/m.
(c) Grade 91
Tem ; t
(°C )P ( s£ 1) (l.:‘) C Te Cp Yo
500 0.001 0.0 5.80x103 0.058 4.10x10" 0.574
550 0.001 0.0 7.04x103 0.098 2.50x10" 0.514
600 0.001 0.0 4.52x10° 0.058 6.82x10" 0.637
650 0.001 0.0 3.29x103 0.045 1.17x10° 0.709
Note: Parameters for Equation 4-5 with Ag, in m/m.
4.2 Creep-Fatigue Testing and Assessment Guideline:
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Table 4-1 (continued)

Summary of Coffin-Manson equation constants (determined from data in the

workbooks)
(d) Grade 316
Tem & f
| (h) €. G < "
400 0.001 0.0 1.57x10? 0.146 1.36x10" 0.368
500 0.001 0.0 1.19x10? 0.113 1.97x10" 0.471
600 0.001 0.0 1.29x10? 0.106 1.13x10" 0.415
700 0.001 0.0 1.07x10? 0.151 2.72x10! 0.525

Note: Parameters for Equation 4-5 with Ae, in m/m.

An alternative N (Ag) formulation is that proposed by Langer [55].

Ag, = AL(N) "L + B, Eq. 4-6

Other models are reviewed in Conway et al. (1975) [17].

Fatigue damage is typically determined for the maximum temperature in the operating cycle, but it
can also be determined for other effective temperatures [56], for example, the TRD temperature [31]:

TTRD = Tmln + 0'75(Tmax - Tmln) qu 4'7

Crack initiation endurance observations from the data workbooks are shown for 1CrMoV (in Figure
4-1), Grade 22 (in Figure 4-2), Grade 91 (in Figure 4-3), and Grade 316 (in Figure 4-4). Where avail-
able, low-strain-rate and long-hold-time data are also included for comparison with the reference results
for a strain rate of 0.001/s. Reducing the strain rate or introducing a 60-minute hold time at peak strain
in fension is responsible for a significant reduction in the crack initiation endurance for 1CrMoV (see
Figure 4-1) and Grade 22 (see Figure 4-2) in the temperature range 500 to 600°C, but appears to be
less influential for the Grade 91 steel (see Figure 4-3). Reducing the strain rate in LCF tests on Grade
316 is also responsible for a reduction in crack initiation endurance (see Figure 4-4).

4.2.2 Prior Creep Effects

Evidence to indicate the influence of prior creep on cyclic crack initiation endurance properties for
1CrMoV steel was systematically collected by Shinya et al. (1987) [57]. This information was reevalu-
ated more recently to show that creep may have a beneficial or detrimental influence on the fatigue
crack initiation resistance for this steel, depending on the deformation regime and the mechanism of
damage development [58]. Prior to the formation of physical creep damage, either as grain boundary
cavities or void/matrix decohesion, fatigue crack initiation resistance is enhanced in material that has
accumulated primary or secondary creep deformation (see Figure 2-4). The beneficial effect of creep
deformation is reversed once physical creep damage is present (see Figure 4-5). The point at which
this occurs depends on the stress and the temperature conditions responsible for creep, and the creep
ductility of the steel [27]. At higher stresses and/or lower temperatures, significant physical creep dam-
age is generated relatively late in the creep life in the form of voids due to particle/matrix decohesion,
and final fracture is transgranular. In these circumstances, fatigue crack initiation resistance continues
to be enhanced until late in the creep life as a result of the softening associated with tertiary creep.

Creep-Fatigue Testing and Assessment Guideline: 43
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At lower stresses, and/or higher temperatures, physical creep damage in the form of grain boundary
cavities can occur relatively early in the creep life when the creep ductility is low and later in life when
the creep ductility is higher. The development of physical creep damage at the grain boundaries has
an increasingly detrimental effect on fatigue crack initiation resistance.

An analytical representation of the prior creep deformed (PCD) functional surface shown in Figure 4-5
enables the determination of N(A¢)’ and an alternative formulation to Equation 4-1, that is,

N
* - —_— E 0 4'8
dr Nj(AepPC d

This type of approach can provide a more effective estimate of fatigue damage fraction, which can be
formulated in an evolutionary way [29], but it requires a more extensive material property database
than traditional procedures. Nevertheless, it is a potential solution for the future.

4.3 Creep Rupture

Creep damage is commonly determined in terms of a time fraction based on time-to-rupture models
[30-32]. However, the use of a strain-based ductility exhaustion creep damage fraction is strongly
promoted in the R5 procedure [33], and so both creep-rupture time and ductility models are reviewed
in the following sections.

4.3.1 Rupture Time

There are many expressions which can be used to model time to rupture as a function of stress and
temperature, many of which are reviewed in Holdsworth (2010) [59]. Typically, they are classified as
time-temperature-parameter (TTP) (Equation 4-9 [60]) or algebraic (Equation 4-10 [61]).

th = exp((Se B [10g ()]} (T = T,)" /5= + B) Eq. 4-9

tr = exp(Bo + B1log(T) + Brlog (00) /T + B3 /T + Baco/T) Eq. 4-10

TTP models tend to be more flexible in fitting within the range of the data but less stable in extrapola-
tion, whereas algebraic models can be less flexible in data fitting but are more stable in extrapolation.
Depending on the values assigned to the parameters, Equation 4-9 is transformed into a number of
traditional TTP models [59]. For example, by setting g = O and r = 1, the Larson-Miller equation is
obtained. Equation 4-10 is specifically referred to as the SM2 model and can effectively represent the
stress-rupture characteristics of a number of alloys (for example, see Table 4-2). An alternative formulo-

tion is that proposed by Wilshire [62].

t§=%ln(i)+iln(—ln(é))+i—; Eq. 4-11
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This model equation has the advantage for creep-fatigue assessment applications in that it can be used
to represent the data in the high-stress regime in a way that ensures that rupture strength values do not
unrealistically exceed the tensile strength of the material. This is particularly useful for creep analyses
for creep-fatigue assessment.

Creep-rupture data for the heats of steel contained in the data workbooks are shown for 1CrMoV (in
Figure 4-6), Grade 22 (in Figure 4-7), Grade 91 (in Figure 4-9), and Grade 316 (in Figure 4-9). Sig-
nificant scatter is evident around the trend lines for Grade 22 (see Figure 4-7), as a result of the data
workbook containing results for the steel in various product conditions. Creep properties for normal-
ized and tempered Grade 22 are particularly sensitive to ruling section thickness as a consequence
of microstructural variations that arise from differences in the aircooling rate from the normalizing
temperature.

Table 4-2
Summary of constants for SM2 creep-rupture model

(a) Model parameters

Material Bo B, B, B, B,
1CrMoV -1170.94958 | 341.558868 | 2525.28711 152326.453 | -30.8134823
Grade 22 -263.457916 | 67.6636124 | -6487.19092 |[76328.2891 |[-10.6347399
Grade 91 -235.860962 | 48.6824532 | -8609.15137 [110872.758 |[-31.8743629
Grade 316 | -672.226172 | 185.925171 | -8250.51465 |139204.547 | -19.9724884

Note: Parameters for Equation 4-10 with £* in h, Tin K, and & in MPa.
(b) Limits of applicability
Material T .. T..
1CrMoV 575°C 450°C
Grade 22 600°C 450°C
Grade 91 650°C 500°C
Grade 316 750°C 500°C

4.3.2 Rupture Ductility

Proven procedures for the assessment of rupture ductility, particularly for large multisource, multicast,
multitemperature data sets, are still under development. Such data sets can be highly complex, although
there are now model representations that can handle such complexity (for example, see Holdsworth
(2004) [63]), with the most promising of these currently being the stress-modified ductility equation of
Spindler [64]:

In(AR) = min [{ln(Al) + % +ny ln(s’c,av) + mlln(a)} , ln(A)] Eq. 4-12

Rupture ductility data for the heats of steel contained in the data workbooks are included in Figure 4-6

(1CrMoV), Figure 4-7 (Grade 22), Figure 4-8 (Grade 91), and Figure 4-9 (Grade 316).

4.3.3 Other Approaches
For the future, there are emerging energy-based models for the determination of creep damage
fractions [13, 65].
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4.3.4 Influence of Prior Cyclic Deformation

Prior cyclic deformation is responsible for cyclic softening in CrMoV steels, which in turn influences the
magnitude of the creep strength [66]. The outcome is a reduction in rupture times and an increase in
creep strain rates, but with £¢mintR maintaining the same constant of proportionality as the virgin
steel (see Figure 4-10, panels a and b). The magnitude by which the rupture time is reduced depends
on the magnitude of the stress and the consequent rupture mechanism. At stress levels responsible for
a ductile transgranular rupture mechanism (arising from void formation due to particle/matrix decohe-
sion), the reduction in rupture time is significant. In contrast, at stress levels responsible for intergranular
rupture (arising from grain boundary cavity formation), the reduction in rupture time is relatively small.

The effect of prior cyclic deformation of the rupture ductility of 1CrMoV steel also depends on stress
and strain rate (rupture mechanism) [67]. At stresses (and strain rates) associated with lower and upper
shelf rupture ductilities, the influence of prior cyclic deformation and the consequent increase in mini-
mum creep rate is small (see Figure 4-10, panels c and d). At stresses (and strain rates) associated with
the transition from upper shelf to lower shelf rupture ductilities, the influence of prior cyclic deformation
can be responsible for a significant increase in rupture ductility.

In contrast, for Grade 316 steel the effect of prior cyclic deformation on creep is to increase the time to
rupture and reduce the strain rate, with the magnitude of the effect appearing to be relatively insensi-
tive to the applied stress [67], as shown in Figure 4-11, panels a and b. Prior cyclic deformation is
responsible for an increase in rupture ductility, as shown in Figure 4-11, panels c and d.

Analytical representations of the data given in Figure 4-10, panels a and d, and Figure 4-11, panels
a and d, enable the determination of t (6)™, 4x(éc)™ , and alternative formulations to Equations 4-2,

4-3, and 4-4, that is,

Eq. 4-13
* _ rtn dt
dC(t) - f t’ﬁ(a’)PF
for which a prior fatigue deformed (PFD) rupture time model is required, and
+ _ (th___&c Eq. 4-14
dC(s) - f AR(éC)PF

for which a PFD rupture ductility model is required.

The use of such models can provide a more effective estimate of creep damage fraction, which can be
formulated in an evolutionary way [29], but requires a more extensive material property database than
traditional approaches. It is therefore a potential solution for the future.
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4.4 Damage Summation

The ways in which creep and fatigue damage can be summed are conveniently illustrated with refer-
ence to possible crack initiation locus options in a creep-fatigue damage summation diagram (see Fig-
ure 4-12). Bilinear damage loci, as used in the calculations in References 30 and 32, can be modeled
using the following equations:

DF =1- Dc. (1 - D,F)/D,C for DC < D’C

Eq. 4-15
DF = (1 - Dc) D’F/(l - ch) for DC > D’C

where D',,D’. define the intersection coordinates [68]. For linear damage accumulation, as in the
calculations in References 31 and 33, D’,,D’. = 0.5. Alternatives are the L-shaped locus adopted in
Bestwick and Clayton (1985) [69] and more recently the quadratic locus that is said to represent the
theoretical lower bound [70]. Apart from the theoretically based quadratic representation, other dam-
age summation options are determined on the basis of experimental observations from low-strain-rate
LCF, cyclic/hold, or servicecycle TMF tests [26, 71].

In Equation 4-15,

Dy = X Nidg; Eq. 4-16

D¢ = X Nydc; + X Nydg k9. 417

where | is the number of service-cycle types, and options for d. and d_. are considered earlier in this
section.

Some analysts account for creep damage caused by secondary loading as part of the fatigue dam-
age fraction calculation by using N(Ag, t) endurance models based on observations from cyclic/hold
creepfatigue tests in Equation 4-16 [72, 73]. In such circumstances, creep damage fraction is esti-
mated only using the first term in Equation 4-17. It is therefore important to recognize that the damage
summation locus depends not only on material and temperature but also on the analysis procedure
employed to determine the stress-strain state and to determine the fatigue and creep damage [29]. It
should therefore not be assumed without verification that the damage summation diagram given for
a specific material (see Figure 4-13) is appropriate for any other creep-fatigue assessment procedure

Creep-Fatigue Testing and Assessment Guideline: A7
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Figure 4-1
Crack initiation endurance properties for 1CrMoV steel extracted from the

data workbook [2] (Reference LCF lines are those defined by parameters
in Table 4-1, part a.)
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in Table 4-1, part b.)
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Figure 4-3
Crack initiation endurance properties for Grade 91 steel extracted from the

data workbook [4] (Reference LCF lines are those defined by parameters
in Table 4-1, part c.)

4-10 Creep-Fatigue Testing and Assessment Guideline:
Material Property Data Requirements for Component Assessment



EPI2I | esearch msrirure Model Equations for Damage Assessment

10 10 T
(@) Grade 316, 400°C [ (b) Grade 316, 500°C
3 S 0.001
S 0 0.001/s < | °© /s
o o (@ @ 1E-5/5
o © 1E-5/5 2
[ 14
g’ g
£ £
£ £
%) [4p]
0.1 + + 0.1 } !
100 1000 10,000 100,000 100 1000 10,000 100,000
Cycles Cycles
10 10
(c) Grade 316, 600°C (d) Grade 316, 700°C
< <
% 0 0.001/5 % 0 0.001/s
o @ 1E-5/5 o @ 1E-5/s
®© 7 © 7
S S
£ £
g g
+ +
n n
01 1 1 ||||||= 1 1 ||||||= 1 1111111 0'1 : :
100 1000 10,000 100,000 100 1000 10,000 100,000
Cycles Cycles

°F = (°C x [9/5]) + 32

Figure 4-4
Crack initiation endurance properties for Grade 316 steel extracted from the

data workbook [5] (Reference LCF lines are those defined by parameters
in Table 4-1, part d.)
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Figure 4-5

Influence of stress responsible for prior creep condition on fatigue crack
initiation endurance [58] (In the terminology of this report, the N¢/N, ratio
adopted in Binda et al. (2008) [58] is N,(Ae,)°/N/(A¢,); see Equation 4-8.)
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Figure 4-6
Summary of creep-rupture strength and ductility values for heats of 1CrMoV

steels contained in the data workbook [2] (Reference lines are those defined
by parameters in Table 4-2.)
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Figure 4-7
Summary of creep-rupture strength and ductility values for heats of Grade 22

steels contained in the data workbook [3] (Reference lines are those defined
by parameters in Table 4-2.)
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Figure 4-8
Summary of creep-rupture strength and ductility values for heats of Grade 91

steels contained in the data workbook [4] (Reference lines are those defined
by parameters in Table 4-2.)
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Figure 4-9
Summary of creep-rupture strength and ductility values for heats of Grade 316

steels contained in the data workbook [5] (Reference lines are those defined
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Figure 4-10

Influence of prior fatigue deformation on the creep-rupture properties of
1CrMoV steel [67]
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Figure 4-11

Influence of prior fatigue deformation on the creep-rupture properties of
Grade 316 [67]
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Crack initiation locus options in a creep-fatigue damage summation diagram
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Discussion

5.1 Material Property Data Requirements

The main goal of this report has been to review material property data requirements for the
assessment of defect-free components subject to creep-fatigue loading during service duty. Although it is
recognized that there are a number of procedures employed for this purpose [30-33], the material
property requirements are broadly similar and are derived from a relatively small number of common
test types (Section 2). A generic flow diagram representing the analysis route adopted by a number
of defect-free creep-fatigue assessment procedures was introduced in Section 1. The material property
data required for each of the steps identified in Figure 1-2 and the location in the report where they are
considered are summarized in Table 5-1.

Table 5-1

Overview of material property data requirements for creep-fatigue assessment

Assessment Step Material Property Requirements Sections
Determination of stress-strain | Physical and elastic properties 3.1,3.2
state

Cyclic stress-strain data 3.3

Creep strain data 3.4.1,342

Cyclic stress-relaxation data 3.4.3
Determination of fatigue LCF (without and with hold time) crack initiation 4.1,4.2
damage fraction endurance data for T, < T< T
Determination of creep Creep-rupture time data for T, < T< T 4.1,4.3.1,
damage fraction 4.3.4

Creep-rupture ductility data for T, <T< T

4.3.2

Creep-fatigue damage Low strain rate LCF, cyclic/hold (isothermal and 4.4
summation TMF) creep-fatigue test data

In reviewing the material property data requirements for creep-fatigue assessment, the importance of
data pre-assessment and differentiating between creep-fatigue deformation and damage interaction
effects, in particular for 9-11% Cr steels, is also recognized.

5.2 Data Pre-Assessment

The importance of data pre-assessment prior to model fitting for creep-fatigue assessment purposes
cannot be overstated. It is acknowledged in Appendix A that even traditional steels such as 1CrMoV
and Grade 22 are widely used in different metallurgical conditions. In the case of TCrMoV rotor steel,
it is simply because turbine manufacturers in different countries have developed and specified the
target chemistry limits, heat freatment procedures, and tensile strength requirements to meet regionally
adopted design criteria. In the case of Grade 22, the steel is used in both the annealed conditions and
the normalized and tempered conditions for various power plant applications. Even in the normalized
and tempered condition, the properties of this steel can vary with product section size as a result of

Creep-Fatigue Testing and Assessment Guideline: 5.1
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different air-cooling rates from the nomalizing temperature (for example, see Figure 4-7). It is there-
fore very important to collate and model creep (and creep-process-influenced) properties from data
originating from tests on material of the correct product specification (material pedigree).

Pre-assessment is an imporfant step in the analysis of all material property data, involving (a)
characterization of the data in terms of its pedigree, distribution (as a function of fest control
parameters), and scatter, and (b) data reorganization, if deemed necessary by the findings of (a).

5.3 Creep-Fatigue Interaction

5.3.1 Deformation Versus Damage

Creep-fatigue interaction effects on deformation and damage have been recognized for many years
[27, 72, 74]. However, more recently, greater efforts have been made to understand and quantify
the effects to improve assessment procedure effectiveness [29]. Much of the early work relating to
power plant applications was concerned with low-alloy ferritic steels for which the most significant
creep-fatigue interaction effects related to physical damage as depicted in Figure 1-1 (for example,
Holdsworth et al. (2007) [71] and Figure 4-10). It is now clear that for the new advanced 9-11%
Cr steels, deformation interaction effects might be far more influential (for example, Figures 3-3 and
3-6) [29]. In such circumstances, cyclic stress-strain and creep deformation models need to be more
carefully formulated to ensure that interaction effects in this class of steel are not erroneously
attributed to damage, as shown in Figure 4-13. The evidence first presented in Holdsworth (2010) [29] to
illustrate this misunderstanding is reproduced in Figure 5-1. Plotted in a damage summation
diagram, published cyclic/hold creep-fatigue test results for Grade 92 at 625°C [75] appear to exhibit
creep-fatigue interaction characteristics that are similar to those of Grade 91 and more extensive than
those of 1CrMoV at 550°C (see Figure 5-1, panel a). However, when the same data are compared as
a function of crack initiation endurance, it is clear that Grade 91/92 steels are superior to 1CrMoV at
550°C (see Figure 5-1, panel b).

5.3.2 PCD- and PFD-Based Properties

Recent studies have demonstrated the potential advantages of basing fatigue and creep damage
calculations on PCD fatigue endurance and PFD creep-rupture models. For example, it has been shown
that the use of such test data can lead to D,,D. coordinates that are more representative of the actual
physical damage condition in a damage summation diagram [29]. Some PCD fatigue endurance and
PFD creep-rupture properties are reviewed in Figure 4-5 and Figure 4-10 (for 1CrMoV) and Figure
4-11 (for Grade 316). The approach is demanding in terms of experimental data requirements, but it
could provide the solution for more effective creep-fatigue lifetime predictions for certain materials in
the future.

5.2 Creep-Fatigue Testing and Assessment Guideline:
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EPRI Creep-Fatigue Data Workbooks

A.1 Overview

The EPRI creep-fatigue data workbooks are based on the concept introduced in [1]. This involves the
storage of creep-fatigue data on three levels, that is, experimentally determined data reduced to a
manageable quantity (Level 1), summary data (Level 2), and assessed data (Level 3).

Data workbooks have been established for four steels, namely 1CrMoV [2], 24CrMo (Grade 22)
[3], 9CrMoVNb (Grade 91) [4], and Grade 316 [5]. They comprise data from a number of sources
[6-17].

A.2 Creep-Fatigue Data

The data workbooks contain LCF, cyclic/hold creepfatigue test, and creep-rupture data (see Figure
A-1). Priority is given to the storage of LCF and cyclic/hold creepfatigue test data. However, the
workbooks are also used for the collation of creep-rupture data, in particular when it exists for the
same heats of material as for the cyclic data. There are other sources of creep-rupture data that were
not exploited because the information did not relate directly to the heats of steel for which LCF and
cyclic/hold creepfatigue test data had been collated [18-22]. The assessment of these data has been
reported elsewhere [23].

Cycle shapes showing the main control and response variables for commonly adopted cyclic/hold
creep-fatigue tests providing the data contained in the workbooks are given in Figure A-2. In the case
of LCF tests, the hold time is zero (that is, t, = O h). LCF waveforms are invariably triangular, usually with
a strain rate of 0.001/s, although data are stored for tests employing strain rates as low as 1x107/s.

A.3 Data Workbook Structure

During a creep-fatigue test, control and response variables are saved as a function of time and cycle
number, usually for selected cycles (but sometimes for all cycles) [24, 25]. In the past, it was usual to
record this information by hand and using X(f) and X-Y(f chart recorders. Now it is more common to
record such observations using a digital acquisition system. The quantity of information collected by the
laboratory for a given test is usually far more than is required for subsequent assessment purposes, and
therefore the information is usually retained and stored by the original test laboratory such that data
analysts can access it if more details are required at a later date.

For subsequent analysis, for example, to determine the parameters for constitutive model equations to
be used as material property input in component assessment, it is more convenient to reduce the de-
formation data set in particular to a size that is more convenient for analysis. Individual creep-fatigue
test deformation (Level 1) data and test summary (Level 2) data are held in different sheets of the data
workbook as introduced next.

Reduced (Level 1) data for individual tests are stored in blocks of cells in the cyclic stress-strain records
and cyclic stress-relaxation records sheets.

In the cyclic stress-strain records sheet, it is recommended that stress-strain records for a given cycle
comprise no more than ~200 (g,6) data points, collected in a way to adequately characterize the
shape of the hysteresis loop at all locations (see Figure A-3). Ideally, the (¢,6) data points should be
equispaced around the cyclic part of the loop. A predefined scheme is recommended for storage of the
hold time o(f) data in the cyclic stress-relaxation records sheet (see Figure A-4).

Creep-Fatigue Testing and Assessment Guideline:
. . A-1
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Summary (Level 2) data sheets contain summary data for a number of tests in individual rows. There
are two summary data sheets, one for LCF and cyclic/hold fatigue properties (see Figure A-5) and one
for creep-rupture properties (see Figure A-6). The data stored in summary data sheets summarize results
from the reduced data sheets as well as information from other sources. Each row in a summary data
sheet summarizes the results from one test.

Assessed (Level 3) data is information from reduced data and summary data sheets expressed in
constitutive and model equation format. This form of representation provides a convenient means of
continuous material property data input infto component assessment calculations.

A.4 Data Workbooks

The contents of the four version 2 data workbooks [2-5] are summarized in tables in the following
sections.

A.4.1 1CrMoV

1CrMoV has been widely used since the 1960s as a high-pressure and intermediate-pressure steam
turbine rotor steel for inlet temperatures up to 565°C. Consequently, there is a significant quantity of
creep-fatigue property data available for the steel [6-8]. Care is required when using the available
data, because the steel is used in subtly different conditions by different turbine manufacturers in dif-
ferent parts of the world, despite the nominal specifications for the steel being almost identical. For
example, the chemical compositional balance of the steel and the heat treatment procedure adopted
in mainland Europe has tended to evolve in a different way from that in the United Kingdom. This steel
typically exhibits an inverse relationship between creep-rupture strength and fracture toughness [9].
Mainland European turbine makers tended to optimize rotor manufacturing practice in favor of fracture
toughness, whereas UK turbine makers tended to favor superior creep properties. Similarly, there can
be differences between the compositional balance and heat treatment procedures adopted for U.S.
variants to ASTM (formerly, the American Society for Testing and Materials) A470.

The contents of the 1CrMoV Creep-Fatigue Data Workbook [2] are summarized in Table A-1.

Table A-1
Summary of the contents of the Creep-Fatigue Data Workbook 1: 1CrMoV [2]

Casts LCF Tests Cyclic/Hold Creep-Rupture Tests

Tests

Total 4 106 (5) 119 (8) 14

RT 1 7 (1)

400°C 1 6 (1)

500°C 2 38* (1) 26 (4) 5

525°C 1 10

530°C 1 9 18

550°C 2 39* (1) 65 (4)

600°C 1 7 (1) 3

Note: Numbers in parentheses are numbers of tests for which there are deformation data in the workbook.
* Including low-strain-rate test data.

A2 Creep-Fatigue Testing and Assessment Guideline:
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A.4.2 2%CrMo (Grade 22)

2CrMo (Grade 22) has also been widely adopted for many years in the power generation industry
as a main and boiler steam pipe material, also for temperatures up to ~550°C. There are data in the
Creep-Fatigue Data Workbook for this steel [3] from published [10, 11] and unpublished sources. Care
is also required in the use of available data for Grade 22, because it is commonly employed in both
the annealed and normalized and tempered conditions. In the annealed condition, the microstructure
is typically fully ferritic, whereas in the normalized condition, microstructures range from fully bainitic
in relatively thin section product forms to mixed ferrite/bainite in thicker section product forms. The mi-
crostructure and initial strength conditions have a significant influence on fatigue and creep properties.

The contents of the Grade 22 Creep-Fatigue Data Workbook are summarized in Table A-2.
Table A-2

Summary of the contents of the Creep-Fatigue Data Workbook 2: 2'4CrMo [3]

Casts LCF Tests Cyclic/Hold Creep-Rupture Tests
Tests

Total 13 478 92 46
RT 4 36
93°C 1 1
300°C 2 13
316°C 2 26
371°C 2 12
400°C 2 17
427°C 5 47
454°C 3 3 3
482°C 3 24 20 1
500°C 2 42* 11 3
510°C 1 9
538°C 8 128* 33 13
550°C 1 4
566°C 1 4 6
593°C 5 74* 18
600°C 2 51* 10 7

Note: Numbers in parentheses are numbers of tests for which there are deformation data in the workbook.
* Including low-strain-rate test data.

A.4.3 9CrMoVNDb (Grade 91)

Since the development of the modified 9CrMo steel in the 1980s, Grade 921 (9CrMoVNDb) has been
widely used as an alternative to Grade 22 for power plant tube and pipe applications when higher
temperature creep and oxidation resistance are required or when thinner wall sections are required
at temperatures up to ~550°C. Grade 91 is typically used for high temperature applications to ~575-
600°C. Grade 91 is used for many other purposes in the power generation industry, notably as a

boiler header and turbine casting steel, and there are a number of sources of creep-fatigue properties
[12,13]. The contents of the Grade 91 Creep-Fatigue Data Workbook [4] are summarized in Table A-3.

Hold times up to 60 minutes in both tension and/or compression. The maximum hold time in tension
is 180 minutes.
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Table A-3

Summary of the contents of the Creep-Fatigue Data Workbook 3: 9CrMoVND [4]

Casts LCF Tests Cyclic/Hold Creep-Rupture Tests
Tests

Total 8 296 85 (1) 103
RT 4 44

371°C 3 18

427°C 1 2
454°C 1 1
482°C 3 21 2 3
500°C 2 6 7
538°C 5 54 19 25
550°C 2 41* 23 (1) 11
593°C 5 59 21 34
600°C 2 41* 12 8
650°C 3 12 8 12

Note: Numbers in parentheses are numbers of tests for which there are deformation data in the workbook.
* Including low-strain-rate test data.

A.4.4 Grade 316

Grade 316 (18Cr12Ni2Mo) has been employed widely in the power generation industry since the
1960s for high temperatures up to ~650°C. It exhibits a high resistance to creep and oxidation at tem-
peratures well above those of the ferritic and martensitic steels. Creep-fatigue data has been gathered
from [14-17]. The contents of the Grade 316 Creep-Fatigue Data Workbook [5] are summarized in
Table A-4.

Table A-4

Summary of the contents of the Creep-Fatigue Data Workbook 4: AlSI 316 [5]

Casts LCF Tests Cyclic/Hold Creep-Rupture Tests
Tests

Total 7 347 81 16
RT 2 19
400°C 1 16*
450°C 1 6
500°C 6 72* 4
550°C 5 90* 45 2
600°C 4 67* 32 8
650°C 1 20* 3
700°C 1 16* 3
817°C 1 23*

Note: Numbers in parentheses are numbers of tests for which there are deformation data in the workbook.
* Including low-strain-rate test data.

A-4
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Figure A-2
Commonly used isothermal strain-controlled cyclic/hold creep-fatigue test cycle
shapes [26]

Figure A-3
Appearance of the L1 cyclic stress-strain sheet of the Creep-Fatigue Data
Workbook (version 2)

A6 Creep-Fatigue Testing and Assessment Guideline:
Material Property Data Requirements for Component Assessment



EPI2I | esearch msrirure EPRI Creep-Fatigue Data Workbooks

Figure A-4
Appearance of the L1 cyclic stress-relax sheet of the Creep-Fatigue Data
Workbook (version 2)

Figure A-5
Appearance of the L2 LCF sheet of the Creep-Fatigue Data Workbook
(version 2)
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Figure A-6
Appearance of the L2 creep-rupture sheet of the Creep-Fatigue Data Workbook
(version 2)
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Nomenclature

A tensile fracture elongation

A, A* creep-rupture elongation, predicted creep-rupture elongation

A constant in Equation 3-3

Al alternative Norfon law constant when determined for single temperature

G, C constants in Coffin-Manson Equation 4-5

d., d¥ creep damage fraction per cycle, PFD modified creep damage fraction per cycle
(Equations 4-13 and 4-14)

df, d$ creep damage due to primary (directly applied) loading, creep damage due to
secondary (self-equilibrating) loading

deyyr Ao creep damage fraction per cycle (time fraction), creep damage fraction per cycle
(strain fraction)

d., d* fatigue damage fraction per cycle, PCD modified fatigue damage fraction per cycle
(Equation 4-8)

D. D, total creep damage fraction; total fatigue damage fraction

D', D', damage fraction coordinates defining infersection point in bilinear creep-fatigue
damage summation diagram

E elastic modulus

f yield criterion

i number of service-cycle types

k thermal conductivity

K hardening constant in Ramberg-Osgood model, Equation 3-1

LCF low-cycle fatigue

n creep-stress exponent (for example, in Equation 3-3)
number of cycles

i number of cycles to crack initiation

PCD prior creep deformed (damaged)

PFD prior fatigue deformed ([damaged)

Q. activation energy for creep

R gas constant

Creep-Fatigue Testing and Assessment Guideline:
Material Property Data Requirements for Component Assessment
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*

for tR

C/t
max/ " min

TRD

TMF

C’min

C’ave

T Y,

G, Ac

ultimate tensile strength

0.2% proof strength

creep-rupture strength for designated time and temperature
creep strength for designated strain, time and temperature
time

duration of hold time or dwell period in a service cycle
observed time to creep-rupture, predicted time to creep-rupture
temperature

insignificant creep temperature (for a given time)

maximum and minimum temperature

TRD temperature (Equation 4-7)

thermo-mechanical fatigue

back stress tensor (Equation 3-2)

reduction of area at creep rupture

coefficient of thermal expansion

hardening exponent in Ramberg-Osgood model, Equation 3-1
strain, strain range

strain amplitude

creep strain

minimum creep strain rate

average creep strain rate (that is, A./t)

elastic strain, elastic strain range

plastic strain, plastic strain range

total strain range

exponents in Coffin-Manson Equation 4-5

stress, stress range

stress amplitude

stress at the end of the hold time (dwell period)

initial stress (at start of hold time), often equal to 6__

X

Creep-Fatigue Testing and Assessment Guideline:
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G maximum stress during cycle

G minimum stress during cycle

o, limit of proportionality

G, primary (directly applied) stress

o secondary (self-equilibrating) stress

c, stress after time, t (for example, during strain-controlled hold time)
v frequency

Creep-Fatigue Testing and Assessment Guideline: B-3
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