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Abstract

The ratcheting behavior of 9% Cr-1% Mo ferritic-martensitic (FM) steel
P91 is investigated by uniaxial cyclic loading tests at room temperature
and 550 °C. Accumulation rates of strains (ratcheting rates) under multi-
ple loading conditions are recorded to build a database for P91 for fur-
ther application in Generation IV fission reactors.

Strain-controlled low cycle fatigue (LCF) tests are performed before
stress-controlled tests to evaluate the cyclic softening of the material.
Afterwards stress-controlled tests are performed both at room tempera-
ture and 550 °C, with various peak tensile stresses, mean stresses, stress
rates and hold times.

The unconventional asymmetry of stress under strain-controlled LCF
tests at room temperature predicted the non-zero ratcheting with zero
mean stress, which is equally verified by the subsequent symmetric
stress-controlled tests.

A unified visco-plastic deformation model taking into account the com-
plex non-saturating cyclic softening of Reduced Activation Ferritic Mar-
tensitic (RAFM) steels is further modified to adapt the ratcheting behav-
ior of P91. It is hereby informed that the current model for RAFM steel
fits cyclic softening behavior in strain-controlled LCF tests very well.
However, this model strongly overestimates the uniaxial ratcheting rates
in stress-controlled tests, because the term for dynamic recovery of kin-
ematic hardening in the current model follows the Armstrong-Frederick
dynamic recovery rule.

Based upon further analysis of back stresses, a new constitutive model is

proposed. A new dynamic recovery rule is designed to fit the ratcheting
rates under multiple loading conditions, including those with smaller
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Abstract

stress ratios (R < -0.8), larger stress ratios (R > -0.8), zero mean stress,
various stress rates, and various hold times. Parameter values for vari-
ous new proposed models are fitted to find the best dynamic recovery
rule for kinematic hardening.
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Zusammenfassung

Das Ratcheting-Verhalten des 9% Cr-1% Mo ferritisch-martensitischen
(FM) Stahls P91 wird durch einachsige zyklische Belastungen bei Raum-
temperatur und bei 550°C untersucht. Hierbei werden die Akkumulati-
onsraten der Dehnung (Ratchetingraten) unter verschiedenen Belas-
tungsbedingungen aufgezeichnet, um die Datenbank fiir P91 in Bezug auf
die Anwendung in der Generation IV Spaltungsreaktoren zu erweitern.

Zu Beginn werden dehnungsgesteuerte LCF-Versuche und anschlief3end
spannungsgesteuerte Versuche durchgefiihrt, um die zyklische Entfesti-
gung des Materials zu bewerten. Die spannungsgesteuerten Versuche
werden sowohl bei Raumtemperatur als auch bei 550°C unter Variation
der Spannungsspitzen, der Mittelspannungen, der Spannungsraten und
der Haltezeiten durchgefiihrt. Die untypische Asymmetrie der Spannung
bei den dehnungsgesteuerten LCF-Versuchen bei Raumtemperatur ist
die Ursache fiir das Auftreten von Ratcheting ohne Mittelspannung. Au-
Rerdem wird dies durch die folgenden symmetrischen spannungsge-
steuerten Versuchen bestétigt.

Um das Ratcheting-Verhalten von P91 zu beschreiben, wird ein visko-
plastisches Verformungsmodell unter Beriicksichtigung der komplexen
nicht sattigenden zyklischen Entfestigung der Reduced Activation Ferri-
tic Martensitic (RAFM) Stdhle weiter modifiziert. Es wird gezeigt, dass
das aktuelle Modell fiir RAFM Stdhle in der Lage ist, das zyklische Entfes-
tigungsverhalten bei spannungsgesteuerten LCF-Versuchen sehr gut zu
beschreiben. Allerdings iliberschatzt dieses Modell offensichtlich die
einachsigen Ratchetingraten in spannungsgesteuerten Versuchen. Ver-
antwortlich ist die dynamische Erholung der kinematischen Verfestigung
im aktuellen Modell, die auf das Modell von Armstrong-Frederick zu-
riickzufiihren ist.



Zusammenfassung

Es wurde ein neues konstitutives Modell, welches auf Untersuchungen
der Riickspannung basiert, entwickelt. Zur besseren Beschreibung des
Ratchetings wurde ein neuer dynamischer Erholungsterm verwendet,
der die unterschiedlichen Belastungsbedingungen berticksichtigt. Typi-
sche Belastungsbedingungen sind beispielsweise kleine (R<-0,8), und
grofde (R>-0,8) Spannungsverhiltnisse, keine Mittelspannung, Variation
der Spannungsraten und unterschiedliche Haltezeiten. Es wurden Para-
metersitze fiir die verschiedenen vorgeschlagenen neuen Modelle be-
stimmt, mit denen die dynamische Erholung der kinematischen Verfesti-
gung gut beschrieben werden kann.
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gpeak

Emin
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gr/gmean 1
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O-peak/o-max 3
Omin

Gmean

Oeng

Gtrue
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Strain range

Peak tensile strain /maximum strain
Minimum strain

Inelastic strain

Inelastic strain range

Ratcheting strain/mean strain
Ratcheting rate

Stress

Peak stress/peak tensile stress/maximum stress
Minimum stress

Mean stress

Stress amplitude

Engineering stress

True stress

Stress rate

Stress ratio

Back stress/ Kinematic hardening

1 Ratcheting strain is mean value of maximum and minimum strain in one cycle, hence the term “mean
strain” and “ratcheting strain” is identical in the topic of ratcheting.

2 Ratcheting rate is the increase/decrease of mean strain of one cycle to the one in the previous cycle,

namely &, =

Ag,

AN’

3 In case of confusion, the default meaning of peak stress is peak tensile stress. Since in all experiments

mentioned in literature and performed in the current PhD program, the maximum stresses are tensile

stresses, therefore, the term “maximum stress”, “peak stress” and “peak tensile stress” are synonyms
in this paper. On the other hand, in spite of a few cases where minimum stresses are zero or tensile
stresses, minimum stresses are generally compressive stresses. Therefore, the term “peak compres-
sive stress” is the same as “minimum stress” if without extra explanation.
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1 Introduction

The task of the current PhD program is a part of the MATerial Testing
and Rules (MATTER) project, which is a material research program for
the construction of a European Generation IV reactor. Currently available
tests and evaluation standards are not sufficient to predict the structural
material behavior under the operational conditions of the LFR ETPP
(Lead Fast Reactor European Technology Pilot Plant) MYRRHA and SFT
Prototype ASTRID, which are two prototype European Gen. IV reactors.

The scope of the MATTER project is to contribute to covering the existing
gaps by pointing out methodologies, recovering existing experiences and
performing experiments. One of the goals of the MATTER project is to
provide the design rules for 9Cr-1Mo ferritic-martensitic (FM) steel.

For the application of 9Cr-1Mo FM steel in the construction of a nuclear
power plant, not only a wide database of its mechanical characteristics
is required, but also new rules need to be set, with which reliable con-
struction planning can be done according to the characteristics of the
steel. Although FM steels are preferable to austenitic steels in reactor
construction owing to their lower swelling under radiation, they still
have a negative side that they show cyclic softening. Cyclic softening
plays a major role in ratcheting, in the sense that the strain ranges of
hysteresis loops can increase cycle by cycle owing to softening and it
accelerates the ratcheting. The current criteria regarding the influence
of cyclic loading on ratcheting are limited since they are mainly devel-
oped for materials showing cyclic hardening. These criteria, if used
without further improvement, cannot be applied to the constructions
with 9Cr-1Mo FM steels.

Although many investigations have been carried out on 9Cr-1Mo FM
steels, the ratcheting behavior has not been extensively studied. This is
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because, firstly, a variety of unique material characteristics were not
reported in every study on this type of steel, such as cyclic softening and
asymmetry of material strength under tension and compression; second-
ly, a thorough study on the influence of cyclic softening on the ratcheting
is lacking; thirdly, the material responses under a variety of loading con-
ditions have not been extensively evaluated. On the other hand, although
various models have been proposed to simulate the ratcheting behavior
of the material, a simple, robust and convincing model is still missing,
owing to excessive parameters in the previously developed models and
the lack of tests under various loading conditions to verify the simulation
ability of these models.

In this PhD program, uniaxial material behavior of 9Cr-1Mo steel P91 at
room temperature (RT) and at 550 °C is studied. The experimental data
from both strain-controlled low cycle fatigue (LCF) tests and stress-
controlled ratcheting tests are collected to build a database for P91. Cy-
clic softening is evaluated according to the data collected from strain-
controlled tests and the factors influencing ratcheting, including peak
stress (Opeqr), Mean stress (Omeqn), Stress rate (6) and hold time are
evaluated according to the data collected from the stress-controlled tests.

The constitutive model proposed by Aktaa and Schmitt [1] describes
typical cyclic softening for Reduced Activation Ferritic Martensitic
(RAFM) steels. Hence, this model was also named the RAFM model,
which has been proved to have good simulation ability for strain-
controlled LCF tests on EUROFER 97 and F82H mod.

Based on the developed database built in this work, the simulation abil-
ity of RAFM model for P91 is tested. Especially the ability to simulate the
ratcheting strain (&,) under a variety of stress-controlled loading condi-
tions is tested. A new constitutive model is proposed based on the RAFM
model to simulate the uniaxial isothermal behavior of P91 at both RT and
550 °C.
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In Chapter 1, a variety of previous studies are reviewed, including those
focusing on ratcheting of various materials, modeling approaches for
ratcheting, and characteristics such as cyclic softening of FM steel.

In Chapter 1, the specimens and experimental facility are presented. The
experiment planning at RT and 550 °C is presented, including both
strain- and stress-controlled tests.

In Chapter 1 experiments at RT are illustrated with diagrams and initial
analysis. The effects of various influencing factors on ratcheting are pre-
sented in separate sections.

Following the same structure, Chapter 1 presents the experiments at
550 °C.

Chapter 1 presents the detailed process of the development of the new
constitutive model, starting from the modeling criteria. The simulation
ability of the RAFM model and some other proposed models are tested
for P91. A final designed model is chosen and its simulation ability is
verified by comparing the model and material responses under multiple
loading conditions.

In Chapter 7, the experiment and simulation results are further
discussed.

Chapter 7 summarizes the current work and proposes several sugges-
tions for future research on ratcheting of FM steel.






2 State of the Art

2.1 Ratcheting Effect

The word “ratchet” is the name of a mechanical device that allows con-
tinuous linear or rotary motion in only one direction. In material science,
the term “metaphorical ratcheting effect” is used synonymously with
“progressive deformation” [2], which means that the mean strain (&,,¢4n)
(arithmetic mean of maximum and minimum strain during one loading
cycle) accumulates only in one direction when the structure is subjected
to asymmetric cyclic loading. Ratcheting is known as “cyclic creep”, ow-
ing to the similar feature of “monotonic increase of strain” as “creep”.
However, creep deformations generally only become obvious at a tem-
perature above approximately 30% of the melting point, while “cyclic
creep” or ratcheting is already observable at much lower temperatures.
Further, creep is a result of long-term stress. Therefore, creep is a
“time-dependent” deformation, while ratcheting can be either time-
dependent or time-independent. Note that the term “mean strain
(€mean)” and “ratcheting strain (¢,)” is identical in the topic of ratcheting.

The ratcheting behavior can be distinguished into material ratcheting
and structural ratcheting. Material ratcheting occurs without structural
effects, assuming the stress is distributed homogeneously in a structure.
It is a purely material-related effect, which can be analytically modeled
with constitutive equations. Structural ratcheting, on the other hand, can
occur even if there is no material ratcheting. It happens due to inhomo-
geneity of the state of stress in a structure [2]. In the current work, only
material ratcheting is taken into account, so in this report, the word
“ratcheting” means only material ratcheting.

Ratcheting test is performed under stress-controlled cyclic loading dur-
ing which the hysteresis loops do not close. As a result of non-closed
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hysteresis loops, the &p,.4, during each loading cycle is different from
that in the previous cycle. In most cases, €,,.4, accumulates in the direc-
tion of 0,04, (arithmetic mean of maximum and minimum stress during
one loading cycle).

Note that there is a distinction between the term “strain accumulation”
g, = [ePlydt and “accumulated plastic strain”

2 o1 o \Y2 . . i )
p=] (5 s”l”s”l”) dt [2]. Strain accumulation £%°¢;; is zero in a closed
hysteresis loop while accumulated plastic strainp can only increase

monotonically. Accumulated plastic strain p is used in various constitu-
tive theories [3-7].

One of the earliest observations of ratcheting was reported for 1100
aluminum, which showed shifting of hysteresis loops in the presence of
mean stress [8]. Researchers have found ratcheting effect on a wide
range of materials, including:

e Austenitic steels such as 316L [9-11], 316LN [12], 304
[13-20], 304L [21], 304LN [22] (304L means “low car-
bon”, 304LN means “low carbon and high nitrogen”
[23]);

e Ferritic steels [24-28];

e Carbon steels (CS) 40Cr [29], 42CrMo [18, 30, 31],
16MnR[32], X42 and X56 [33], 20 CS [34, 35], 45 CS [36];

e Other steels such as SA333C-Mn steels [37], Intersti-
tial-Free Steel [38];

e Other metallic materials, such as zirconium alloys [39],
pure titanium [40], titanium alloys [41], NiTi shape
memory alloy [42, 43];

e Ceramic matrix composites [44]; and

e Polymers such as polytetrafluoroethylenes (PTFE) [45],
polypropylene [46], polyacetal/polyoxymethylene[47],
epoxy resin[48] etc.
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Some of the research on ratcheting of a variety of steels is reviewed in
the following.

Although ratcheting tests are supposed to be performed under
stress-controlled cyclic loading, strain-controlled ratcheting tests were
also performed [9, 10], which are known as “cyclic tension tests”. The
imposed strain was a combination of an alternate strain and a mean
strain, as shown in Fig. 2.1).

—alternate strain)| s AA
=mean strain

wn

--total strain

strain [%]

0 5 10 15 20
Number of cycles

Fig. 2.1:  Generic strain path for a cyclic tension test where the total strain path is a su-
perposition of mean and alternate strain [10].

Such strain-controlled ratcheting tests were performed on AISI316L
austenitic stainless steel at RT and 200 °C [10]. It was found that the
material response was characterized by an additional hardening and a
NON-ZEro Opeqn, and the authors suggested that the response was a su-
perposition of two mechanisms: a cyclic one (hardening corresponding
to LCF behavior) and a monotonic one (hardening owing to drifting of
the &0an). So-called “fatigue/creep-fatigue tests with superimposed
strain” were carried out on mod. 9Cr-1Mo steel at 550 and 450 °C [28],
which were essentially the same as the “strain-controlled ratcheting
tests”. However, stress-controlling still plays a large part in ratcheting
research. The other ratcheting research discussed in this chapter is all
stress-controlled if without extra explanation.
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Ratcheting tests can be distinguished into uniaxial and multiaxial tests.
Although uniaxial tests require a relatively simple experimental facility,
multiaxial tests are closer to real working conditions in the sense that
real components are generally under multiaxial loading. Specimens for
multiaxial ratcheting tests are tubular with typical outer/inner diame-
ters of 13/10mm [26], 15/12mm [15, 17, 19], 16/13mm [11, 31, 35], or
22/18mm[49]. To verify the multiaxial constitutive models, not only
axial stresses but also shear stresses were placed on tubular specimens.
Various steels have been tested under multiaxial loading, such as
mod. 9Cr-1Mo steel [26], 304 [15, 17, 19], 304L[50], 316L [11], carbon
steel 42CrMo [31], carbon steel 20 [35], U71Mn rail steel [51] and
1Cr18Ni9Ti stainless steel [49] . A variety of loading paths used in multi-
axial tests are illustrated in Fig. 2.2.

e V3ir Vir Vi3r

e

(a) 0° linear (b) 90° linear (c) 45° linear (d) 135° linear

Vi3r

V s TNC—T \M o V o
(e) rhombic (f) 172 rhombic (g) circular (h) Elliptical
Var Jar Var
6
RS .= .
A e
T -
L8 'k ’ o 5
e R -
(i) X-typed (j) cross (k) square (1) butterfly-typed

Fig. 2.2:  Shapes of some loading paths used in the multiaxial stress-controlled cycling
tests.[11, 15,17, 31, 35, 49, 50]
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However, for reasons of simplicity and restriction of testing facility, uni-
axial ratcheting tests still play a large role in ratcheting research.

Specimens in uniaxial ratcheting tests are mostly in the shape of a solid
cylinder; however, cylindrical shell of stainless steel 304L has been also
subjected to uniaxial loading [21], since the shell form has a wide range of
applications in industry owing to its lightweight and high strength. The
ratcheting behavior of cylindrical shell was noted at RT. Although the
shells mentioned in [21] and the tubular specimens for multiaxial ratchet-
ing tests [11, 15, 17, 19, 26, 31, 35, 49] had similar shape, the shells in [21]
had an outer diameter of 42mm and shell thickness 1.5mm, with the di-
ameter-to-thickness ratio of 28, while in e.g. [11], this ratio of the tubular
specimen was only 10. With larger diameter-to-thickness ratio, the struc-
ture was more susceptible to buckling. Note that the uniaxial ratcheting
was studied together with buckling behavior of the shells [21].

The failure modes under uniaxial cyclic loading were investigated with
carbon steel 45 at RT [36]. Strain-controlled tests were firstly performed
to fit the parameters in the Coffin-Manson formula [52-54] with cycle
number to the failure of the material (N;). Then ratcheting behavior was
studied in stress-controlled tests. It was found that, in strain-controlled
tests, and in stress-controlled tests performed with high o, and small
Omean, the failure mode was fracture, while in stress-controlled tests
performed with relatively small g, and large ,,,.4,, the failure mode was
ductile localized necking. Therefore, the fatigue damage Dy was relatively
larger with larger o, and smaller oy,¢4,, While Dy was relatively smaller
with relatively smaller g, and larger 0,04, [36]-

The uniaxial and non-proportionally multiaxial ratcheting behavior of
austenitic steel 304 was researched under asymmetrical stress-
controlled cyclic loading with variable o, and 0,,,.4,, loading paths, and
loading histories. A phenomenon named “dynamic strain aging” was
found in the temperature range of 400-600 °C, in which much greater
cyclic hardening and less ratcheting were observed than at RT [15]. The
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explanation for this phenomenon was that the interactions of dislocation
and point defect were significantly active, which resulted in a remarka-
ble enhancement of deformation resistance, hence the cyclic hardening
was greater. This phenomenon was not reported for the other steels.

In most ratcheting research [3-5, 9, 14, 16, 24, 26, 30, 36], minimum
stress in each hysteresis loop was compressive. On the contrary, uniaxial
ratcheting tests with tensile minimum stresses were carried out on fer-
ritic steel X12CrMoWVNbN10-1-1 with various hold times and stress
ratios at a temperature of 600 °C [25, 27]. Because the minimum stress
in each cycle was tensile, the hysteresis loops were always within the
tensile range. The total accumulated strain was decomposed into accu-
mulated ratcheting strain (partial inelastic strain formed during stress-
changing process) and accumulated creep strain (strain increase during
hold time). The so-called shakedown behavior of ratcheting was ob-
served on specimens subjected to a relatively long hold time (i.e. 5 and
20min), which meant the partial inelastic strain formed during the
stress-changing process of each cycle continuously decreased until no
ratcheting was observed [25, 27].

On the other hand, when the hold time was less than 5min, the total ac-
cumulated strain was mainly composed of the increased ratcheting
strain owing to the inelastic creep recovery. For longer hold times (10,
20 or 30min) however, the accumulated creep strains were the control-
ling mechanism of deformation [25, 27].

Generally speaking, ratcheting happens with a non-zero g,,.4,, Or in
other words, asymmetric stress-controlled loading, while positive ratch-
eting (strain accumulation in the direction of tensile stress) with zero
Omean ON Mod. 9Cr-1Mo steel at 550 °C was also observed [7, 26]. This
behavior was named “unconventional ratcheting”. It was suggested that
the reason for this unconventional behavior had something to do with
hydrostatic pressure and this suggestion was used in the construction of

10
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the constitutive model [7, 26]. The corresponding modeling approach is
discussed in detail in Section 2.2.

In another study on ratcheting of mod. 9Cr-1Mo steel, a phenomenon
named “progressive deformation instability” was observed at 600 °C [24].
Fig. 2.3 and Fig. 2.4 show diagrams of €, versus number of cycles. Fig. 2.3
shows the results with the same o0,,.,, and different o,, while Fig. 2.4
shows the results with the same o, and different o,,¢,,. [t was clear that
ratcheting rate €, (change of mean strain/ratcheting strain per cycle)
increased with increasing o, (with the same oy,.,,) and increased with
increasing o ean (with the same 0,). The sudden changes of €, were the
so-called “progressive deformation instability”, which was explained as
being due to severe cyclic softening characteristic of the tested material
[24]. A detailed discussion of cyclic softening is provided in Section 2.5.

— Ty =310 MPa
181 —— g, =320MPa
164 —— %a=330MPa

—— 0g = 340 MPa

Ratcheting Strain [%]
o
L

Mean stress = 30 MPa
Temperature = 600°C

0 10 20 30 40 50 60 70 80 90 100 110
Number of cycles

Fig. 2.3:  Effects of the applied stress amplitude on progressive deformation instability
owing to the cyclic softening of the mod. 9Cr-1Mo steel [24].
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Fig. 2.4:  Effects of the mean stress on progressive deformation instability owing to the
cyclic softening of the mod. 9Cr-1Mo steel [24].

However, such “progressive deformation instability” was not mentioned
for mod. 9Cr-1Mo steel at 550 °C [7, 26] while only an increase of strain
range was observed in tests at 550 °C, as shown in Fig. 2.5.

T T T
= 550°C, Mak. stress 400MPa, Stress ratio -1.025 B

Stress rate SOMPa/s

400

200

Stress [MPa)

-400

-0.5 0 0.5 1 1.5 2
Strain [%]

Fig. 2.5:  Stress-strain hysteresis loops under stress ratio of -1.025 [26].
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Compared to austenitic steels, ratcheting research on ferritic steels, es-
pecially on mod. 9Cr-1Mo steel is relatively sparse. Currently, no reports
about ratcheting behavior of this material at RT can be found in the liter-
ature, and some research at 550 °C is still doubtful. For instance, the
ultimate tensile strength measured in SCKeCEN [55] at 550 °C was 374
MPa, however according to [26], a group of ratcheting tests were per-
formed with &,¢4,= 400 MPa at 550 °C which would be impossible if they
were testing on the same material, since both materials mentioned in [26]
and [55] were mod. 9Cr-1Mo FM steels. On the other hand, the positive
ratcheting in the vicinity of zero o,,.,, reported in [26] also requires
further verification. Further, the progressive deformation instability
induced by cyclic softening at 600 °C [24] should be checked at 550 °C.

2.2 Modeling of Ratcheting

One of the main aims in research on ratcheting is to give a better model
of the visco-plasticity characteristic of materials with better prediction of
the ratcheting effect. Most work in recent decades [3, 4, 6, 7, 14, 30, 56,
57] is based on the Chaboche model [5, 58-61], the Armstrong-Frederick
(AF) rule of dynamic recovery of kinematic hardening [62], and the
Ohno-Wang (OW) model [3, 4].

The Chaboche model was a so-called unified deformation model that
described visco-plasticity without the separation in time-dependent
creep and time-independent plasticity [1, 63]. “Standard” constitutive
models, which were usually used in finite-element codes, decomposed
the total strain into elastic, plastic, creep and anelastic contributions,
while the “unified” model considered creep and plasticity as arising from
the same dislocation source [62].

The basic visco-plastic equations in the Chaboche model are as follows:

= i(M)ﬂi (2_1)

2 Z ' Zeg

éin
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X=s5-20, (2-2)
Yog = g)::z (2-3)
s=0-— %trace (o)1 (2-4)

M
2=) o (2-5)

=1

()indicated the Macaulay bracket, which operated as (x) = 0 when
x < 0and (x) = x when x > 0. 2 represented the back stress (BS). M
meant that the BS was composed of M sub-components. K, Z, and n were
material and temperature-dependent parameters.

To avoid confusion, all notation in this work follows the form as in Aktaa
and Schmitt [1]. A comparison between notations in Aktaa and Schmitt
[1] and notations in other reports can be found in Table 2.1.

[1] [5, 58] [3,4,6]
s o’ s

/) X a

Leq J(o—X) Oefr

g £, &
H; C; hi=C; - ny
Ci Vi Gi

Table 2.1: Comparison of notations in different reports.
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From the microstructural point of view, the term “back stress” is defined
as follows: The acting stress on the leading dislocation in a pile-up is the
acting stress on the glide plane multiplied by the number of dislocations
in the pile-up. A similar stress, but with opposite sign, opposes the opera-
tion of the generator, in the form of a “back stress”[64]. In the theory of
solid mechanics concerning flow laws, BS is referred to as “kinematic
hardening variable”. It is also known as the “microstress component” [62].

Armstrong and Frederick [62] provided a type of equation of BS which
can be simplified as follows:

Q; = §Hiéi” — Ci2;p — Ri| ;™10 (2-6)

p= /ggin:sin (2-7)

The second and the last term in eq. (2-6) represent the dynamic recovery
and static recovery of the back stress component £2;, respectively. H;, C;,
R; and m; are the material and temperature dependent parameters. This
is commonly referred to as the Armstrong-Frederick rule of kinematic

with

hardening (AF rule).

Note that the static recovery term was already introduced in the original
Armstrong-Frederick report [62], but with a linear dependency of BS.
This term was not included in many modeling approaches [3, 4, 6, 51, 58].

A well-known disadvantage of the AF rule is that, it predicts too much
accumulated strain under non-symmetric loading conditions [6, 62]; in
other words, constitutive models with the AF rule predict too much
ratcheting.
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Improved rules were developed to avoid the defect of the AF rule on
ratcheting prediction by, for example, introducing a power function of
the BS in the dynamic recovery term as follows:

, LGP _
@, = 2HE™ — [ @)I" 2w (2-8)
L

L . 3 vz .
where J(x) represents the von Mises invariant (E x": x’) . x' is the devi-

ator of x, as in eq.(2-4). Note that there was no static recovery term in
eq.(2-8) [58].

The Ohno-Wang model includes Ohno-Wang model I (OW I) and model
I (OW II). It was assumed that the dynamic recovery of BS is activated
fully only when its magnitude £; attains a critical value, resulting from
the energy required for cross slip [3, 4]. In OW [, the critical state of dy-
namic recovery is represented by a surface f; = 0:

fi = .(_Ziz — T'iz (2-9)
with parameter r; = % and

0 = %.()i:!li (2-10)
The equation for BS in OW I is as follows:
0; = ZHE™ — Hs(f)Ci4A; (2-11)
with
A = (&M k;) (2-12)
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2.2 Modeling of Ratcheting

where k; denotes the direction of £2;.

k; == (2-13)

Fig. 2.6 illustrates the evolution of BS component £;. 4; takes the form of
eg. (2-12) to keep £; in the critical state f; = 0.

Space of 2

Fig. 2.6:  Evolution of 2i on the surface of fi = 0 [3]

Hs denotes the Heaviside step function, which operates as Hs(x) =0
when x < 0 and Hs(x) = 1 when x > 0.

However, the simulated hysteresis loops with OW I are piecewise linear,
without everywhere-differentiability and expressed no uniaxial ¢, [3, 4].
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2 State of the Art

In OW II, the Heaviside step function in OW I is replaced with an every-

Zi
r:

m;
where-differentiable term (n ) . Equation for BS in OW II is as follows:

- 277 win 'Qi " .
'Qi = EH’:S - T Ci-Qip (2'14)
L

in which m; is the material- and temperature-dependent parameter.
When m; - o, eq. (2-14) reduced into eq. (2-11).

Fig. 2.6 in [3] shows the comparison between the OW I, Il and AF model.
In both OW I and II, the magnitudes of the dynamic recovery terms were
minimized, while OW II avoided the non-differentiable corner when

_
2, - l/Ci'

l-(jl
R ?/, — —
# -
i/
/i
T oW I
/ P e OW II
—_—— .= AF
0 1/Cl E[n

Fig. 2.7: Change of 2; under uniaxial tensile loading [3]

Both OW I and II should have four or eight BS components to fit the ex-
perimental loop shapes and &,, which required too much effort in fitting
the parameters. On the other hand, the two examples in [4] to verify the
simulation ability of OW model were with g,.4 = 400MPa &

Omean =100 MPa and with 0,.qx = 400MPa & 0y0qn =150 MPa,
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2.2 Modeling of Ratcheting

respectively, in which ¢, in the material responses were too small (no
more than 0.5%). Hence, these two verifications were not persuasive.
Another modeling approach was to combine the AF rule into the OW
model in the evolution equation for dynamic recovery, which can be
referred to as Ohno-Abdel-Karim (OAK) model [6]:

Q= §Hiéi” — wiCip — Hs(f)Ci{A)2; (2-15)

with

Ay =&m = —pup (2-16)
Ti

The parameter y; combines the AF rule into the OW model in eq. (2-15):
When y;=0, eq. (2-15) was the same in OW I as eq. (2-11). If y;=1, it was
the same in the AF rule as eq. (2-6), in spite of the term for static recov-
ery.

To determine the parameters H; and C;, the relation of BS £ and inelastic
strain €™ was linearized and eq. (2-15) was correspondingly reduced to
OWI (u; = 0), which was perfectly linear. As illustrated in Fig. 2.8,
multiaxial case was simplified into the uniaxial case and the curve of
N-£™ was linearized into 3 linear sections with corners (M = 3) [6].

As u; -0,

1
Ci=— (2-17)
0!
Qi — 24— Qaen — 2] .
H, = @ (-1) _ 24G+1) @ g(lg (2-18)

l . .
ED T Eiy &l T EWD

where s(ig)and 02=0.
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Fig. 2.8:  Change of BS and its sub-components under uniaxial tensile loading in the case
of ui=0, (M = 3) [6].

The BS was decomposed into eight components in [6] to simulate the
material responses of mod. 9Cr-1Mo steel, which meant eight groups
(M = 8) of H; and C; should be determined. This OAK model developed in
[6] was employed in [17, 20] to simulate uniaxial and multiaxial ratchet-
ing of stainless steel 304.

The equation of BS was further modified into eq. (2-19) in another mod-
eling approach [51].

- 2 . . .
2; = JH g™ — 1, Ci2;p — Hs(f) G (1 — pu)pL2; (2-19)

The term (éin:%—um) in eq. (2-15) was changed into(1 — y;)p in eq.
(2-19). This model proposed in [51] can be referred to as the Kang model,
which was employed in [30] to simulate uniaxial ratcheting of 42CrMo
steel and in [65] to study uniaxial ratcheting and to predict multiaxial

ratcheting of SiC,/6061Al composites.

Note that the static recovery term in AF rule (see eq. (2-6)) was not in-
cluded in the OW I and Il models, the OAK model or the Kang model.
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2.2 Modeling of Ratcheting

In another modeling approach, the cyclic softening was taken into ac-
count in the simulation of the ratcheting behavior of mod. 9Cr-1Mo steel
at 550 °C [7]. The simulation of cyclic softening in [7] is discussed in
detail in Section 2.5.

The model proposed in [7] can be referred to as the Yaguchi-Takahashi
(YT) model. OW I model was applied in the YT model with the addition of
the static recovery term of BS. The equation for BS in the YT model is as
follows:

. . 0
0; = ZHE™ — Hs(f)C; (¢™: !_2—f>ai—Ri|ni|mi—1ai (2-20)
14
fi = ﬁi it (2_9)

Although the original OW I expressed no &, the term of static recovery in
eq. (2-20) yielded a non-zero ¢,, which was confusing because the ratch-
eting was supposed to be only owing to the static recovery of BS in YT
model. Moreover, this model overestimated the ratcheting particularly
with larger 6,04, as shown in Fig. 2.9.

o

o Test Model Stress ratio
4 o -—-— -075
o - 0.50
= B e -0.25
d v — 00
% 3t pe
w
£
]
E2
=
©
=
1
X X 2
0 H . H
Q 100 200 300 400 500
Number of cycles

Fig. 2.9: Simulations of uniaxial ratcheting under stress ratio conditions between -0.75
and 0 by proposed constitutive model, with omax= 400MPa, stress rate
+50MPa/s[7].
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As mentioned in Section 2.1, positive ratcheting with zero g,,,q,Was
reported in [26]. Hydrostatic pressure was suggested to be the reason
for this unconventional ratcheting behavior. Accordingly, the Chaboche
model was modified with the addition of J,,, (o) [7].

Jm(@) = nltr(e)|'sgn(trace (o)) (2-21)

with sgn(x) works as
1 ifx>0
sgn(x) =4 0 ifx=0
-1 ifx<0

Eq. (2-1) in the Chaboche model was modified to the following equation:

Seq—K+Im(0).
z

nZ

_3
Zeq

g = ) (2-22)

Consequently, the value of £ was larger under tensile stress than com-
pressive stress, since J,,,(6)>0 when tr(e)>0. As a result, under symmet-
ric cyclic loading, the rate of inelastic strain £ was larger in the tensile
part of each hysteresis loop than in the compressive part, hence the
loops were not closed and the ¢,,,,, during each loading cycle was larger
than that of the earlier cycle, even when the peak tensile stresses were
equal to the peak compressive stresses. In other word, the model yielded
positive ratcheting with zero 0,045

Instead of four, eight or even 12 BS components as in [4, 6, 7, 51], a fur-
ther modeling approach reduced the number, leaving merely three BS
components, which reduced the complexity of the model [24]. It was
found that one of the components should have a very large value of H; to
match the plastic modulus at the yielding. Another one had a smaller
value of H, to satisfy the following o~¢ relationship at or near the plastic
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2.3 Advantage of Ferritic-Martensitic (FM) Steel

strain limit, and the third component should have a very small value of
Cs to fit &,. This concept was basically the same as the concepts in the
OW and OAK models, since by checking the determined parameters for
the BS components in previously reviewed modeling approaches, it was
found that some groups of H; and C; had very large values, which had a
larger influence on simulated loop shapes, while some others had very
small values, which controlled the simulated &,.. Therefore, it is possible
to eliminate some BS components, leaving only three components as in
[24] to simulate ratcheting behavior.

The above reviewed modeling approaches lead to the conclusion that the
dynamic recovery terms play a vital role in the simulation of ratcheting
of various materials. Abdel-Karim [66] reviewed a variety of modeling
approaches and proposed several more equations of BSs, in which the
only differences were found in the terms of dynamic recovery. In the
current work, the simulation ability of several approaches is checked. If
the already existing models are not suitable for simulating material re-
sponses of P91 at room temperature and 550 °C under multiple loading
conditions, they should be further modified.

2.3 Advantage of Ferritic-Martensitic (FM) Steel

Ferritic-Martensitic steels include those ferritic steels with a martensite
microstructure. The nominal compositions of a group of commercial and
experimental FM steels are listed in Table 2.2.
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Steel C S Mn Cr Ni Mo w v Nb B N Other
9Cr-1Mo (T9) 012 0.6 045 9 0.2 1

Mod 9Cr-1Mo (T/P 1) 0.1 0.4 04 9 0.1 1 02 0.08 0.05

E911 011 04 04 9 0.2 1 1 02 0.08 0.07

NF6l6 (T/P92) 0.07 0.06 045 9 025 0s 18 02 0.05 0.004 0.06

FR2H 0.1 0.2 0.5 8 2 02 0.003 0.04Ta
EUROFER 0.11 0.05 0.5 8.5 1 0.25 0.005 0.08 Ta
ORNL 9Cr-2WVTa 0.1 0.3 0.4 9 2 0.25 0.025 0.07Ta
12Cr-1MoWV (HT9) 02 04 0.6 12 05 1 05 0.25

HCMI2A (T122) 011 0.1 0.6 12 03 04 2 0.25 0.05 0.003 0.06 1L.OCu
CLAM 0.10 0002 045 9.0 L5 02 <0.02 0.15Ta
INRAFM 009-0.12 <0002 04-06 8892 <0005 <0002 13-15 02024 <0.001 0001 002004 0.06008Ta

Table 2.2: Nominal compositions of commercial and experimental FM steels [67-70]

Among the FM steels listed in Table 2.2, two of them belong to a more
specific group, namely Grade 91 FM steels, including T9 and T/P91,
where “9” indicates 9% Cr and “1” indicate 1% Mo. T9 is standard 9Cr-
1Mo steel and T/P91 is modified 9Cr-1Mo steel. EUROFER belongs to the
so-called reduced activation ferritic-martensitic (RAFM) steel because
the 1% Mo is replaced by 1% W, which has a shorter half decay period.
The other typical alloying elements, Nb, Ni, Cu, and N, also need to be
eliminated or minimized in RAFM [67, 71, 72].

HT9 and T122 lie on the boundary between ferritic-martensitic steel and
ferritic steel. The other FM steels in Table 2.2 have 8~9% Cr but the
percentages of Mo and W are different from those of Grade 91 FM steel.
CLAM is China Low Activation Martensitic steel [69] and INRAFM is Indi-
an Reduced Activation Ferritic Martensitic steel [68, 70].

The material under investigation in the current work is P91, which be-
longs to mod.9Cr-1Mo FM steel and further belongs to Grade 91 FM
steel. Hence, more attention is paid to research on these types of steel.

Comparing to austenitic steels, such as types 316 and 304 stainless steel,

FM steel has a lower thermal expansion coefficient and excellent irradia-
tion resistance to void swelling [67, 73], owing to the non-compact crys-
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tal structure of ferrite. Void swelling limits the use of austenitic steels for
fuel cladding and other in-core applications [67].

In high-temperature applications, Grade 91 FM steel can result in sub-
stantial reductions in component thickness compared to weaker alloys,
such as Grade 22. The frequent startups, shutdowns, and load changes
imposed by cycling duty lead to thermal fatigue, with the biggest chal-
lenges to the heat-recovery steam generator. By using higher-strength
materials, such as Grade 91 FM steel, pressure-containing components
can be made in thinner sections, which have smaller temperature gradi-
ent across the wall thickness and require less time to reach thermal equi-
librium. This is an effective way to fight thermal fatigue [74].

The development of Grade 91 FM steel began in 1978 at Oak Ridge Na-
tional Laboratories for the breeder reactor and was further developed by
other researchers [75]. P/T-91 steels (“P91” for piping and “T91” for
tubing) are modified Grade 91 steels with small additions of niobium
(Nb), vanadium (V) and nitrogen (N) to give improved long-term creep
properties [76].

An upgrade from the traditional P22 alloy to P91 can [74]:

¢ Reduce wall thickness by nearly two-thirds and compo-
nent weight by 60%.

e Raise allowable strength in the 510~593 °C range by up
to 150%.

e Raise the oxidation limit by 55 °C, enabling a lower cor-
rosion allowance.

e Increase thermal-fatigue life by a factor of 10 to 12.

Modified Grade 91 FM steels are specifically intended for high-integrity
structural service at elevated temperature, usually 500 °C or higher. These
steels are now widely used for components such as headers, main steam
piping, and turbine casings in fossil fueled power generating plants [76].
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2.4 Microstructure of FM Steel

The superior properties of FM steel mentioned in the previous section
have been attributed to a tempered martensitic microstructure consist-
ing of dispersed carbide particles and a tangled dislocation substructure
[77, 78]. As reported in [79] and [80] about mod. 9Cr-1Mo steel, the
precipitates on prior austenite grain boundaries (PAGB) and lath bound-
aries were identified as M23C¢ type carbides (M is Cr, Fe, Mo) whereas the
precipitates inside the laths were identified as MX type carbides (M was
V, Nb and X was carbon and nitrogen).

The excellent properties of FM steel depend entirely on the creation of a
precise microstructure by heat treatment, and on the preservation of this
microstructure throughout its service life. Failure to obtain this precise
microstructure in production can seriously degrade the alloy’s high-
temperature properties. This is different from traditional carbon and
low-alloy steels such as Grade 11 and 22 (operating at the low stresses
typical of power applications), which are less sensitive to microstructure
change [74].

Heat treatment of the Cr-Mo and Cr-W FM steels is crucial to induce the
required microstructure [74]. These steels are firstly normalized, then
air-cooled, and tempered afterwards [67]. Detailed heat treatment of, for
example, mod. 9Cr-1Mo steel is as follows: the alloy is firstly heated
above its upper critical transformation temperature (ACs line) for 0.5~1
hour until it is fully austenitic. Then, the steel is cooled in air below
200 °C for the full transformation of austenite into untempered marten-
site, which is very strong but brittle [74, 77]. The material is then tem-
pered at around 760 °C to improve ductility and toughness and to induce
the formation of critical carbide and carbo-nitride precipitates [79].
However, over-tempered mod. 9Cr-1Mo steel can have a substantially
higher creep rate at temperature of 560 °C and a much lower hardness
value (<180 on the Vickers Hardness scale or HV, instead of the expected
200+ HV). In addition to incorrect heat treatment, any action that alters
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the precise microstructure of the steel, such as hot bending, forging, and
welding which regularly occurs during component fabrication and plant
construction, can lead to failure to achieve superior high-temperature
properties [74].

On the other hand, microstructure stability during the whole service life
has the same importance as the precise microstructure achievement
during production. The fracture toughness of many power plant steels
deteriorates during service at elevated temperatures owing to evolution
of carbides and intermetallic phases and segregation of tramp elements
(e.g- P, As, Sn) to PAGB [80]. It was also reported in [81] that standard
9Cr-1Mo steel was susceptible to temper embrittlement.

The differences between microstructures of standard and modified 9Cr-
1Mo steel are discussed next: The sequence of carbide precipitation pro-
cesses in mod. 9Cr-1Mo steel is consistent with those for the standard
composition. However, the replacement of Cr,C in the modified alloy
during tempering by arrays of fine vanadium carbide particles along the
lath interfaces leads to a significant improvement in microstructural
stability at temperature up to 650 °C, even under static tensile and creep
conditions. As a result, the lath morphology in the modified alloy remains
intact for long periods at temperatures up to 650 °C owing to the interfa-
cial pinning by vanadium carbide precipitates, which coarsen very slowly
[77]. The average prior austenite grain size (PAGS) of modified alloy is
20um, which is smaller than that of standard alloy (~40um). This is at-
tributed to the presence of un-dissolved carbides along the austenite
grain boundaries during normalization treatment, which inhibits the
growth of austenite grains [80].

It was reported that the lath structure was retained, at least in certain
regions, even after 10000 h of aging at elevated temperatures. Although
carbides in mod. 9Cr-1Mo steel grew with aging time and temperature,
the coarsening of V(Nb) carbides was negligible compared to M3Ce car-
bides [80]. In the current work, all experiments were done either at
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room temperature or supposedly for no more than 100 hours at 550 °C,
which is a much shorter time than that of aging tests (e.g., >5000 hours
reported in [80]). Hence, the change of microstructure owing to aging is
negligible for experiments in the current work.

Another concern with FM steel is the oxidation during experiments at
elevated temperatures. However, according to [82-84], oxidation occurs
only at the surface. It was reported that the oxide layer would assist
crack initiation and propagation for specimens tested under compressive
hold [82]. A detailed investigation was carried out on the oxidation of
mod. 9Cr-1Mo steel at 550 °C: The thickest oxide layer on the surface
was found to be 20 pm for a high strain range creep-fatigue experiment
with a fatigue strain range of 0.7% and a creep range 0.5%. In other ex-
periments, such as pure fatigue and low strain range creep-fatigue tests,
the oxide layers were only 2-3 um thick. In static oxidation tests, an ex-
treme case was that the oxide thickness was merely 2.80 pm after 36
days of oxidation at 550 °C [84]. Since the specimens in the current work
are 8.8 mm in diameter, which is much larger than the possible thickness
of oxide layer, the oxidation is not taken into account.

The microstructural evolution of FM steel during ratcheting is rarely
reported in the literature. The only report was about the microstructure
of steel X12CrMoWVNDbN10-1-1 after stress-controlled creep-fatigue
loadings at 600 °C. The collapse of martensitic laths after the ratcheting
tests was observed. It was found that such collapse of laths gradually
disappeared with decreasing grade of unloading [27, 85].

Such collapse of laths was not reported for FM steel in creep tests or
without loading [77, 80, 86-88]. However, in strain-controlled LCF tests,
a similar disappearance of martensitic laths was observed in high-
chromium martensitic GX12CrMoVNbN9-1 (GP91) cast steel at RT,
550 °C, and 600 °C. Such disappearance was suggested to be the domi-
nant factor in the acceleration of fatigue softening of the material [89].
Another observation was on mod. 9Cr-1Mo steel in LCF tests, which
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mentioned the conversion of the initial heavily dislocated lath structure
to equiaxed cells with low dislocation density and coarse carbides. This
conversion was suggested to cause cyclic softening [82, 83, 90]. A de-
tailed review of work on cyclic softening is given in the next section.

Therefore, according to these reports ([27, 82, 83, 85, 89, 90]) the col-
lapse/disappearance/conversion of the martensitic lath structure is
common under cyclic loading, either stress- or strain-controlled.

2.5 Cyclic Softening of FM Steel

As mentioned in the previous sections, one of the main disadvantages of
FM steel is cyclic softening, which was reported for various FM steels,
such as 9Cr-1Mo steel [24, 73, 91-95], EUROFER [1, 96], F82H [97, 98],
P92 [93], and HT-9 [99]. The reported causes of cyclic softening are de-
crease of dislocation density by cell structure formation [73], conversion
of lath structure to equiaxed cells [82, 83, 90, 92, 99], disappearance of
lath [89], annihilation of low angle boundary [91], coarsening of laths
and subgrains [73, 94], and coarsening of precipitate [99].

In one of the earliest reports on cyclic softening of FM steel, the cause of
cyclic softening was cited as rearrangement of dislocations previously
introduced by the quenching. LCF tests were carried out on fer-
rite-pearlite steel AISI 420, FM steel MANET II, and RAFM steel F82H
mod. No cyclic softening occurred on AISI 420 (RT-550 °C), but obvious
cyclic softening occurred on MANET II (150-550 °C) and F82H mod.
(550 and 650 °C) [100].

After comparing the LCF behaviors of P91 and P92 steels, it was found that
the softening rate of P92 steel increased with increase in strain amplitude
whereas the softening rate of P91 remained constant with strain ampli-
tude [93]. This indicates the modeling of cyclic softening for P91 can be
suitable for a large range of strain amplitudes (&, = 0.25-0.60% in [93]).
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A typical LCF test on mod. 9Cr-1Mo FM steel is illustrated in a stress-
strain diagram in [24], as shown in Fig. 2.10: The strain range kept con-

stant but both peak tensile stress and peak compressive stress decreased

as the number of cycles increased. It was suggested that the cyclic soften-

ing was the reason for the so-called “progressive deformation instability”
in ratcheting tests [24], as shown in Fig. 2.3 and Fig. 2.4 in Section 2.1.
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Fig. 2.10:

600 °C (strain-controlled) [24].

0.8

Test results of the cyclic softening characteristics of mod. 9Cr-1Mo steel at

As mentioned in Section 2.2, the cyclic softening was taken into account
in the simulation of the ratcheting behavior of the mod. 9Cr-1Mo steel at
550 °C in the YT model [7]. The cyclic softening behavior was expressed
through variation of the asymptotic values of parameter r;, which was

given as:
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2.5 Cyclic Softening of FM Steel

where 1, d, q and h; are material and temperature-dependent parame-
ters. The value of H; decreased from the initial value of r,° by subtracting
r which expressed the progress of the cyclic softening.

By recalculation using the YT model, the result is shown in Fig. 2.11:
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Fig. 2.11:  Peak stress vs. number of cycles in Yaguchi-Takahashi model description for
strain-controlled LCF tests performed with various strain amplitudes

It is clear that the simulated oy, decreases with increasing cycle num-
ber and it reaches a saturation stage with negligible decrease. This is,
however, different from the experimental results, such as those reported
in [1], in which a saturation stage (stage 2) was reached after the initial
fast decrease of 0,4k (Stage 1) but gy,.q still decreased linearly with a
constant slope until a macro crack appeared.

Another approach is to introduce an isotropic hardening factor R into eq.
(2-1) of the Chaboche model, as in eq. (2-26) [101]:

_ 3Fea KR

nZ
2 Z

Zeq

gn (2-26)
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in which R is the key to expressing the cyclic softening. The equation for
R is as follows:

R=hp+Q(1—eb) (2-27)

in which h, Q, and b are material- and temperature-dependent parame-
ters. The term hp is the linear part of eq. (2-27), which simulates stage 2
of the cyclic softening. As shown in Fig. 2.12, h indicates the slope of
stage 2. The second term in eq. (2-27) represents stage 1 of the cyclic
softening. Q was estimated as the difference between point X and opeax
in the first cycle in Fig. 2.12 while parameter b was the speed to reach
Opeak at the end of stage 1 [101].
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Fig. 2.12: The results of P91 strain-controlled tests at 600°C [101].
Note that Fig. 2.12 illustrates how to define the number of cycle to failure,

namely Ny. It is defined according to BS7270:2006 standard as the cycle
during which o},¢, has decreased by 10% from that predicted by ex-

trapolation of the saturation curve (stage 2) [101].
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The cyclic softening of RAFM steel, including F82H mod and EUROFER97,
was evaluated with LCF tests and a constitutive model was built corre-
spondingly [1]. This model proposed in [1] is referred to as the Aktaa-
Schmitt (AS) model. In the current work, the influence of cyclic softening
on ratcheting behavior is evaluated and the AS model is applied for the
cyclic softening, since both EUROFER97 and P91 are Grade 91 FM steels.

The AS model follows the way of the Chaboche model with the AF rule as
in egs. (2-1)-(2-6). Eq. (2-2) was modified with a softening factor y to
describe cyclic softening (see eq. (2-28)). In eq. (2-31), the last term rep-
resents the static recovery of cyclic softening. Further, the AF rule (see
eq. (2-6)) was applied with static recovery of kinematic hardening in the
Aktaa-Schmitt model:

r= % -0 (2-28)

with i, (t li g) i10+arlf}; Y,(t=0)=1 (2-29)

Y, = —hp (2-30)

W = (s — Y2)P — 1plth2 — ™ (W2 — ;) (2-31)
s =1-y, (1 —exp(—cs_o &tz (D) (2-32)

eln(r) = /gsmm:gm(f) (2-33)

The AS model was used to successfully simulate strain-controlled LCF
tests on EUROFER97 at 450 and 550 °C, as well as tests on F82H mod at
450, 550 and 650 °C [1]. Note that the AS model assumes only one BS,
instead of four, eight, or even 12 BS components used in other modeling
approaches [3, 4, 6, 30]. Therefore, one BS is enough for modeling of
material responses under strain-controlled loadings.
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3 Material and Approach

The current work is organized according to previous research reviewed
in Chapter 1, especially on mod. 9Cr-1Mo FM steels. The task is to inves-
tigate the ratcheting behavior of mod. 9Cr-1Mo steel (P91) at RT and
550 °C.

Since no study on the ratcheting of mod. 9Cr-1Mo FM steel at RT has
been reported, this shall be carried out in the current work. On the other
hand, although there have been reports such as [7, 24-28] about the
ratcheting of FM steel at high temperatures, only Yaguchi and Takahashi
[7, 26] have reported about the ratcheting at 550 °C. As mentioned in
Section 2.1, some tests reported in [26] were still doubtful, since ratchet-
ing tests performed with &, = 400 MPa contradict the ultimate tensile
strength of 374 MPa of T91 reported in SCKeCEN [55], since both mate-
rials mentioned in [26] and [55] are mod. 9Cr-1Mo FM steel.

The tension-compression asymmetry reported in [7, 26] should also be
double checked, since no other reports [1, 3, 4, 6, 24-28, 74, 82, 102]
mentioned such an asymmetry of FM steel at high temperature. Fur-
thermore, in the modeling approach in [7], the tension-compression
asymmetry was expressed by a term of hydrostatic pressure to modify
the yield stress, which is also in question, because steel is supposed to be
a solid material hence no influence of hydrostatic stress exists, although
there were debates about the influence of hydrostatic pressure, such as
in Jung [103], Casey and Sullivan [104], and Drucker [105].

Before stress-controlled ratcheting tests, strain-controlled LCF tests are
performed to evaluate the cyclic softening of the material because sof-
tening can accelerate ratcheting.

The process of the work in the current research is illustrated in Fig. 3.1.
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Alternating strain-controlled LCF tests
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Influence of hold time

Build rules for the
application of P91 based on
RAFM model

Fig.3.1:  Process of research on ratcheting behavior of P91.

3.1 Specimens and Facilities

The steel plate of P91 was provided by French Alternative Energies and
Atomic Energy Commission (CEA) with the specification RM2432 of the
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3.1 Specimens and Facilities

RCC-MR code (1993 edition). The plate was austenitized at 1050 °C for
30 min, quenched, and then tempered at 780 °C for 1h. Both austenitiz-
ing and tempering temperatures are 10~20 °C higher than those report-
edin [74] and [77].

The chemical compositions are listed in Table 3.1

Elements % Mass
C 0.086
Cr 8910
Mo 0917
Mn 0.363
Si 0.324
\Y% 0.198
Ni 0.149
Nb 0.08
Cu 0.068
N2 0.041
Al 0.018
P 0.017
As 0.012
w 0.01
Sn 0.005
Ti 0.002
0z 0.002
S 0.001
0.001
Zr 0.001

Table 3.1: Chemical compositions of P91

The specimens were fabricated from a steel plate with a thickness of 30
mm. The fabrication was carried out in three steps. First, raw samples
with diameter of 16 mm and length of 80 mm were cut from one plate by
wire EDM (electrical discharge machining) technique. Afterwards, the
specimens were produced by turning to an entire length of 77 mm (gauge
length is 23 mm) with a nominal diameter of 8.8 mm. Finally, the surface
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3 Material and Approach

was radially polished to remove the turning grooves. Fig. 3.2 shows a
technical drawing of the P91 specimens with a photo of a real one.

The experiments were performed on a SCHENCK hydraulic testing ma-
chine controlled by Instron 8800. The controlling programs were written
in DASYLab with graphic programming language. Strain/stress ranges
and rates were used as input test parameters for the DASYLab program.

M6y,
el

13, ‘

‘;::l Centering drilling A 1.25x2.65 DIN332
5
B |
¥ |
|
1
R
B |
\ } $8.820.01
T |
&l |
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. O.00548
I 1]0.02 [c]
1 H | Ol.o1 |
iy |
| QT & Centering drilling A 1.25x2.65 DIN332
Mo ozd M‘
: M6,

Fig. 3.2:  Technical drawing of P91 specimen together with a real photo.

3.2 Experimental Planning for Testing at RT

3.2.1 Strain-controlled Tests at RT

A tensile test with strain rate 1 x 10-#/s was performed at the very be-
ginning. The material at RT has an ultimate tensile strength 666.8 MPa
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3.2 Experimental Planning for Testing at RT

with a uniform elongation of 9.7%. Yield strength with an offset of 0.2%
was found to be 481.8 MPa.

There are two stages of experiments at the same temperature. The first
stage includes alternating strain-controlled LCF tests to evaluate the
cyclic softening of P91. As listed in Table 3.2, the strain range is 0.6-1.5%
with a strain rate of #3 x 10-*/s. Data points are recorded every 0.02
second, hence at least 2000 data points are sampled in one cycle, which
is quite enough to represent the material responses. The results of the
strain-controlled tests at RT are presented in Section 4.1.

Strain range Az (%) Strain rate

0.6

0.8
1.0 13x104/s

1.2
1.5

Table 3.2:  Symmetric alternating strain-controlled LCF tests at RT

3.2.2 Stress-controlled Tests at RT

After the strain-controlled LCF tests, the Young’s modulus and yield
strength were determined, with which the stress ranges in the following
stress-controlled tests were roughly determined. The chosen stress
should at least induce a measurable inelastic strain since no ratcheting
exists with only elastic deformation. On the other hand, the imposed
stress should be not too high. At RT, the peak tensile stress applied on
the specimen was limited to 550 MPa where the corresponding total
strain is around 1%.
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3 Material and Approach

Owing to a large difference between gy, and oy, with high defor-
mation, the recorded data mix both material response and influence of
structure. For instance, when engineering stress g, = 550 MPa and ¢ =
5%, the corresponding true stress gy, = 577.5 MPa. Therefore, the real
time deformation is taken to modify the signal, which controls the load-
ing on specimen, to adapt the reduced cross section of specimen with
high strain. In the following analytical modeling process, pure material
responses are required to compare with model description. Hence, all
stress-controlled tests listed in Table 3.3 are true-stress-controlled, in-
stead of engineering-stress-controlled.

The schema for true-stress controlling is illustrated in
Fig. 3.3. In the controlling software DASYLab, there is a module called
“signal generator” that can generate a signal in triangle wave. The real-
time deformation is measured by the extensometer and transformed to
the real-time total strain through the module of the data processor.
When the signal generator is supposed to generate a loading of, for ex-
ample, 500 MPa and the real time total strain is £= 1%, the output of the
signal generator is 500/1.01 = 495 MPa. Consequently, the current engi-
neering stress is g,y = 495 MPa, but g, = 500 MPa, according to eq.

(3-1):

Otrue = Oeng(e+ 1) (3-1)

The true-stress controlling is based on the von Mises criterion with no
volumetric plastic strain.
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3.2 Experimental Planning for Testing at RT

Real time
deformation

Data
processor

Real time
total strain

Signal
generator

Modified control signal

Fig.3.3:  Schema of true stress controlling

Several groups of experiments are planned to explore the influences of
main factors to ratcheting, as listed in Table 3.3. The results of the
stress-controlled tests at RT are presented in Section 4.2.

a) Influence of peak stress

Omar [MPa) | 550 | 520 | 500 | 480 | 460 | 450 | 430 | 400 ) Influence ofstress rate
pia [MPa] | 500 | 470 | -450 | 430 | -410 | -400 | -380 | -350 P— o0
| Stressratio | -0909 | -0904 | 09 | -0896 | -0.891 | -0.889 | -0.884 | -0875 S 50
Timean [MPa] 2 & [MPa/s] +10 +50 +250
#[MPafs] +50
b) Influence of mean stress/stress ratio
s [MPa] 500
Guin MPa) | 0 | 300 | .400 | -a30 | 440 | .a50 | .60 | -a80 | -s00 | 510 | 550
Stressratio | 000 | 06 | 08 | -086 | -088 | -09 | -092 | -096 | -10 | -102 | -11
Umean [MPa] | 250 | 100 | 50 | 35 30 | 25 20 10 0 5 25
& [MPa/s) £50
) Rateheting with zero mean stress &) Influence of hold time
mee [MPa] | 550 | 520 | soo | 480 | as0 Omax_[MPa] 500
Goin [MPa) -450
i [MPa) | 550 | -520 | -500 | -480 | -450 -
& [MPa/s] 50
Stress ratio 1 Hold 10 min at peak | Tension | Compression
Osan [MPa] 0
4 [MPa/s) +50

Table 3.3:  Stress-controlled uniaxial tests at RT
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3.3 Experiment Planning for Testing at 550 °C

3.3.1 Strain-controlled Tests at 550 °C

A tensile test with strain rate 1 x 10*/s was performed at the very be-
ginning. The material at 550 °C was found to have an ultimate tensile
strength 386.1 MPa with uniform elongation of 1.6%. Yield strength with
an offset of 0.2% is 353.7 MPa.

At 550 °C, similar uniaxial symmetric strain-controlled LCF tests are
carried out on P91. The five tests with total strain ranging Ae = 0.6-1.5%
are listed in Table 3.4. The strain rates are +3 X 10™*/s and the sampling
interval is 0.02 seconds. The results of the strain-controlled tests at
550 °C are presented in Section 5.1.

Strain range Ae (%) Strain rate

0.6

0.8
1.0 +£3x104/s

1.2
1.5

Table 3.4: Symmetric alternating strain-controlled LCF tests at 550 °C

3.3.1 Stress-controlled Tests at 550 °C

The high-temperature stress-controlled tests on P91 are essentially the
same as those at RT; the only difference is the lower imposed stresses
owing to reduced strength at high temperature. The maximum stress in
the following cyclic tests is limited to 350 MPa, which is approximately
equal the yield strength at 0.2% offset at 550 °C.
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3.3 Experiment Planning for Testing at 550°C

The planned ratcheting tests at 550 °C are listed in Table 3.5. Creep tests
are performed (see Table 3.6) to compare with the ratcheting tests with
hold times (see Table 3.5e). The results of stress-controlled tests at
550 °C are presented in Section 5.2.

Note that the high-temperature stress-controlled tests are also
true-stress-controlled, as with the RT tests, by modifying the output
signal with real-time deformation, as discussed in Section 3.2.2.

a) Influence of peak stress

d) Influence of stress rate
Opge [MPa] | 350 | 335 315 300 275
; ; — ; . g [MPa] 325
G [MPa] | -300 | -285 | -265 | -250 | -225
- Onin [MPa] -310
Stressratio | 086 | 085 | -084 | -083 | -082
Stress ratio -095
Omean [MPa] 25
T Omean [MPa] 75
& [MPa/s] +50
& [MPa/s] +10 +50 +250

b) Influence of mean stress/stress ratio

Omax [MPa] | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325 | 325
G [MPa] | 0 | -125 | 175 | -225 | 250 | -260 | -275 | -2a5 | -295 | -300 | -305 | -310 | -315 | -320 | -330 | -335
| stress ratio o | 039 | 054 | 069 | 077 | 080 | -085 | -088 | -091 | -092 | -094 | -0.95 | -097 | -098 | -102 | -103
Omean [MPa] | 1625 | 100 | 75 S0 | 375 | 325 | 25 15 15 | 125 | 10 7.5 5 25 | -25 -5
& [MPa/s] £50
€] Influence of hold time
¢) Ratcheting with zero mean stress O [)l::a] 121?3
G [MPa] 350 340 325 315 min[MP2) =
I - Stress ratio 095
Fmin_[MPa] -350 -340 -325 -315
Stress ratio -1 -1 -1 -1 e IMPa) 5
I ur p 4 [MPa/s] £50
Oomzn [MPa] Hold time in Ten [min] 5 | 05 | 0
¢ [MPa/s] +50
Hold time in Comp.[min] o | o | s
. iawi o
Table 3.5:  Stress-controlled uniaxial tests at 550 °C
Stress (MPa) 325 325 -310 275 200
Engineering-stress True-stress True-stress True-stress True-stress
Control type
controlled controlled controlled controlled controlled

Table 3.6: Creep tests at 550 °C
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4  Experiments at
Room Temperature

In this chapter, the results of the experiments performed at room tem-
perature are reported. In Section 4.1, the experimental results from the
strain-controlled LCF tests are illustrated. In Section 4.2, the results of
the stress-controlled tests are presented in sub-sections according to
various influencing factors.

4.1 Results of Strain-controlled Tests

In the first stage of experiments, alternating strain-controlled LCF tests
were carried out. Fig. 4.1 illustrates one of the tests performed with a
strain range of Ae = 1.5%. Since the strain is in a triangle wave, the
magnitude of the strain rate is constant, as shown in Fig.4.1a. The
stress is yielded as a consequence (see Fig. 4.1b). The strain rate is cho-
sen to be 3 x 107*/s, hence the yielded stress has a stress rate of
around +50 MPa/s in the elastic region, compared to +50 MPa/s as the
chosen ¢ in the following stress-controlled tests in the second stage of
the RT experiments.

The experiment was ended after a macro crack was observed with which
a kink on the compressive half of hysteresis loop appears, as shown in
Fig. 4.1c. The appearance of this kink is owing to closing of a macro crack:
During one cycle of alternating stress, the crack is opened gradually un-
der tension and joins together rapidly under compression, and conse-
quently a kink appears on the hysteresis loop. In strain-controlled LCF
tests at RT, the measured peak stresses do not smoothly decrease in
every test, instead, they behave in a random way. The reason is that the
specimen section with homogenous radius has a length of 23 mm, but
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4 Experiments at Room Temperature

the gage length of the extensometer is only 10 mm. Therefore, the crack
does not always appear within the gage length of the extensometer.
Hence, the reliable data in the LCF test at RT is only taken until a roughly
defined cycle N, within the stage where the peak stress is linearly de-
creasing (saturation stage of cyclic softening) and near the cycle where
the deviation of peak stress from the linear decrease appears due to the
macro crack. Further, the lifetime is roughly determined as the total
cycle number, N,.

Fig. 4.1d shows the hysteresis loops in three cycles. The peak stresses for
the first and 300t cycles are obviously different while the difference
between the 300%™ and 800t cycles is relatively small. The change of
Opeak Versus number of cycles is illustrated in Fig. 4.1e and .

It was found that 0,4, increases in the initial 5-10 cycles owing to cyclic
hardening. As shown in Fig. 4.1e, the 0,4, reaches its maximum in the

sixth cycle in this test performed with Ae = 1.5%. After this initial in-
crease, 0,qqx decreases (see Fig. 4.1f) which shows the obvious cyclic
softening of P91. In the saturation stage of cyclic softening, the peak
stress is still decreasing, although it is not obvious in the view of Fig. 4.1f.
The 0peqy after around the 1000t cycle has an accelerated decrease ow-

ing to macroscopic crack propagation.
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4.1 Results of Strain-controlled Tests
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Fig. 4.1: Symmetric strain-controlled LCF tests at RT, Ae=1.5%.
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4 Experiments at Room Temperature

Cyclic softening was also found in the other tests with Ae = 0.6%, 0.8%,
1.0%, and 1.2%, as illustrated in Fig. 4.2c. According to the curves of
peak tensile stresses versus number of cycles, the cyclic softening is
more rapid in the initial stage. After the initial fast softening, oy has a
linear and slower decrease. The second stage is also called the saturation
stage, as reviewed in Section 2.5. This stage lasts until the appearance of
a macro crack.
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a) Hysteresis loops of the first cycle. b) Hysteresis loops of the cycle at Ny /2
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c) Peak tensile stresses vs. normalized number of cycles

Fig. 4.2:  Strain-controlled LCF tests at RT performed with strain ranges 0.6% ~ 1.5%.
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4.1 Results of Strain-controlled Tests

As with the peak tensile stresses, the magnitudes of the peak compres-
sive stresses decrease during the LCF test. However, an interesting phe-
nomenon was found in these strain-controlled tests: The magnitude of
peak compressive stress is larger than the corresponding peak tensile
stress in every cycle, as shown in Fig. 4.3. In these diagrams, red curves
indicate the absolute value of the peak compressive stresses and the blue
curves indicate the peak tensile stresses. The larger strain range leads to
a larger difference between the magnitudes of the peak tensile and com-
pressive stresses. In the test performed with Ae = 0.6%, this difference in
the saturation stage was around 6 MPa while with Ae = 1.5%, this differ-
ence was around 12 MPa.

One reason for this difference is the difference between ¢, and oyye- It
is well known that oy, is larger than o, under tension owing to reduc-
tion of cross section area (the other way around under compression).
Oeng Shown in Fig. 4.3 is transferred into 6y, shown in Fig. 4.4. Although
the differences between tensile and compressive peaks are smaller in
true-stress cases, they still cannot be ignored: for example, around 3.5
MPa for Ae = 0.6% and around 4 MPa for Ae = 1.5%.
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Fig. 4.3: Engineering peak compressive stresses (abs.) compared with engineering peak
tensile stresses, at RT.
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Fig. 4.4: True peak compressive stresses (abs.) compared with true peak tensile stresses,
atRT.

According to the analysis above, such asymmetry of peak tensile and
compressive stresses is obviously material behavior, which indicates
that the material strength under tension and compression is not the
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4 Experiments at Room Temperature

same at RT. This asymmetry can yield positive ratcheting in stress-
controlled tests with zero g,,,,, in the second stage of RT experiments.
The reason is that the symmetry of the strain leads to the asymmetry of
the stress, hence in the other way around, the symmetry of the stress
should lead to the asymmetry of the strain. Since peak compressive
stresses are larger than peak tensile stresses in symmetric
strain-controlled LCF tests, when the stress become symmetric, the
change of strain during stress-increasing process should be larger than
that during the stress-decreasing process in the symmetric
stress-controlled tests. As a result, positive ratcheting appears with zero
Omean- As reviewed in Section 2.1, the non-zero ¢, with zero o,,4, wWas
also reported in [7, 26] for mod. 9Cr-1Mo FM steel at 550 °C. It is possi-
ble to simulate such a material behavior with a constitutive model.

By modifying a constitutive model with such asymmetric properties (this
is discussed in detail in Chapter 1), it is possible to simulate asymmetry
of stress in symmetric strain-controlled LCF tests. Fig. 4.5a shows the
simulated result: The peak tensile stress in the 100t cycle is 491.8 MPa
while the peak compressive stress here is -509.3 MPa. The peak tensile
and compressive strains are +0.5%. With the same model and the same
parameter values, another simulation is performed with stress control-
ling, as shown in Fig. 4.5b and c. The stress amplitude is 500 MPa and
Omean 1S Zero. Owing to asymmetry, the stress-increasing half of the loop
(blue curve in Fig. 4.5b and c) yields a larger change of strain than that in
the stress-decreasing half of the loop (red curve in Fig. 4.5b and c). Con-
sequently, the material has accumulated strain even with zero g,,qx-
This is verified in the second stage of experiments at RT.
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Fig. 4.5: a) Simulation for a strain-controlled LCF test at RT performed with Ae =1.0%,
the 100t cycle. b) Simulation for a stress-controlled ratcheting test with gmean= 0
MPa and 0.= 500 MPa. c) Zoom of the peak tensile stresses of the sub-figure.

4.2 Results of Stress-controlled Ratcheting Tests

In the second stage of experiments at RT, uniaxial stress-controlled tests
were carried out. Fig. 4.6 shows one of the tests performed with o,,¢q; =

500 MPa, 0,001 = 25 MPa, and 6 = +50 MPa/s. The tests were performed
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with a triangle wave of stress. Hence, the magnitude of the stress rate
was constant, as shown in Fig. 4.6a. The strain was yielded as a conse-
quence. Fig. 4.6b illustrates the yielded strain in the first cycle.

Fig. 4.6c shows several hysteresis loops (1st, 250th, 500th, 750t, 1000,
and 1400t cycle) in this test. Although in the first cycle, the maximum
strain reached only less than 0.5%, the strain reached more than 4.5%
after the 1400t cycle. Therefore, ratcheting behavior exists at RT on P91.

Ratcheting is evaluated by plotting the mean strain (&,,.45) Of each cycle
together with its corresponding cycle number to show the rate of ratch-
eting. In other words, the speed of strain accumulation. Fig. 4.6d shows
Emean VErsus number of cycles of this test.

Owing to cyclic softening, the strain range of hysteresis loop (A¢) in-
creases, as shown in Fig. 4.6e. The reduction of A¢ in the initial cycles is
owing to initial cyclic hardening, which corresponds to cyclic hardening
in the initial 5-10 cycles of the strain-controlled LCF tests.

From an engineering point of view, the deformation of a component is
not allowed to be larger than 5%. Concerning this reason, ratcheting
tests can be ended after the strain reaches 5%. Since the measurement
range of the extensometer is +10%, some ratcheting tests with fast &,
were ended at strains larger than 5%. Owing to limited experimental
time, some ratcheting tests with very low &, were ended at strains small-
er than 5%.

In the following Sections 4.2.1-4.2.4, diagrams show results of various
groups of ratcheting tests according to Table 3.3.

54



4.2 Results of Stress-controlled Ratcheting Tests

600 T 0.5
400 0.4
= 200 < 03
m — 0.2
w c
g8 ° T 04
o -200 5] 0
-400 0.1
-600 -0.2
0 5 10 15 20 25 30 35 o 5 10 15 20 25 30 35
Time [s] Time [s]
a) 1t cycle, stress v.s. time. b) 15t cycle, strain v.s. time.
600 T T T T T T T T T T T
400 F
= 200}
o
=
o Of
0w
2
@ 200
-400 -
600 i i ) H i X :
-05 0 0.5 1 15 2 2.5 3
Strain [%]
c¢) Hysteresis loops of 155,250%,500%,750% ,1000t, 1400* cycle.
5 11
= -
e =1
[
%3 509
o g
= 0.8
7 §
£1 007
x
0 0.6
0 500 1000 1500 0 500 1000 1500
Number of cycles Number of cycles
d) ervs. number of cycles e) Strain ranges of hysteresis loops

Fig.4.6: Ratcheting tests at RT performed with opeak=500 MPa, 0mean=25 MP43, stress rate
+50 MPa/s.
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4.2.1 Influence of Peak Stress

According to Table 3.3a, eight experiments were carried out to explore
the influence of peak stress on ratcheting. The g,,,,, are all the same as
25 MPa and 0.4, range from 550 to 400 MPa. The ratcheting strains
(mean strain in each cycle) are plotted together with the number of cy-
cles in Fig. 4.7.
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Fig.4.7: Ratcheting tests at RT performed with omean= 25 MPa, stress rate +50 MPa/s,
various Gpeax, &r VS. number of cycles
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4.2 Results of Stress-controlled Ratcheting Tests

In Fig. 4.7a, the ratcheting with ¢4, < 450 MPa is negligible compared
to those tests performed with larger o,,cq,. These results with opeqy =
450, 430, and 400 MPa are plotted separately in Fig. 4.7b. With 6,.44 =
550 MPa, the accumulated strain reaches 7% in the 238t cycle, while
with op,eqr = 400 MPa, the maximum strain reaches only 0.2235% after
8000 loading cycles. Obviously the larger o,y leads to faster ratcheting,
and the ratcheting behavior is negligible with 0,4, <400 MPa.

The inelastic strain range A& of each cycle is illustrated in Fig. 4.8. It is
clear that Ae™™ increases with increasing cycle number, which is due to
cyclic softening. However, the cyclic softening in these stress-controlled
tests does not show two stages as in the strain-controlled LCF tests (see
Fig. 4.2¢); instead, Ae™ decreases in the initial five cycles owing to initial
hardening and then increases until the end of the test. Note that all eight
tests shown in Fig. 4.7 and Fig. 4.8 ended without a macro crack.

-

550MPa T i .
Sogf
GE'J‘ 520MPa
v
£06 / ——
: / 480MP
_g 0.4}
: 460MPa .
% 02 I Ry e s ]
= 450MPa 4 300pg
0= = |
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Fig. 4.8: Ratcheting tests at RT performed with omean=25 MPa, stress rate +50 MPa/s,

various peak, Agi" vs. number of cycles

The average ratcheting rate &, are put together with their 6,44 in a log-

linear plot (see Fig. 4.9) and a quasi-linear relationship can be seen. The
&. shown in Fig. 4.9 are calculated as the average rates until the cycle in
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4 Experiments at Room Temperature

which the maximum strain reaches 4% or the cycle number achieves
2500, whichever comes first.
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Fig. 4.9: Ratcheting tests at RT performed with omean=25 MPa, stress rate £50 MPa/s,
average ratcheting rates vs. gpeak in log-linear diagram

In the above-mentioned experiments, the focus is on the influence of
peak tensile stress. Two additional verification tests were performed to
check whether the influence of peak compressive stress is the same as
that of peak tensile stress. One of these verification tests was performed
with 0,4, = 450 MPa and a,,,;,, = -500 MPa, ¢ = +50 MPa/s. Comparing to
the test performed with a stress range of 500~-450 MPa, o, is the same,
only 0,,.4n is changed from +25 MPa to -25 MPa. Another verification
test was performed with a stress range of 500~-550 MPa, in comparison
to the test performed with a stress range of 550~-500 MPa.

The results are illustrated in Fig. 4.10. The two loading cases with stress
ranges of 550~-500 MPa and 500~-550 MPa have similar magnitudes of
€.; the loading cases with stress ranges of 500~-450 MPa and 450~-500
MPa also have similar magnitudes of €.. However, the case with
450~-500 MPa has a lower €, (absolute value) than that in the loading
case of 500~-450 MPa.
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4.2 Results of Stress-controlled Ratcheting Tests

A similar difference can be found between the two tests performed with
stress ranges of 550~-500 MPa and 500~-550 MPa. These small differ-
ences between the absolute values of €. show that more accumulated
strain is induced with tensile 0,,,,, than with the same magnitude of
COMPIesSiVe Opeqn. Together with the asymmetry of the opeq in the
symmetric strain-controlled LCF test reported in Section 4.1, they sup-
port the assumption of asymmetry of material strength under tension
and compression.

One confusion can be eliminated after these two verification tests shown
in Fig. 4.10: The so-called “influence of peak stress”, as the title of the
current section, is specifically the “influence of maximum absolute value
of stress”. In other words, if peak compressive stress has a larger abso-
lute value than that of peak tensile stress, then the €, is mainly decided
by the peak compressive stress. However, since most ratcheting tests
performed in the current work have larger absolute values of peak ten-
sile stresses than the absolute values of peak compressive stresses, the
term “peak stress” or “maximum stress” means “peak tensile stress”
(0peak = Omax) if given without a specific explanation.

x 550~ -500MPa

500~ -450MPa

N W A~ O N

Ratcheting strain [%]

0 500 1000 1500 2000
Number of cycles

Fig. 4.10: Two groups of ratcheting tests at RT performed with symmetric gmean, &r Vs.
number of cycles.
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4 Experiments at Room Temperature

4.2.2 Influence of mean stress/stress ratio.

In stress-controlled tests, if the o,,¢, are the same, one stress ratio (R)

corresponds to one mean Stress G,eqn

_ Upeak + Omin

Omean = f (4-1)
Omin
R=—"% ]
Upeak (4 2)

With (4-1) and (4-2), we have

20, -0
R = mean peak (4_3)
Upeak

Hence “the influence of mean stress” and “the influence of stress ratio”
are identical with the same 0,4

The experiments were performed according to Table 3.3 b). €, versus
number of cycles is plotted in Fig. 4.11. They have the same peak tensile
stress of 500 MPa and the same stress rate of £50 MPa/s. The tests with
Omean = 100 and 250 MPa are plotted separately in Fig. 4.11 b) for their
relatively low &,.
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4.2 Results of Stress-controlled Ratcheting Tests
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Fig. 4.11: Ratcheting tests at RT performed with opeak=500 MPa, stress rate +50 MPa/s,
various Gmean, & vs. number of cycles.

A" versus number of cycles is plotted in Fig. 4.12. The evolution of Ag!™
is similar to that shown in Fig. 4.8, with an initial decrease followed by an
even and smooth increase until the end of the test. As shown in Fig. 4.12,
a larger stress range leads to a higher increase in the rate of Ae'™. For
instance, the largest stress range is with 6,ean =-25 MPa (0.5 = 500
MPa, 6,nin, = -550 MPa), which has the highest increase in rate of A¢™™. No
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4 Experiments at Room Temperature

macro crack was observed on the specimens for these 10 ratcheting tests
shown in Fig. 4.11 and Fig. 4.12.
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Fig. 4.12: Ratcheting tests at RT performed with gpeak = 500 MPa, stress rate +50 MPa/s,
various Gmean, Ae™ vs. number of cycles.

Fig. 4.13 shows the relation between average €. and stress ratio. The
average €, before the 1250 cycle of the experiments together with their
corresponding stress ratios are plotted in this diagram. The case with
stress range 500--550 MPa is not shown in Fig. 4.13 because it did not
reach 1250t cycle before buckling.

Unlike the influence of peak stress, the ratcheting is not accelerated by
an increase of mean stress. As shown in Fig. 4.11a, €. reaches its maxi-
mum with 0y = 20 MPa. The largest mean stress of 250 MPa, on the
contrary, leads to the minimum magnitude of €. As shown in Fig. 4.13, €,
reaches the maximum with the stress ratio at around -0.9.
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Fig. 4.13: Ratcheting tests at RT performed with 0peax=500MPa, stress rate +50MPa/s,
various o'mean, average ratcheting rates (until 1250t cycle) vs. stress ratios.

This phenomenon can be explained by Fig. 4.14: The hysteresis loops
include mostly elastic regions if 6,4, = 250 MPa, which means the ine-
lastic strain is too small to induce ratcheting. Consequently, ratcheting
with the same 0,4, and larger oy,.q, has less inelastic strain, which
leads to a lower &,.. An intuitive explanation can be stated as follows: &, is
controlled by the difference between the change of inelastic strain
(|A£i"|) during the stress-increasing and stress-decreasing half in each
cycle. With stress ratio -1<R<-0.9, both |A£i"| during the stress-
increasing and -decreasing half are large and |Asi”| during
stress-increasing half is even larger than that during the
stress-decreasing half. At R = -0.9, this difference between the two |Asi”|
reaches the maximum. When R >-0.9 and approaches zero, both |Asi”|

during stress-increasing and -decreasing half decrease and the difference
decreases correspondingly until zero, which leads to a decrease of &,.

However, &, in the test performed with 6,,qx = 500 MPa and gy,¢4, = 250
MPa is still not exactly zero since the material response is not completely
elastic. As shown in Fig. 4.144, the difference between the loops of the 1st
and 500t cycles is obvious, but the loops of the 500t and 4000t cycles
are almost the same and are both composed only of an elastic region.
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4 Experiments at Room Temperature

Fig. 4.14b shows the inelastic strain ranges As™in each cycle and
Fig. 4.14c illustrates those in the initial 30 cycles. It is clear that Ae'®
decreased rapidly in the initial cycles and stayed constant afterwards,
with a value of only 0.01%. Therefore, the elastic shake down happens in

this case.
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Fig. 4.14: Ratcheting test at RT performed with gpeak= 500 MPa, 0'mean= 250 MPa, stress
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4.2 Results of Stress-controlled Ratcheting Tests

4.2.3 Ratcheting with zero mean stress

In symmetric strain-controlled LCF tests, asymmetry of peak tensile and
compressive stress is observed. This can yield positive ratcheting, as
discussed in Section 4.1. Based on this assumption, a group of tests was
carried out according to Table 3.3c, the results of which are shown in
Fig. 4.15. In the test performed with o, = 450 MPa, €, is relatively negli-
gible, hence it is separately shown in Fig. 4.15b.
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Fig. 4.15: Ratcheting tests at RT performed with zero omean, stress rate +50 MPa/s, various
04, & Vs. number of cycles.
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4 Experiments at Room Temperature

Ae™ versus number of cycles is plotted in Fig. 4.16. Only the tests per-
formed with o, = 520 MPa were ended with macro cracks, and the corre-
sponding As™™ increases in the last stage of this test. The other four tests
were ended without macro cracks. Ae™ in the test performed with o, =
550 MPa showed an obvious decrease of the rate and Ae™ even de-
creased in the last stage of the test. This indicates that the cyclic soften-
ing of the material under stress-controlled loading can be progressively
saturated and followed by further hardening.

Another possible reason for the decrease of As™ in the last stage of the
test performed with o, = 550 MPa is that, at very large deformation (& >
5%), the effect of asymmetry of tensile and compressive strength is less.
However, this phenomenon only appeared once and was not observed in
other RT ratcheting tests.

Inelastic strain range[%)]

1000 1500 2000 2500

Number of cycles

Fig. 4.16: Ratcheting tests at RT performed with zero omean, stress rate +50 MPa/s, various
0., and Agin vs. number of cycles.

It is clear that €. under symmetric stress-controlled loading is higher
with larger peak tensile stress, which is also stress amplitude o, since
Omean 1S Zero. As shown in Fig. 4.17, in the log-linear plot of €, versus o,,
a quasi-linear line can be found. The €. shown in Fig. 4.17 are calculated
as the average rates until the cycle in which the maximum strain reaches
2% or the cycle number achieves 1500, which ever comes first.
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Fig. 4.17: Ratcheting tests at RT performed with zero omean, stress rate +50 MPa/s, various
04, average ratcheting rates vs. g. in log-linear diagram.

There are now three phenomena for P91 at RT:

1. The asymmetry of peak tensile and compressive stress
in strain-controlled LCF tests (see Fig. 4.4).

2. Lower magnitude of €. with compressive 6,can
(see Fig. 4.10).

3. Positive €, with zero 004, (See Fig. 4.17).

These three phenomena together lead to the conclusion that at room

temperature the strength of P91 is higher under compression than under
tension.

4.2.4 Influence of stress rate

Owing to the possible visco-plasticity of P91 steel at RT, the influence of
time on ratcheting behavior was tested in experiments, including tests
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4 Experiments at Room Temperature

performed with different ¢ (stated in this section) and tests performed
with different hold times (stated in Section 4.2.4). Two tests with ¢ =
+10 and +250 MPa/s were performed. Together with the test performed
with 6 = 450 MPa/s in the previous group, these results are shown in
Fig. 4.18. The 0peqx and Opeqn are the same in these three tests, as listed
in Table 3.3d.

It is clear that visco-plasticity plays a role at RT, as shown in Fig. 4.18,
since lower ¢ leads to higher &,. According to the average &, before the
cycle in which the maximum strain reaches 4%, the test performed with
+10 MPa/s has an 18.3% higher &, than the test performed with +50
MPa/s, and the test performed with +250 MPa/s has a 22.3% lower &,
than the test performed with £50 MPa/s. Hence, a five times higher ¢
leads to an approximately 20% lower &,.
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g o N o
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Fig. 4.18: Ratcheting tests at RT performed with opeak = 500 MPa, Gmean = 25 MPa, various
stress rates, &r vs. number of cycles.

The inelastic strain range of each cycle is plotted with corresponding
cycle number in Fig. 4.19. It is clear that the higher stress rate leads to
lower Ae™™ owing to visco-plasticity. The evolution of Ae'™ with each stress
rate is similar to that in the other ratcheting test at RT (see
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4.2 Results of Stress-controlled Ratcheting Tests

Fig. 4.8, Fig. 4.12, and Fig. 4.16): After a short initial decrease, Ae™

increases evenly and smoothly but with a decreasing increase rate
until the end of the test.
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Fig. 4.19: Ratcheting tests at RT performed with opeak= 500 MPa, 0'mean= 25 MPa, various
stress rates, Agi" vs. number of cycles.

4.2.5 Influence of hold time

As planned in Table 3.3e, two tests with 10 min hold times at peak ten-
sile and compressive stresses were performed to discover the role of
time/visco-plasticity at RT. Together with the test performed with no
hold time in the previous group, the results are shown in Fig. 4.20. The
Opeaks Omean and 6 were the same in these three tests.
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Fig. 4.20: Ratcheting tests at RT performed with opeak= 500 MPa, 0'mean = 25 MPa, stress
rate +50 MPa/s, various hold time types, &: vs. number of cycles.

The 10min hold times at tensile peaks (500 MPa) dramatically
accelerated the ratcheting while hold times at compressive peaks
(-450 MPa) scarely accelerated the ratcheting.

After analysis of the two tests with hold times at the tensile and com-
pressive peaks, the inelastic strains during the hold time in each cycle
can be found, as illustrated in Fig.4.21. As can be seen, the inelastic
strains at tensile and compressive peaks agree with each other. The ine-
lastic strain during the first cycle of the test with 10 min hold time at
tensile peak is around 0.115%. The inelastic strains in the initial approx-
imately 30 cycles decrease rapidly and then slightly increase again until
the end of the test owing to cyclic softening. Because of the limit of accu-
racy, only conservative calculations of the accumulated inelastic strains
can be acquired, which are 16.70% and -15.63% at tensile and compres-
sive hold times, respectively. Concerning the total accumulated inelastic
strain, the accumulated partial inelastic strain formed during the stress-
changing process was -12.49% in the test performed with 10 min hold
times at tensile peaks, while this accumulated strain of the test per-
formed with 10 min hold times at compressive peaks was 16.68%.
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Fig. 4.21: Ratcheting tests at RT performed with peak= 500 MPa, 0'mean = 25 MPa, stress

rate £50 MPa/s, inelastic strain during hold times at tensile & compressive
peaks vs. number of cycles.

An additional test was performed with the same equipment as the ratch-
eting tests, with stress of 500 MPa. The result is illustrated in Fig. 4.22. In
spite of the initial stage of fast increase of inelastic strain, the strain in-
crease after the first hour until the 24t hour is negligible. Therefore, the
accumulated inelastic strain during hold times in the ratcheting test is
much higher than that in the test with static stress of 500 MPa, because
the mechanical behavior during hold times is similar to the initial stage in
the test with static stress. The inelastic strain in the first 10 min in the
test with static stress is 0.18%, which is comparable with 0.12% during
the 10 min hold time at tensile peak in the first cycle of the ratcheting test.
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Fig. 4.22: Testat RT performed with 6=500MPa, inelastic strain vs. time.

To understand why the accumulated inelastic strain during the
stress-changing process is negative (-12.49%) in the test performed with
hold times at tensile peaks, the hysteresis loops of three tests are plotted
in Fig. 4.23. The three loops are aligned by setting the center as zero. As
can be seen, in spite of a slight total inelastic strain increment (ratchet-
ing), the material response to the cyclic stress-controlled loading has a
tendency to close the hysteresis loop. This tendency is much clearer in
the case with hold time at the compressive peak: As shown in Fig. 4.23,
the change of inelastic strain during the hold time is -0.080%, while the
total inelastic strain increment during this cycle (ratcheting) is only
0.003%. This means the partial inelastic strain formed during the
stress-changing process compensates most of the partial inelastic strain
increment during the hold time. Owing to this tendency, €, of the test
performed with hold time at tensile peak is only around five times higher
than that without hold time, and the test performed with hold times at
compressive peaks still has positive ratcheting.
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Fig. 4.23: Ratcheting tests at RT performed with gpeak= 500 MPa, 0'mean = 25 MPa, stress
rate £50 MPa/s, stress vs. inelastic strain (normalized) at 500t cycle.

This tendency to close the loop can also be approved by the decrease of &,
in the initial cycles in the ratcheting tests, when cyclic softening has not
played a key role: €. in each cycle versus cycle number is plotted in
Fig. 4.24. Those &, in the initial cycles are marked with larger markers. As
can be seen, &, decreases rapidly in the initial cycles, which means the
hysteresis loop tends to close in the initial stage of the ratcheting tests. &,
increases slightly in the following cycles until the end of the test, owing to
cyclic softening. This phenomenon also exists in the other ratcheting tests.
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Fig. 4.24: Ratcheting test at RT performed with gpeak= 500 MPa, Gmean = 25 MPa, stress rate
+50 MPa/s, no hold time, ratcheting rate vs. number of cycles.

4.2.6 Diameter Check

After the experiments at room temperature, the diameters of the speci-
mens in different axial positions were checked. Fig. 4.25 shows some
examples of the tested specimens. The three marked diameters on each
specimen include two near the end of gage length and one in the middle.

As shown in Fig. 4.25, the three measured diameters on each specimen
are similar, hence no necking occurs. Further, in the test of stress range
550~-500 MPa, the average of the three measured diameters was
8.50 mm while the initial diameter of the received specimen was
8.80 mm. The shrinkage of the cross section is 1/1.072, which approxi-
mately corresponds to the 7.4% of strain. In the other tests, the shrink-
age of the specimen also corresponds to each final strain. Hence the pre-
requisite to apply the so called “true-stress-controlled ratcheting test” is
verified, which is that the shrinkage of cross section corresponds to the
real time strain, based on the assumption of no volumetric plastic strain
during tests.
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Fig. 4.25: Diameter check of several specimens in RT ratcheting tests.
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5 Experiments at 550° C

The previous chapter reported the material responses under symmetric
uniaxial strain-controlled cyclic loading and under asymmetric/symmetric
uniaxial stress-controlled cyclic loading at room temperature.

Various unique phenomena were found on P91 at room temperature,
such as cyclic softening and asymmetry of material strength under ten-
sion and compression. It is interesting to investigate the material re-
sponses at high temperature (550 °C) to check whether these phenome-
na still exist.

In this chapter, the results of experiments at 550 °C are presented. The
hydraulic machine, measure and control equipment, and software are
the same as at those used at RT, as presented in Section 3.1. The differ-
ence is an additional oven to heat the specimens together with the spec-
imen-holder for the oven. As reviewed in Chapter 1, oxidation effect on
cyclic softening and ratcheting can be ignored [82-84], and crack initia-
tion and propagation is not taken into account.

The planned experiments are listed in Section 3.3, including
strain-controlled LCF tests in Section 3.3.1 and stress-controlled tests in
Section 3.3.1. The results of the strain-controlled tests are presented in
Section 5.1, and Section 5.2 reports the results of stress-controlled tests,
including the influences of various factors on ratcheting, such as g,¢qx,
Omean» 0, and hold time. The ratcheting results with zero 0,,¢4, at 550 °C
are shown in Section 5.2.3, in comparison to those at RT reported in
Section 4.2.3.
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5.1 Results of Strain-controlled Tests

According to Table 3.4, five symmetric strain-controlled LCF tests were
performed. The results are essentially the same as those shown in
Fig. 4.1a-c.

The main difference between results at RT and 550 °C is obviously lower
induced stresses at 550 °C. Fig. 5.1a shows the hysteresis loops of the 1st,
200t and 400t cycles of the LCF test performed with Ae = 1.5%. Com-
pared with Fig. 4.1d, it was found that both the initial 0,4 and those
during saturation stage were much lower at 550 °C than those at RT,
since the material strength is much lower at 550 °C than at RT.

Another difference is that the initial cyclic hardening is negligible at
550 °C; the peak tensile stress monotonically decreases either after the
1st cycle (Ae = 1.5 and 1.2%) or after the 2rd cycle (Ae = 1.0 and 0.8 and
0.6%). Fig. 5.1b shows the peak tensile stresses in the initial 15 cycles in
the LCF test performed with Ae = 1.5%, compared with Fig. 4.1e for the
case at RT.

One more difference is the obviously shorter lifetime. Comparing

Fig. 5.1c and Fig. 4.1f, the cycle number until macro cracks appear at
550 °C is around 400, compared with around 1100 cycles at RT.
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Symmetric strain-controlled LCF tests at 550 °C, Ae=1.5%.

The lifetime in LCF test at 550 °C is clearly defined, which is different
from that for RT cases, because the peak tensile stresses in all five LCF
tests decrease smoothly cycle by cycle after the macro cracks appear,
since the gage length of the extensometer is 20 mm and the macro crack
always appears within this gage length. As illustrated in Fig. 5.2, the cycle
number of lifetime, or cycle number to failure, is defined as the cycle
during which o},¢, has decreased by 10% from that predicted by ex-
trapolation of the saturation curve, as in Saad et al. [101].
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Hysteresis loops of initial cycles and cycles at the half lifetime of the five
LCF tests are illustrated in Fig.5.3a and b, respectively, and the peak
tensile stresses are illustrated in Fig. 5.3c. As same as at RT, the peak
tensile stress decreases rapidly in the initial 1/4 lifetime and the satura-
tion stage follows afterwards until macro cracks appear.
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Fig.5.2:  Definition of lifetime in LCF tests at 550 °C. Strain-controlled LCF test with strain
range 1.5%.
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Fig.5.3:  Strain-controlled LCF tests at 550 °C performed with strain ranges 0.6% ~ 1.5%.

The grades of cyclic softening at two temperatures are also compared. By
calculating the ratio between the engineering peak tensile stress in the
middle of the saturation stage and the maximum engineering peak ten-
sile stress during whole lifetime, it was found that the grade of cyclic
softening is larger at 550 °C: The ratio is 0.88 + 0.01 at RT and 0.76 +

0.01 at 550 °C.
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5 Experiments at 550°C

The magnitudes of peak compressive stresses also decrease as peak ten-
sile stresses. There were also differences of 2~5 MPa between peak ten-
sile and compressive stresses in all cycles. As shown in Fig. 5.4, the red
curves indicate the absolute value of peak compressive stresses and the
blue curves indicate peak tensile stresses.

By converting the 0cpg in Fig. 5.4 into oy in Fig. 5.5, pure material re-
sponses are clear: The absolute values of true peak compressive stresses
are not larger than the true peak tensile stresses, both in the initial rapid
decreasing stages of peak stresses and in the saturation stage. The differ-
ences appear only after the appearance of macro cracks.

Itis clear that the asymmetry of 6,1 in the symmetric strain-controlled
LCF at 550 °C is negligible, comparing to the asymmetry at RT. It is as-
sumed that the material strength under tension and compression is the
same at 550 °C. Therefore, it is interesting to predict what can happen in
the following stress-controlled tests: is there still positive ratcheting
under symmetric loading as at RT?

82



5.1 Results of Strain-controlled Tests

Ae=1.5% =1 29,

400 200 Ae=1.2%

380 —Peak tensile stress 380 ——Peak tensile stress
= ——Peak comp. stress(abs)| | ——Peak comp. stress(abs)
g 360 & 360
= =
@ 340 @ 340
2 8
0 320 % 320
= x
8300 8300

280 280

260 260

0 50 100 150 200 250 300 350 400 450 0 100 200 300 400 500 600
Number of cycles Number of cycles
Ae=1.0% Ae=0.8%

380 380

360 —Peak tensile stress 360 ——Peak tensile siress
—_ ——Peak comp. stress(abs) —_ ——Peak comp. stress(abs)
(o] ]

o o 340
2.340 £
@ 320 % 320
g 4
& 300 @ 300
E 4 £
3 280 3 280
o o
260 260
240 40
0 100 200 300 400 500 600 700 800 900 0 200 400 600 800 10001200 14001600
Number of cycles Number of cycles
Ae=0.6%
380
—Peak tensile stress
360
—_ —Peak comp. stress(abs)
[u]
a 340
=
@ 320
2
& 300
4
3 280
o
260
240
0 1000 2000 3000 4000
Number of cycles
Fig.5.4: Engineering peak compressive stresses (abs.) compared with engineering peak

tensile stresses at 550 °C.

83



5 Experiments at 550°C
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addition, due to the non-negligible stress relaxation
strain-controlled tests at high temperature, another two LCF tests were
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5.1 Results of Strain-controlled Tests

performed with hold time at peak strain under tension and under com-
pression. The results are presented in Fig. 5.6.
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Fig.5.6:  Strain-controlled LCF tests at 550 °C performed with strain range 1.0% and
various hold times.

As shown in Fig. 5.6, the peak tensile stress in the test performed with 5
min hold time at compressive peak was around 10 MPa larger than that
without hold time, while the test performed with 5 min hold time at
tensile peak was around 10 MPa smaller than that without hold time.
This phenomenon explains why the lifetime with compressive hold is
shorter than those without and with tensile hold, as shown in Fig. 5.6d.
The lifetime with tensile hold is shorter than that without hold time,
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5 Experiments at 550°C

which is owing to the larger inelastic strain in each cycle, according to
the Coffin-Manson relationship [52-54]. Since the result is comparable
to those reported by Shankar et al. [82], in the sense that the lifetime
with compressive hold is much shorter than that with tensile hold or
without hold, the assistant effect of compressive hold time to oxide
layer is also an important reason of reduced lifetime with compressive
hold. However, the topic of fatigue damage and lifetime is not the focus
of the current work. The material responses in these two tests with
hold times illustrate the static recovery of kinematic hardening and
cyclic softening of P91 at 550 °C, which are important for the modeling
approach afterwards.

5.2 Results of Stress-controlled Ratcheting Tests

In the second stage of experiments at 550 °C, a variety of groups of uni-
axial stress-controlled tests were performed. Fig. 5.7 illustrates one of
the tests at 550°C performed with opeq=325 MPa and Gpeqan= 10 MPa.
The stress rate is £50 MPa/s, which is the same for that in Fig. 4.6 in the
previous chapter. As at RT, the stresses are in form of triangle wave (see
Fig. 4.6 a) and strains are induced by stresses (see Fig. 4.6 b); the in-
duced €,y increase with number of cycles, which shows ratcheting
behavior (see Fig. 4.6e), and strain ranges also increase owing to cyclic
softening (see Fig. 4.6 d).
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Fig.5.7:  Ratcheting tests at 550°C performed with opeax = 325 MPa, Gmean= 10 MPa, stress
rate +50 MPa/s, hysteresis loops of the 1st 100t 200t 300th 400t 500 cycles.

In the following Sections 5.2.1~5.2.5, various groups of results are
illustrated, corresponding to Table 3.5 and Table 3.6.

5.2.1 Influence of peak stress

According to Table 3.53, six uniaxial ratcheting tests were performed to
investigate the influence of peak stress. €. versus number of cycles is
plotted in Fig.5.8. Since the €. of the test performed with
Opeak = 275 MPa was negligible comparing to the other five tests, it is

separately plotted in Fig. 5.8b. It is obvious that €, is higher with larger

0-peak-
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Fig. 5.8: Ratcheting tests at 550 °C performed with g'mean= 25 MPa, stress rate +50 MPa/s,
various Opeak, &r Vs. number of cycles.

Ag™ versus number of cycles of the six ratcheting tests is plotted in
Fig. 5.9. The evolution of Ae™™ is similar to that at RT (see Fig. 4.8), with
an even and smooth increase of As™™ owing to cyclic softening, however
without showing two stages as in strain-controlled tests (see Fig. 5.3).
Note that none of these six ratcheting tests end with macro cracks.
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Fig.5.9: Ratcheting tests at 550 °C performed with o'mean= 25 MPa, stress rate +50 MPa/s,
various gpeak, Agi" vs. number of cycles.

When theg; are put together with their opeqi in a log-linear plot (see
Fig. 5.10), a quasi-linear relationship can be seen, which is similar to the
case at RT (see Fig. 4.9). €. shown in Fig. 5.10 are the average rates until
the cycle in which the maximum strain reaches 3% or cycle number
achieves 10000, which ever comes first.
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Fig. 5.10: Ratcheting tests at 550°C performed with o'mean= 25 MPa, stress rate 50 MPa/s,
average ratcheting rates vs. opeak in log-linear diagram.

Similar to at RT, one more verification test was performed at 550 °C with
Omax = 310 MPa and oy,;, =-325 MPa. As illustrated in Fig. 5.11, the abso-
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5 Experiments at 550°C

lute values of €, in the loading cases with stress ranges 325~-310 MPa
and 310~-325 MPa agree with each other; in other words, the symmetric
mean stress (+7.5 MPa) leads to symmetric .. This symmetry can be
compared with the asymmetry in the cases at RT reported in Sec-
tion 4.2.1 (see Fig. 4.10), where the loadings with compressive 6,ca, at
RT lead to a similar but lower magnitude of €, than that with tensile
Omean- if the absolute values of 6,,.,, are the same.

This symmetry shown in Fig. 5.11 supports the assumption that the mate-
rial strength of P91 at 550 °C under tension and compression is the same.
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Fig. 5.11: A group of ratcheting tests at 550 °C performed with symmetric omean
(£7.5 MPa), &r vs. number of cycles.

5.2.2 Influence of Mean stress/Stress Ratio

According to Table 3.5b, 16 uniaxial ratcheting tests were carried out
with the same maximum stress (peak tensile stress) of 325 MPa and
various minimum stresses ranging from -335 MPa to zero. Fig. 5.12 illus-
trates all these €, versus number of cycles. Fig. 5.12b clarifies some cases
with relatively lower €, in Fig. 5.12a while Fig. 5.12c further enlarges two
cases in Fig. 5.12b.

The results are similar to the cases at RT in the sense that the maximum
Omean (162.5 MPa) does not lead to fastest ratcheting with the same peak
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5.2 Results of Stress-controlled Ratcheting Tests

tensile stress. Instead, this maximum 6,,.,, leads to one of the two low-
est €. The case with lowest €. is with 0can = 100 MPa, which is even
slower than the case with o, = 162.5 MPa (Fig. 5.12 ¢). It is clear that
in the case with oe,n= 162.5 MPa, the minimum stress is zero and the
specimen is always under tensile loading. The creep strain leads to faster
accumulated strain than the case with 0,0, = 100 MPa. After all, €. in
these two cases is negligible compared to the rates in the other tests. It
can be concluded that shake down happens in these two cases, which is
similar to the case with a stress range of 500~0 MPa at RT, as shown in
Fig. 4.14 in Section 4.2.2.
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Fig. 5.12: Ratcheting tests at 550 °C performed with opeak= 325 MPa, stress rate
+50 MPa/s, various Gmean, &r vs. number of cycles.
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Ae™ versus number of cycles of the 16 ratcheting tests are plotted in
Fig. 5.13. It is clear that larger stress range leads to a higher increase in
the rate of Ae™™, similar to at RT (see Fig. 4.12) and the evolution of A&
owing to cyclic softening is also similar to that at RT. Still, no macro
cracks were observed on any specimens of these 16 ratcheting tests.
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Fig. 5.13: Ratcheting tests at 550 °C performed with opeak= 325 MPa, stress rate
+50 MPa/s, various @mean, A vs. number of cycles.

Fig. 5.14 shows the relation between €, and stress ratios. The average €,
together with corresponding stress ratios are plotted in this diagram. €;
is calculated as the average rates until the cycle in which the maximum
strain reaches +3% or until 10000t cycle, whichever comes first. The
maximum €, appears around a stress ratio of -0.95 and decreases with
increasing stress ratio until 0. This phenomenon is similar to that at RT
and the cause has already been discussed in Section 4.2.2.
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Fig. 5.14: Ratcheting tests at 550 °C performed with opeak= 325 MPa, stress rate
+50 MPa/s, average ratcheting rates vs. stress ratios.

5.2.3 Ratcheting with Zero Mean Stress

In the uniaxial symmetric strain-controlled LCF tests at 550 °C reported
in Section 5.1, symmetric peak stresses are induced with multiple strain
ranges, which indicates that the asymmetry of material strength under
tension and compression at RT do not exist at 550 °C. Under stress-
controlled loading, tests with zero o0,,.,, were performed to check
whether positive ratcheting will happen, similar to that at RT.

As listed in Table 3.5¢, four tests with zero 0,0,y Were performed and
the results are plotted in Fig. 5.15. The results seem quite different from
those at RT, which are reported in Section 4.2.3. At RT, symmetric
stress-controlled loadings always lead to positive ratcheting and a larger
0, leads to a higher positive €,.

However, in these four tests at 550 °C, stress amplitude o, = 350 MPa
leads to positive ratcheting while the accumulated strains in tests per-
formed with g,= 340 and 325 and 315 MPa have an uncertain direction.
Further, all these four tests ended with fracture. Although the accumu-
lated strains are not exactly zero, they reach no more than 0.5% until
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5 Experiments at 550°C

fracture, while in the cases at RT the strain can reach more than 5%
without macro cracks. Therefore, the fracture comes much earlier than
the problem of ratcheting at 550 °C. On the other hand, the accumulated
strains in these tests are not exactly zero (due to non-ideally symmetric
controlled loading) but are still negligible compared to those in the RT
cases (see Section 4.2.3).
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Fig. 5.15: Ratcheting tests at 550°C performed with zero o'mean, stress rate 50 MPa/s,
various o4, & vs. number of cycles.

Ag™ versus number of cycles is plotted in Fig. 5.17. All four tests ended
with fractures, which led to a fast acceleration of increase of Ae™ at the
end of the tests. However, except for the last acceleration, the evolution
of Ae'™ before macro cracks appeared is still similar to those in the other
ratcheting tests at 550 °C under asymmetric loadings (see Fig. 5.9 and
Fig. 5.13). Note that except for these four tests, all the other ratcheting
tests at 550 °C ended without the appearance of macro cracks.
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Fig. 5.16: Ratcheting tests at 550 °C performed with zero omean, stress rate 50 MPa/s,
various g,, Aginvs. number of cycles.

On the contrary to the corresponding phenomena at RT, the material at
550 °C shows:

1. Symmetry of peak tensile and compressive stresses in
strain-controlled LCF tests (see Fig. 5.5).

2. Identical magnitudes of €. with symmetric ten-
sile/compressive O,0an (see Fig. 5.11).

3. Negligible €. with zero o, (see Fig. 5.15).

These three phenomenon together lead to the conclusion that the asym-
metry of material strength under tension and compression at RT does
not exist at 550 °C.

5.2.4 Influence of stress rate
According to Table 3.5d, two experiments are carried out were

6 =110 and 250 MPa/s to evaluate the visco-plasticity of P91 at 550 °C.
Together with the previous test with 6 = +50 MPa/s, a diagram can be
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plotted as in Fig. 5.17. Compared to the results obtained at RT (see Sec-
tion 4.2.4), it is clear that ¢ has larger influence on ratcheting behavior.
According to the average &, before the peak strain reaches 3%, the test
with £10 MPa/s has twice higher &, than the test with +50 MPa/s while
in the same case at RT it is only 18.3% higher. The test with +250 MPa/s
has 26.5% lower &, than that with +50 MPa/s at 550 °C, which is larger
than the 22.3% obtained at RT. Hence, the material has lower viscosity at
550 °C than that at RT.
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Fig. 5.17: Ratcheting tests at 550 °C performed with gpeak= 325 MPa, Gmean= 7.5 MPa,
various stress rates, &r vs. number of cycles.

Ag™ versus number of cycles is plotted in Fig. 5.18. A¢'" in the test per-
formed with stress rate +10 MPa/s fluctuates, which was not observed
in all other ratcheting tests at both temperatures. This could be owing to
fluctuation of the oven temperature. In spite of this fluctuation of Ae'™,
the corresponding €. shows no influence by such fluctuation (see
Fig.5.17) and the evolutions of Ae™ in tests performed with
6 =150 and +250 MPa are similar to the other ratcheting tests at 550 °C
under asymmetric loadings (see Fig. 5.9 and Fig. 5.13).
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Fig. 5.18: Ratcheting tests at 550 °C performed with opeak= 325 MPa, 0'mean= 7.5 MPa,
various stress rates, Asinvs. number of cycles.

5.2.5 Influence of Hold Time

Similar to at RT, several ratcheting tests were carried out with hold times
at 550 °C, as listed in Table 3.5e. In addition, several creep tests were
performed in comparison to the ratcheting tests with hold times accord-
ing to Table 3.6.

Fig. 5.19 illustrates the above-mentioned experiments at 550 °C. The two
ratcheting tests with 5 and 0.5 min hold times at tensile peaks are com-
pared with two creep tests; one is the engineering-stress-controlled
technical creep test, and the other one is the true-stress-controlled phys-
ical creep test, as shown in Fig. 5.19a. It is clear that the creep strain in
the engineering-stress-controlled creep test is larger than that of the
true-stress-controlled creep test. The accumulated strain in the ratchet-
ing test performed with hold times of 5 min at tensile peaks (0,¢q, = 325
MPa) is mainly composed of accumulated creep strains, and the accumu-
lated strain is larger than the creep strain of ., = 325 MPa in both
engineering- and true-stress-controlled creep tests.
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In Fig. 5.19Db, the strain-time curves of two experiments are plotted: one
is true-stress-controlled creep test with o;e, = -310 MPa, and the other
is ratcheting with hold times at compressive peaks 0,,;, = -310 MPa. It
can be seen that the magnitude of this creep strain is lower than the
magnitude of accumulated strain in the ratcheting performed with hold
times at compressive peaks. Together with the comparison shown in
Fig. 5.19a, we can come to conclusion that the cyclic loading accelerates
the strain accumulation comparing to the corresponding pure creep test.

a) Ratcheting tests performed with hold times of 0.5 & 5 min at peak tension, compared with
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Fig. 5.19: Comparison between ratcheting tests with hold times and creep tests at 550 °C.
Opeak= 325 MPQ, Omean = 7.5 MPa, stress rate £50 MPa/s. Strain vs. time
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5.2 Results of Stress-controlled Ratcheting Tests

The accumulated strain in the test performed with 0.5 min hold times at
tensile peaks is firstly lower than the corresponding creep strain. How-
ever, it accelerates and surpasses the creep strain in the later stage. The
reason is, on the one hand, the creep strains during hold times are in-
creasing with increasing cycle number owing to softening, and on the
other hand, the creep initially has a faster primary creep and then a
slower secondary creep. The creep strain during each 0.5 min hold time
in each cycle is plotted versus number of cycles in Fig. 5.20.
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Fig. 5.20: Ratcheting tests at 550 °C performed with opeak = 325 MPa, Gmean = 7.5 MPa,
stress rate +50 MPa/, hold 0.5 min at peak tension, creep strains during hold
times vs. number of cycles.

These results at 550 °C can be compared with the results at RT with hold
times at tensile peaks. As discussed in Section 4.2.5, in the test per-
formed at RT with opea = 500 MPa, 01ean = 25 MPa and 10 min hold
times at tensile peaks, the accumulated partial inelastic strain formed
during the stress-changing process is negative (-15.63%), although
Omean 1S tensile. Similar phenomena occur at 550 °C. For instance, in the
case shown in Fig. 5.20, the total accumulated creep strains during hold
times is 29.77% while the total strain is 8.34%, which means the accu-
mulated partial inelastic strain formed during the stress-changing pro-
cess is -21.43%, although o,,,ea, is tensile. The reason was discussed in
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Section 4.2.5, that the material response to cyclic stress-controlled load-
ing has a tendency to close the hysteresis loops.

However, with longer hold times at peak stress (i.e., 5 min), the material
responses are more similar to those from the pure creep test. The total
strain is mostly composed of accumulated creep strains during hold
times. In addition, some more pure creep tests were performed accord-
ing to Table 3.6. The result for ¢ =310 MPa is the absolute value in the
creep test with o =-310 MPa. The results are plotted in Fig. 5.21, togeth-
er with data obtained by Kimura et al. [106].
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Fig. 5.21: Minimum creep rates vs. 0peak for mod. 9Cr-1Mo steel at 550 °C.

The SCHENCK hydraulic testing machine in the current work was not
specifically designed for, nor necessarily suitable for, creep tests. A spe-
cial creep machine requires quite stable loading, usually controlled by
gravity. However, in spite of the result with o = 200 MPa, the minimum
creep rates in the other three creep tests (marked as red circles) roughly
agree with the extrapolation of the data obtained by Kimura et al. [106].
Hence, the results of the creep tests and ratcheting tests with hold times
at 550 °C are reliable.
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5.2 Results of Stress-controlled Ratcheting Tests

5.2.6 Diameter Check

After all experiments at 550 °C, the tested specimens were rechecked,
because some specimens in 550 °C ratcheting tests showed obvious
necking.

Detailed measurements were carried out to measure the diameters of
tested specimens in different axial positions. The results for the high-
temperature specimens are illustrated in Fig. 5.22.

As can be seen for various stress ranges, the minimum cross section
always appears in the middle of the axial position. The only exception is
the one with stress range 275~-225 MPa, where the accumulated strain
is 0.11% only. In spite of this exception, the necking occurs and becomes
more apparent if the strain is larger than 3%. In Fig. 5.22, the three di-
ameters marked on each specimen include two near the end of the gage
length and one in the middle. When the strain is larger than 3%, the dif-
ference in the cross section is above 5%, which is not acceptable.

Owing to the structural influence of necking, the measured data shows
no longer pure material behavior. Therefore, only data before the total
strain reaches 3% are taken to fit the value of material parameters in the
modeling approach.
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5 Experiments at 550°C
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6 Simulation and Modeling

6.1 Requirements and Programming

Based on the experimental results reported in Chapters 1 and 1, a data-
base including strain-controlled LCF tests and stress-controlled ratchet-
ing tests for the P91 steel at both room temperature and 550 °C could be
built. To analyze the mechanical behavior and predict material responses
under more arbitrary loading conditions, a model was built to simulate
the mechanical behavior of P91. The model description should agree
with material responses qualitatively and quantitatively. According to
experimental results at both temperatures, the simulated results should
fulfill the following criteria:

Fitting on &, under multiple loading conditions.

Fitting on shapes of hysteresis loops.

Showing cyclic softening in strain-controlled LCF tests.
Larger ;.4 leads to higher &,.

Highest &, with stress ratio of around -0.9~-0.95.

oUW

Strain range of hysteresis loop increases with increas-
ing cyclic number.
Positive ratcheting with zero 6,04, at RT.

© N

Higher ¢ leads to lower &, and vise versa.

9. Hold time at tensile and compressive peak leads to
higher &, at RT.

10. Fitting on accumulation of strain in ratcheting tests at

550 °C performed with hold times and in creep tests

Owing to the complicated mechanical behavior and the simple geometry
of tested specimens, analytical simulation was chosen, where a constitu-
tive model could be built.
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6 Simulation and Modeling

According to the review of work by a variety of scientists and engineers
in Section 2.2, the constitutive model can originate from some current
models and be modified to simulate the mechanical behavior of P91.

In the following discussion, a uniaxial constitutive model is firstly pre-
sented because all experiments reported in Chapter 1 and 1 are under
uniaxial loading. Hence, the model in uniaxial form is enough to generate
simulated results to compare with the performed experiments. Further
extension to the multiaxial form is discussed afterwards.

The modeling approach is firstly applied on experiments at RT, and then
on those at 550 °C.

The model under modification is Aktaa-Schmitt model [1]. This model is
based on the so-called Chaboche model [5, 58-61]. which considers creep
and plasticity as arising from the same dislocation source [62]. The Ak-
taa-Schmitt model has an additional description of cyclic softening, typi-
cally for Reduced Activation Ferritic Martensitic (RAFM) steels. Hence,
this model is also known as the RAFM model. The equations of the RAFM
model under modification are listed in Table 6.1 [1].

=4+ (6-1)
o1 =2 6-2
&=z (6-2)
. —k o
gt = (mT)" sgn(2) with X = v 0 (6-3)
0 =0, + 0, with Q; = Hig™ — C0;|&™| — Ryl |™ 10, (6-4)
v =y + y,withy (t=0)=0and y,(t=0) =1 (6-5)
i, = —h|&"| (6-6)
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6.1 Requirements and Programming

i, = (v, = w,)| & = Tz — ™ (o, — ) (6-7)

v, = 1=, (1 - exp(—c;_ & ]e™ (D) (6-8)

Table 6.1: Constitutive equations in RAFM model

A difference between the model listed above and the original one in [1] is
that the coupled damage is ignored in the current work because, except
for one test at RT (o, =520MPa) and four tests at 550°C
(o, =350, 340, 325, and 315 MPa) performed under symmetric loading,
all other ratcheting tests reported in Chapter 1 and 1 were stopped be-
fore significant damage appeared: no kink on hysteresis loop was ob-
served, such as the one shown in Fig. 4.1c, hence no macro cracks were
observed on most specimens in the ratcheting tests. On the other hand,
the coupled damage mentioned in [1] was for describing failure by frac-
ture. From an engineering point of view, under asymmetrical stress-
controlled cyclic loading, the failure of a structure owing to ratcheting
should happen before the failure owing to fracture.

Another difference is in eq. (6-4) in which the back stress (BS) £2is a
superposition of more than one sub-BS. More sub-BSs lead to better
fitting of the material response. In other modeling approaches, for exam-
ple, the Ohno-Abdel-Karim model [6], the simulated BS is decomposed
into eight components to fit the real material behavior. In the Yaguchi-
Takahashi model [7], there are also eight sub-BS. However, it is supposed
to minimize the number of BS components to simplify the simulation
process and still give an acceptable simulation result. This can be seen in
the later discussion. Note that the dynamic recovery of BS in eq. (6-4)
follows the Armstrong-Frederick rule (see eq. (2-6)).

The static recovery is supposed to be thermally activated at generally
high temperature. Therefore, to simplify the model for RT cases, parame-

ter R; in the term of static recovery of kinematic hardening (see eq. (6-4))
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6 Simulation and Modeling

and ry, in the term of static recovery of isotropic softening (see eq. (6-7))
are set to be zero. y/_ in eq. (6-7) is assumed to be constant as

WVe=1-w o

for simplicity. Hence eqs. (6-4) and (6-7) are reduced into egs. (6-9) and
(6-10)

‘Qi = Hi:ﬁ'in - Ciﬂi|éin| [6'9)

i, =c(1= v, —v) " (6-10)

Before experiments were carried out on P91, simulation programs had
already been written in MATLAB. The programs were written according
to the above-mentioned seven equations (egs. (6-1), (6-2), (6-3), (6-5),
(6-6), (6-9), (6-10)). Runge-Kutta fourth order iteration method is ap-
plied. Further, programs that can determine parameter values in these
equations were written to fit the experimental data. The fitting programs
are based on a fortran program MINUIT developed at CERN [107]. The
main field of usage of MINUIT is statistical data analysis of experimental
data recorded at CERN.

To verify the simulation ability and correctness of the calculation with
MATLAB, programs were written according to the original RAFM model
in [1] and with the same parameter values in [1] to check the model de-
scription compared to the material response of EUROFER97.

Fig. 6.1 illustrates the comparison between model and material respons-
es for strain-controlled LCF tests on EUROFER97 at 550 °C. It is obvious
that the simulation result is satisfactory, matching the shape of loops and
decrease of peak tensile stresses (owing to cyclic softening). Hence, the
calculation with MATLAB is proved to be correct.
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6.1 Requirements and Programming
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Fig. 6.1: Comparison between material response (markers) and model description
(curves): Strain-controlled LCF tests on EUROFER97 at 550 °C.

In the iteration method, one of the key factors influencing the result is
the step size. By calculating ope,i in the cycle at half lifetime in the LCF
test of EUROFER97 performed with strain range of 1.0% (marked in
green in Fig. 6.1), different time steps were tested, as listed in Table 6.2.
Except for the results with 0.1 and 0.09 seconds as time steps, all the
other calculated o}, at half lifetime are almost equal. Hence, the itera-

tion result converges with decreasing time step.
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6 Simulation and Modeling

Time step [Second] Iteration steps per Opear Of half
cycle lifetime [MPa]
0.1 67 223.6
0.09 74 225.0
0.08 83 235.7
0.07 95 236.3987
0.05 133 236.4038
0.01 667 236.3985
0.001 6667 236.3986

Table 6.2: Test results with various time steps in Runge-Kutta fourth order
iteration method.

In the simulation program in MATLAB, an automatic time-stepping algo-
rithms was firstly defined in the following way: the iteration result
x(At;) was calculated with time step At; and x(At;, ;) was calculated

with time step At; 4 = %. The initial time step At, = 0.02s. The iteration

result x(At;) is reliable when

b {X(Ati) - x(Ati+1)} < 10-6 (6-11)
x(At;)

However, this time-stepping algorithm is time-costing during the simula-

tion. A practical time-stepping algorithm is defined with the time-step

chosen according to the increase/decrease rate of inelastic strain and

making sure there are at least 500 iteration steps in each cycle:
Atg

:1+abs[As::"_11At0/A£0Ati_1]

t;

(6-12)
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6.2 Initial Fitting of Parameter Values

in which At;=0.02 s, Agg=6x107%, Asf’_ll/Ati_l is the in-
crease/decrease rate of inelastic strain in the previous iteration. Func-
tion [x] is the ceiling function, which is the smallest integer not less
than x. Such a practical time-stepping algorithm leads to much shorter
computation time.

The error owing to this practical time-stepping algorithm in this Runge-
Kutta fourth order iteration method has been proved to be negligible,
such as the difference between the results with time step 0.01 and 0.001
second in Table 6.2.

6.2 Initial Fitting of Parameter Values

As discussed in the previous section, simulation programs were written
in MATLAB, according to the constitutive model constructed with seven
equations (egs. (6-1), (6-2), (6-3), (6-5), (6-6), (6-9), (6-10)). The next
step is to fit parameter values for P91.

After strain-controlled LCF tests are finished at RT, the parameter values
are fitted according to the material responses. The fitting process is as
follows: E is the Young’s modulus, which is calculated according to the
slope of stress-strain unloading line in the first cycle. Parameters k, Z, n,
Hy, Cy, Hy, and C, are fitted to make each simulated stresses agree with
every measured data point in the first cycle.

The fitting algorithm mixes the sum of absolute relative errors between
experimental results x;.,; and simulated results xg;,, (eq. (6-13)) and the
sum of absolute errors (eq. (6-14)). The calculation of these errors has
less calculation time in MATLAB than using, for example, the least-
square method.
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6 Simulation and Modeling

N
X, i Kein i
A= {‘1 _ Ttest,i + ‘1 __ Msim,i } (6-13)
Xsim,i Xtest,i
i=1
N
A= Z|xtest,i - xsim,i| (6-14)
i=1

The sum of absolute errors is used when the stress-strain hysteresis
loops are fitted. The sum of absolute relative errors is used when the
peak stresses are fitted. Applying the sum of absolute relative errors has
better performance than, for example, the least-square method when the
magnitudes of experimental results, for example peak stresses, range
from relatively low to very high values.

As shown in Fig. 6.23a, the simulated hysteresis loops agree with experi-
mental ones in the first cycle for various total strain ranges.

Afterwards parameters h, c and W, o are fitted to have the simulated
Opear Match the experimental 6,4, in each cycle till the end of satura-
tion stage of cyclic softening. As shown in Fig. 6.2¢, the 0,4 in the simu-
lated results shows a fast decrease in the first stage and a slow decrease
in the second stage (saturation stage), which is the same as in material
responses. Fig. 6.2b illustrates the hysteresis loops of the cycles at the
half N,. It is clear that the model description qualitatively and quantita-
tively agrees with the material responses in the strain-controlled LCF
tests on P91 at RT.

N, is a roughly defined cycle number until which the data are considered
to be reliable, as discussed in Section 4.1.
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6.2 Initial Fitting of Parameter Values

The 11 fitted parameter values are listed in Table 6.3.

E (MPa) 220086
k (MPa) 142.8

Z (MPa s'/n) 55.259
n 151.38
Hy (MPa) 460394
G 1979
H, (MPa) 44984
Gy 256.7

h 1.333 x 1073
c 0.51099
Ys,00 0.1077

Table 6.3: Parameter values determined for P91 at RT based on strain-controlled
LCF tests.
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Fig. 6.2: Comparison between material response (markers) and RAFM model description
(curves): Strain-controlled LCF tests on P91 at RT performed with various
strain ranges.

However, with the same model and the same parameter values, a
stress-controlled  test performed with 0peq =500MPa  and
Omean = 25 MPa is simulated. Fig. 6.3 illustrates the comparison between
the material response and model description. Apparently, the accumu-
lated strain in the simulation is much larger than that in material re-
sponse, although the shape of the simulated hysteresis loop in the first
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6.2 Initial Fitting of Parameter Values

cycle is similar to the experimental one. Therefore, the RAFM model with
Armstrong-Frederick rule for kinematic hardening dramatically overes-
timates &,.
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Fig. 6.3: Comparison between material response (markers) and RAFM model description
(curves): Stress-controlled test at RT performed with Gpeak= 500 MPa,
Omean= 25 MPa, stress rate +50 MPa/s. Left: loop of the first cycle.

113



6 Simulation and Modeling

In the aim of fitting &, under multiple loading conditions, which is the
first criterion for modeling listed at the beginnning of Section 6.1, the
current RAFM model is modified, as discussed in the following sections.

6.3 Testing with Existing Models

6.3.1 Testing with RAFM Model

As illustrated in the previous section, the current RAFM model shows
good ability to simulate strain-controlled LCF tests, but it obviously
overestimates the accumulated strain under stress-controlled cyclic
loading.

Different parameter values were tested in the current constitutive mod-
el (egs. (6-1), (6-2), (6-3), (6-5), (6-6), (6-9), (6-10)) to simulate ratchet-
ing. It was found that, when the parameters C; or C, are set to be zero,
the model can yield no more ratcheting, which means if any one of the
BS components has no dynamic recovery, there is no more ratcheting in
the simulation.

The simulated results with different values of C; and C, are illustrated in
Fig. 6.4. As can be seen in Fig. 6.44a, if the value of C; is kept as the value
determined in the initial fitting of parameter values (shown in Table 6.3),
the simulated hysteresis loop in the first cycle still approximately agrees
with the experimental data. However, €, in the simulated result is, com-
paring to material response, negligible, because C, = 0. If the value of C;
is set to be zero, as shown in Fig. 6.4b and c, even the simulated hystere-
sis loop in the first cycle is far from acceptable, with straight lines and
sharp corners. The reason is that the parameters H; and C; of BS compo-
nent ), are much larger than the parameters of 0, (shown in Table 6.3),
consequently Q; determines the shapes of the hysteresis loops (match-
ing the plastic modulus) near the yield point, while Q, can make the sim-
ulated loops much closer to the experimental loops at higher strain, but
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6.3 Testing with Existing Models

is still much smaller than Q; and has a much smaller influence on simu-
lated loop shapes.

Beside the influence on loop shapes, as long as one of the dynamic recov-
ery terms is set to be zero, the accumulated strain in model description is
negligible compared to material response.
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6.3 Testing with Existing Models

To fit & in the case with opeq =500 MPa, 000, =25 MPa, and
d = +50 MPa/s at RT, the parameter C, is set to be 5, then both the loop
shape and accumulated strain in the simulated results match the exper-
imental data satisfactorily, as shown in Fig. 6.5a.

However, with the same parameter values (C; = 1979, C, = 5), the RAFM
model description for the case with opeq, = 500 MPa, 0ppeqn = 250 MPa,
and ¢ = +£50 MPa/s at RT has a great difference from the corresponding
material response, as shown in Fig. 6.5b. Hence, the value of C, is not
constant, but a function of the loading, which indicates that the main task
to fit &, under multiple loading conditions is to modify the term for dy-
namic recovery of BS 2.
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6.3.2 Testing with Ohno-Wang Model I (OW I)

In the modeling approaches reported in [3, 4, 6, 30, 51, 65, 66], the main
attention was paid to modification of the term of dynamic recovery of the
kinematic hardening,.

As mentioned in review of Ohno and Wang [3, 4] in Section 2.2, a critical
value 7; for the magnitude of BS component (2; was assumed in OW [: If
the magnitude of ; reaches the value of r;, the magnitude of £2; stops
increasing, as illustrated in Fig. 2.6.

According to [3], eq. (6-9) is altered into:

0,
42;]

) , Hn\? .
0; = H;#" — Hs(2;* - (F) )Ci2; (™ =) (6-15)

in which the dynamic recovery of kinematic hardening is only activated

when the magnitude of £; reaches the critical value of% . Hs denotes the
A

Heaviside step function as mentioned in Section 2.2. On the other hand,
the magnitude of 2; will stay constant after it reaches the critical value,
as reviewed in Section 2.2.

By changing both equations for £2; and £, in to eq. (6-15), the results are
shown in Fig. 6.6a. If the equation of (2;is kept as eq. (6-9) and only the
equation of (2, is changed to eq. (6-15), the results are shown in Fig. 6.6b.

Comparing the results shown in Fig. 6.6aandb, it is clear that if both
equations of dynamic recovery of 2; and {2, are altered into the form of
OWI (eq. (6-15)), the simulated hysteresis loops are composed of
straight lines and sharp corners, while keeping the equation of 2, as in
Armstrong-Frederick rule (eq. (6-9)), the simulated loop shape of the
first cycle is closer to the experimental data. However, both cases in
Fig. 6.6 dramatically underestimate ¢,. As discussed in [3, 4], OW I yields
no ratcheting.
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cycle. Right: accumulation of strain vs. number of cycles.

In [3, 4], eight instead of two components of BS were assumed to make
simulated loop shapes closer to those in the experimental results; in
other words, shorter and denser straight lines in the simulation to ap-
proximate the smooth curves in the material response. Still, the simulat-
ed loops were piecewise linear and expressed no uniaxial &, [3, 4].
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6.3.3 Testing with Ohno-Wang Model II (OW II)

To avoid the multi-linear behavior in the model description of OW 1,
Hi

2
OW II was developed in which the Heaviside function Hs(2;* — (c_) )

e\ M
was replaced by the term (ﬂl‘f‘) . The BS equation is as follows:
. : 02;C\™ R
Q; = H;&" —( : l) C0; (" — 6-16
12 lg Hl | Anind 4 (8 |nl |) ( )

Eq. (6-16) reduces to eq. (6-15) when m; — oo.

Fig. 6.7 illustrates the simulated results with application of OW II.
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Fig. 6.7: Comparison between material response (markers) and OW II description
(curves): Stress-controlled tests at RT performed with opeak = 500 MPa,
Omean = 25 MPa, stress rate 50 MPa/s. C1= 1979, C2= 256.7 . Left: loop of
the first cycle. Right: accumulation of strain vs. number of cycles.
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The equations of 2, and 2, are changed into eq. (6-16), and suitable
values of m;and m, are searched. It is found that ifm; >8 and m, =7,
the model yields a similar ¢, as the material and the value of m; does not
affect the simulated &, much as long asm; >8. By settingm, =8 and
m, = 7, the loop of the first cycle and accumulation of strain are shown in
Fig. 6.7a. The loop is, as in Fig. 6.7 a), piecewise linear. If the equation of
0, is kept as eq. (6-9) and we change only the equation of 2, into eq.
(6-16), the loop can be much smoother, as shown in Fig. 6.7b, and the
simulated ¢, is similar to that shown in Fig. 6.7a. Further, similar to the
case with 6,04, = 25 MPa, the model and material response in the case
with peqr = 500 MPa, 0ppeqn = 250 MPa, and ¢ = 50 MPa/s is compared,
as shown in Fig. 6.8. Parameter values are the same as the cases shown
in Fig. 6.7.
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Fig. 6.8: Comparison between material response (markers) and OW II description
(curves): Stress-controlled tests at RT performed with gpeax= 500 MPa,
Omean = 250 MPa, stress rate +50 MPa/s. C1 = 1979, C2=256.7, m1 =8, mx =7,
Left: loop of the first cycle. Right: accumulation of strain vs. number of cycles.
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6 Simulation and Modeling

Fig. 6.8a shows the comparison with both equations for £, and 0,
changed to eq. (6-16), while Fig. 6.8b shows the comparison with only
the equation for (2, changed to eq. (6-16). As can be seen, OW II overes-
timates the &, with larger 0,04, , such as in this case with
Omean = 250 MPa, the model yields too much &, compared to the material
response.

Further, another case was checked in which hold times at tensile peaks
are included. The comparison between model description and material
response is illustrated in Fig. 6.9. All parameter values and equations are
the same as the cases shown in Fig. 6.7a and Fig. 6.8a. As can be seen,
OW II dramatically underestimates the accumulated strain for the case
with hold time at peak tensile stress. Note that the simulated creep dur-
ing hold time at tensile peak in the case shown in Fig. 6.9 is too small to
be seen in the current view, while the creep in experiment is obvious.
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Fig. 6.9: Comparison between material response (markers) and OW II description
(curves): Stress-controlled tests at RT performed with gpeak = 500 MPa,
Omean = 25 MPa, stress rate +50 MPa/s, and hold 10 min at tensile peak.
C1=1979, C2 = 256.7, m1 = 8, and mz = 7. Left: loop of the first cycle.
Right: accumulation of strain vs. number of cycles.
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6.4 New Model for Room Temperature

6.4 New Model for Room Temperature

Both the Ohno-Abdel-Karim model [6] and the Kang model [30, 51, 65]
(reviewed in Section 2.2) are basically slight modifications of the
OW I and II models. The main disadvantage of these models is that too
many BS components are required to simulate ¢, and loop shapes. For
instance, 10 BS components were assumed in [51] by applying the Kang
model, which was too complicated from an engineering point of view. On
the other hand, it is a great challenge to fit all experiments under multi-
ple loading conditions, especially to fit those cases with the same 0,4
and various stress ratios ranging from <-1 to 0, as discussed in Section
4.2.2 for tests at RT and Section 5.2.2 for tests at 550 °C.

A new model is built firstly in this section based on the experimental
results at RT. It is subsequently extended to fit experiments at 550 °C in
Section 6.5.

One of the aims in the new modeling process is to reduce complexity:
instead of four, eight, or more components of BS, the new model should
include no more than four components of BS and still fulfill the 10 crite-
ria listed in the very first place in this chapter. Among the 10 criteria, the
first one, fitting on &, under multiple loading conditions, is the most im-
portant criterion and has the highest privilege, which means it receives
the largest weight during parameter fitting.

According to the models reviewed in Section 2.2 and tested in Section 6.3,
it was found that one BS component is enough to fit the shapes of stress-
strain hysteresis loops. This BS component can be named BS 1, which
should have a large value of plastic modulus (H;) and a large value of
modulus of dynamic recovery (C;). The dynamic recovery rule of this
BS 1 should follow the AF rule to avoid a piecewise linear shape of the
hysteresis loop.
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6 Simulation and Modeling

Another BS component, namely BS 2, can be assumed to control the ac-
cumulation speed of strain. This BS 2 shall have a smaller value of plastic
modulus (H,) than that of BS 1 to minimize the influence on the shape of
the simulated hysteresis loop. The design of the dynamic recovery term
of BS 2 is the most important task in the current modeling approach,
because this term should be designed to fit &, under multiple loading
conditions, including those with various 0,4k, smaller stress ratios (R
< -0.8), larger stress ratios (R > -0.8), zero g,,.45, various g, and various
hold times.

6.4.1 Formulation for Room Temperature

As mentioned at the beginning of this chapter, uniaxial form of model is
firstly formulated, which is enough to simulate all experiments present-
ed in Chapters 1 and 1. The equations of the constitutive model for RT
tests are listed in Table 6.4.
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6.4 New Model for Room Temperature

e=dm 4 (6-1)
gt=2 (6-2)
E
. -k (o2
gt = (IZ] Yrsgn(X) withX=——-20 (6-3)
Z v
w =y, + y,withy (t=0)=0and y,(t =0) =1 (6-5)
i, = —h|&"| (6-6)
i, =c(1- v, —v) & (6-10)
N=0,+0, (6-17)
0 = H & — 0 |&M (6-18)
. .n .in ‘QZ .in
0, = Hy&" — 0, (¢ —+ |7 |uasgn (o)) (6-19)
2

Table 6.4: Constitutive equations of new developed model for P91 at RT.

E, k,Z,n hc v

- oor Hi C1, Hy, 77 ,and pi, are material- and temperature-
dependent parameters.

The kinematic hardening (back stress) is composed of two components
£, and {,, as discussed at the beginning of Section 6.4. 2, follows the
dynamic recovery rule of Armstrong-Frederick (eq. (6-18)) and 2, has a
new designed dynamic recovery rule (eq. (6-19)). Instead of the parame-
ter C, in egs. (2-11), (2-14), (2-15), (2-19), (6-15), (6-16), and (6-18), the
parameter 1, is included to control the magnitude of dynamic recovery of
BS 2. The parameters H,, r, and u, are independent from each other, in
which H, is the plastic modulus of BS 2, and u, controls the magnitude of

asymmetry under tension and compression at RT.
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6 Simulation and Modeling

Note that the BS 2 expresses the tendency to close the hysteresis loop, as
discussed in Section 4.2.5. In Fig. 6.10, the developments of the two BS
components are illustrated. It was found that the BS 2 develops around a
middle stress of approximately 25 MPa, which is the mean stress of the
applied stress-controlled loading. This behavior of BS 2 compensates
most effects of the asymmetric loading, leaving only a tiny increment of
inelastic strain in each cycle, which is the ratcheting.
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a) BS 1 vs. inelastic strain b) BS 2 vs. inelastic strain.

Fig. 6.10: Back stress components in the new developed model for the test simulated at RT
with peak = 500 MPa, 0'mean = 25 MPa, stress rate +50 MPa/s.

As in the Abdel-Karim model [66], various candidates for the new design
of dynamic recovery rule are tested, as listed in Table 6.5.
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6.4 New Model for Room Temperature

0
Do(E") (= + 1) (6-20)
2
)
D, |E" (2 + 1) (6-21)
2
.in ‘(22
|2, " [ (= + 12 (6-22)
)
.in ‘(22
(8" (— + 12) (6-23)
L)
.in “QZ .in
0, |# o +|& |uzsgn(o)| (6-24)

Table 6.5: Candidates of equations for dynamic recovery of back stress 2 in new devel-
oped model for P91 at RT.

Using eqs. (6-20)-(6-23) for BS 2, none of them could yield negative
ratcheting for cases with o,,,, =500 MPa, 0,,; =-550MPa, and
6 = +50MPa/s at RT or g4 =450 MPa, 0,,,;, =-500 MPa, and ¢ =
+50 MPa/s at RT. Fig.6.11 illustrates the simulation result using eq.
(6-23) for BS 2. The simulated &, is in the opposite direction to that in
the experiment. Applying eqs. (6-20)-(6-22) gives a similar model de-
scription as shown in Fig. 6.11.
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Fig. 6.11: Comparison between material response(markers) and model descrip-
tion(curves): Stress-controlled tests at RT with omax= 500 MPa, omin=-550 MPa,
stress rate +50 MPa/s.
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6 Simulation and Modeling

However, with the same parameter values, no vast difference in simulat-
ed e, was found between the simulation result using eq. (6-24) and the
result using eq. (6-19). The difference in the model is between the Ma-
caulay bracket (x) and the absolute value |x|. These two candidates were
tested with difference cases, including loading with smaller stress ratios
(Opeak = 500 MPa, 6pean = 10 and 25 MPa, and 6 = £50 MPa/s), loading
with larger stress ratios (0peax = 500 MPa, 6¢an = 100 and 250 MPa, and
6 = * 50MPa/s), loading with zero omean ( Opeak =500 MPa,
Omean = 0 MPa, 6 = £50 MPa/s), loading with various 6 (0peak = 500 MPa,
Omean = 25 MPa, and 6 = 10, 50, and 250 MPa/s), and loading with vari-
ous hold times (Opeax =500 MPa, Oppean = 25 MPa, 6 = £50 MPa/s, one
with 10 min hold time at tensile peak and another with 10 min hold time
at compressive peak). Eq. (6-19) was chosen as the best among these
candidates because it has better fitting to the diagram of €, vs. various
stress ratios, as shown in Fig. 4.13. From the mechanical point of view,
application of the Macaulay bracket is more reasonable because the dy-
namic recovery is supposed to occur when BS and inelastic strain rate
have the same direction.

The new design of dynamic recovery rule (eq. (6-19)) is similar to that in
the Ohno-Abdel-Karim model [6], as shown in egs. (2-15) and (2-16) in
Chapter 1. However, the parameter y, is now a controller of asymmetry
under tension and compression, instead of a combination tool between
the AF and OW models in [6]. With u, > 0, the model in cases with zero
Omean Vields a positive &,., and the model description in strain-controlled
LCF tests shows higher magnitudes of compressive peak stresses than
the corresponding peak tensile stresses, as already discussed in Section
4.1 and illustrated in Fig. 4.5a.

The effect of parameter y, is illustrated in Fig. 6.12: In the case with
0, =550 MPa and zero oyea,, the best simulation can be yielded with
W, = 2.4, as shown with the blue curve in Fig. 6.12. If u, = 0, then the
model yields no €, (green line in Fig. 6.12). When p, = -2.4, the model
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6.4 New Model for Room Temperature

yields negative and symmetric €, (black curve in Fig. 6.12) to the simu-
lated €. with p, = 2.4.

Simulation ,u2=2.

Experiment

Simulation o= 0

Ratcheting strain [%]
o

Simulation o= 24

0 100 200 300 400 500
Number of cycles

Fig. 6.12: Comparison between material response (markers) and model description
(curves): Stress-controlled tests at RT performed with opeax= 500 MPa,
Omean= 0 MPa, stress rate +50 MPa/s, with various values of u,.

The Yaguchi-Takahashi model [7, 26] expresses the asymmetry of mate-
rial strength by introducing a term for hydrostatic pressure:

Jm(0) = nltr(a)|'sgn(trace(o)) (2-21)

to show smaller true elastic limit under tension than that under com-
pression. A similar fitting approach is also performed by taking J,, (o)
into eq. (6-3), as has been done in the Yaguchi-Takahashi model (see eq.
(2-22)). However, no better model description can be simulated than the
application of a parameter p, in the dynamic recovery term.

Hence, the positive value of i, indicates that the reason for larger mate-
rial strength under compression is the relatively smaller dynamic recov-
ery. A further explanation is that the compressive hydrostatic pressure
inhibits the dislocation migration and annihilation at RT, owing to sec-
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6 Simulation and Modeling

ond phase particles. At high temperature, for example 550 °C, dislocation
migration is more thermally activated than at RT and is relatively less
influenced by hydrostatic pressure, hence in the high-temperature tests
reported in Chapter 1, no asymmetry was observed. However, since the
asymmetry of material strength was still observed at 550 °C for
mod. 9Cr-1Mo steel, as reported in [26], the suggestion above should be
further verified.

The parameter values are fitted in a similar way to those in the RAFM
model mentioned in Section 6.2: Young’s modulus E controls the slope of
the unloading line of the first cycle. The parameters k, Z, n, H;, and C;
control the shape of the inelastic region of the loops in strain- and stress-
controlled tests. Parameter k is theoretical yield strength, parameter H;

is inelastic modulus of BS 1,%is the largest possible value of BS 1. Pa-
1

rameter c¢ controls the decreasing rates of peak tensile and compressive
stresses in the first stage of cyclic softening in strain-controlled tests.
Parameter y,_  controls the magnitude of peak tensile and compressive

stress at the end of the first stage of cyclic softening. Parameter h con-
trols the slope of decrease of ;.4 in the saturation stage (second stage)
of cyclic softening. The values of the above-mentioned parameters are
fitted accordingly. The parameters H,, r,, and u, are fitted according to
&.under multiple cyclic loadings in stress-controlled tests presented in
Section 4.2.

The trick in the parameter fitting process is to simulate &, under multiple
loading conditions where the values of parameters k, Z, n, H;, and C; still
play roles. For instance, if one set of parameter values had satisfactory
simulating performance for tests with high €., it can dramatically
over- or under-estimate ¢, for tests with relatively low &,.. Different
groups of values of k, Z, n, H;, and C; can yield similar shaped hysteresis
loops; however, these values have different performances in simulating
&- under various stress-controlled cyclic loadings.
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6.4 New Model for Room Temperature

The same problem also exists for the parameters of softening (h, ¢, and
¥, ), which also affect the simulated ¢,, since cyclic softening acceler-

ates ratcheting and this is why strain-controlled LCF tests should be
performed. As illustrated in Fig. 6.13a, the simulation without softening
underestimates ¢,.. Further, as shown in Fig. 6.13b, the simulation result
without softening shows no increase of strain range of hysteresis loop
cycle by cycle, as the material does. Note that fitting on increase of strain
range is also one of the criteria listed at the beginning of this chapter.
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Fig. 6.13: Comparison between material response (markers) and model description
(curves): Stress-controlled tests at RT performed with opeak= 500 MPa,
Omean = 25 MPa, stress rate +50 MPa/s, with or without term of softening
in simulation.
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As mentioned above, the physical meaning of parameter k is the theoret-
ical yielding strength, or the so-called true elastic limit, over which the
loading can activate dislocation movement and plastic straining. Howev-
er, it is impossible to measure the exact value of the true elastic limit
with the current precision of the experiment equipment. The only pa-
rameter value that can be physically measured is the Young’s modulus E.
Therefore, except for the parameter E, all values shall be changed to fit ¢,
in stress-controlled tests. The shape of loops can be compromised, if
necessary, to make ¢, in the model description agree with those in mate-
rial responses.

The fitted values of the 12 material parameters for P91 at RT are listed
in Table 6.6. The simulation results for RT are presented in the follow-
ing section.

E (MPa) 220086
k (MPa) 239.094
Z (MPa s'/n) 249.399
n 32.8131
H, (MPa) 41551.1
C 787.543
H, (MPa) 13905.9
T 15.3982
T 0.94295
h 1.0169 x 1073
c 0.63815
Ve oo 0.08748

Table 6.6: Parameters of the new developed model determined for P91 at RT.
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6.4 New Model for Room Temperature

6.4.2 Simulation Results for Room Temperature

In this section, simulation results are presented for tests at RT. In each
diagram, the markers indicate experimental results and the curves indi-
cate the corresponding simulated results with the corresponding colors.

Fig. 6.14 shows the results of the strain-controlled LCF tests. The simu-
lated shapes of the hysteresis loops approximately coincide with the
experimental data points, in spite of corners near the onset points for
yield (see Fig. 6.14a and b. As mentioned above, the loop shape can be
compromised to fitting on ¢, in stress-controlled tests. However, the loop
shapes from the simulation are still acceptable.

Fig. 6.14c shows that the cyclic softening of P91 with various strain
ranges is well simulated with the new developed model. Hence, the new
model satisfactorily simulates the strain-controlled tests at RT.
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Fig. 6.14: Comparison between material response (markers) and model description
(curves): Strain-controlled LCF tests performed with various strain ranges
on P91 at RT.
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6.4 New Model for Room Temperature

Fig. 6.15 and Fig. 6.16 illustrate the simulation results for ratcheting tests
performed with the same 0y¢an and various Gpeai- Fig. 6.15 shows plots
of €. vs. number of cycles for several tests. Fig. 6.16 shows the relation
between €, and opeak- The ratcheting rates €. shown in Fig. 6.16, both of
material responses and model description, are the average rates until the
cycle in which the maximum strain reaches 4% or the cycle number
achieves 2500, whichever comes first. The results show that the model is
able to predict €, with a very large range of multiple loadings, yielding
very high (> 10-4) to relatively negligible (<10-¢) €. at RT.

8 T T T v
71 —Simulation | |
550MPa % Experiment
= 1
£t
3
9] X
3t
5 % 480MPa
3]
¥ 2 xxx
X
’ XX 460MPa .
\ TR XK XX XX XXX XXX
0 X ‘ 1 1
0 1000 2000 3000 4000 5000
Number of cycles
a)
0.25 -
T x Experiment| ]
'E 0.15 450MPa 430MP, - <3
% 015 a
c XX X%
= 0.1 X 1
]
2005
o
0 1 1 1
0 2000 4000 6000 8000
Number of cycles

b)

Fig. 6.15: Comparison between material response (markers) and model description
(curves): Ratcheting tests at RT performed with o'mean= 25 MPa, stress rate
+50 MPa/s and various oypeak, &r VS. number of cycles.
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Fig. 6.16: Comparison between material response (markers) and model description
(curves): Ratcheting tests at RT performed with omean= 25 MPa, stress rate
+50 MPa/s, various opeak, average ratcheting rates vs. opeak.

Fig. 6.17 shows the simulation results for ratcheting tests performed
with the same o, but different stress ratios. The ratcheting rates €, are
the average rates before the 1250t cycle. As can be seen, the simulation
also shows a maximum ¢, near the stress ratio of -0.9 and they show very
small €, with stress ratios R larger than -0.6 (-0.6 <R < 0), similar to the
material responses.
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Fig. 6.17: Comparison between material response (markers) and model description

(curves): Ratcheting tests at RT performed with gpeax= 500 MPa, stress rate
+50 MPa/s, various stress ratios, and average ratcheting rates vs. stress ratios.

136



6.4 New Model for Room Temperature

Fig.6.18 and Fig.6.19 show the tests performed under symmetric
stress-controlled loadings. Fig. 6.18 shows plots of €. vs. number of cy-
cles with various o,. Fig. 6.19 shows the relation between €, and o,. The
ratcheting rates €, are the average rates until the cycle in which the max-
imum strain reaches 2% or the cycle number reaches 1500, whichever
comes first. The asymmetry of material strength in the model is con-
trolled by the parameter ,, as discussed in Section 6.4.1. The value of p,
is 0.942949 (other from p, = 2.4 in Fig. 6.12) to compromise between
material response under different loadings. Replacing p, with a function

of hydrostatic pressure was also tested

o = plo|™ (6-25)

with p and n as parameters. However, no better simulation result was
acquired. Therefore p, was kept constant for simplicity. As shown in
Fig. 6.18 and Fig. 6.19, the agreement between model description and

material response is satisfactory.
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Fig. 6.18: Comparison between material response (markers) and model description
(curves): Ratcheting tests at RT performed with zero omean, stress rate
+50 MPa/s, various a5, and &: vs. number of cycles.
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Fig. 6.19: Comparison between material response (markers) and model description
(curves): Ratcheting tests at RT performed with zero o'mean, stress rate
+50 MPa/s, various o3, and average ratcheting rates vs. ga.

Fig. 6.20 illustrates the results of ratcheting tests with various 6. The
model description also shows the influence of visco-plasticity as seen in
the material response. The matching between model and material re-
sponses in Fig. 6.20 is satisfactory.

8 T T T T
——Simulation O
7Tl © Experiment 10MPa/s
Sof :
c
£t ]
7]
o4} 1
f=
k3]
£ 3F
£
gt 4
1F 1
AL

0 500 1000 1500 2000 2500

Number of cycles

Fig. 6.20: Comparison between material response (markers) and model description
(curves): Ratcheting tests at RT performed with opeak= 500 MPa, 0'mean = 25 MPa,
various stress rates, and &: vs. number of cycles.
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6.5 New Model for 550°C

Fig. 6.21 shows those tests with 10 min hold times at peak stresses. The
model perfectly simulates ¢, in the case with 10 min hold times at tensile
peaks but underestimates €, in the case with 10 min hold times at com-
pressive peaks. The matching, however, is still acceptable.

hold 10min at
tensile peak

N w E w

Ratcheting strain [%]

-
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Number of cycles

Fig. 6.21: Comparison between material response (markers) and model description
(curves): Ratcheting tests at RT performed with gpeak= 500 MPa, 0'mean= 25 MPa,
various hold time types, and &: vs. number of cycles.

After comparing the model description and corresponding material re-
sponses in all diagrams in this section, the good simulation ability of the
new developed model for P91 at RT is verified.

6.5 New Model for 550 °C

In the previous sections in this chapter, a new model was developed for
P91 at RT. The simulation ability of this new developed model was
proved by its model description under multiple loading conditions, as
illustrated in Section 6.4.2.

Further, a model was built for P91 at 550 °C, which is based on the model
for RT. The main difference for the material at RT and 550 °C is that the
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6 Simulation and Modeling

static recovery of kinematic hardening and isotropic softening is sup-
posed to be thermally activated at high temperature. Hence, the corre-
sponding terms in the constitutive equations should not be eliminated as
at RT.

The modeling of BS at high temperature is basically the same as at RT,
which is to keep the number of BS sub-components as two, the first one
controlling the shape of simulated hysteresis loops and the second one
controlling the simulated ¢,. The parameter u,, which expresses the
asymmetry of material strength at RT, should now be zero for the high-
temperature cases because, according to the experiments reported in
Chapter 1, no asymmetry is observed at 550 °C. The term for dynamic
recovery of the second BS component is further modified.

6.5.1 Formulation for 550 °C

The constitutive equations for P91 at 550 °C are listed in Table 6.7. Com-
paring to the equations for cases at RT in Table 6.4, several equations are
different for the high-temperature case: in eq. (6-26), the cyclic softening
controller y, includes the term expressing the static recovery of softening:

ryly — Y ™ T W2 — Yy

BS 1 takes the form as in [1] (eq. (6-4)) including static recovery of kin-
ematic hardening:

Ryl ™10,
BS 2 (eq. (6-27)) includes the term for static recovery and the term for

dynamic recovery includes the power function of the BS 2 owing to the
difficulty in simulating &, under multiple loading conditions.
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E=d"+ (6-1)
=2 (6-2)
E
. -k (o2
g = (lZIZ Y sgn(2) with X = ;/— o) (6-3)
w =y + y,withy, (t=0)=0and y,(t =0) =1 (6-5)
iy, = —h|E"| (6-6)
. i _ (6-26)
iy = ¢ (1= vy — 1) 1] = plibs = ™7 (s — )

N=0,+0, (6-17)
0 = H & — 0 |&™] — Ry, ™10y (6-4)

: i’ .in{2
0, = Hzgm - |~(22|n2_1-(22 " r_> - R2|Qz|m2_1ﬂz (6-27)

2

Table 6.7: Constitutive equations of new developed model for P91 at 550 °C

E, k, Z,n, h, c, vy, Yy, my, w, , Hi, C1, Ry, My, Hy, 73, Ry, my, and n, are
material- and temperature-dependent parameters. Comparing the pa-
rameters for RT, there are additional ones for static recovery of cyclic
softening (7, ¥, and my,) and kinematic hardening (R, m,, R,, and m,).
The parameters ry, ¥, and my, are fitted with experimental data from
strain-controlled LCF tests with hold times, as reported in Section 5.1.
The parameters Ry, m;, R,, and m, are fitted with data from strain-
controlled LCF tests with hold times, creep tests, and stress-controlled
ratcheting tests with hold times.

Comparing the model for 550 °C and that for RT, it is obvious that the
model for RT is a simplification of the model for high temperature be-
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6 Simulation and Modeling

cause the static recovery of kinematic hardening and cyclic softening is
eliminated for the RT case, in spite of the small difference in the term for
dynamic recovery of the BS 2.

Similar to the RT case, various candidates for new design of dynamic
recovery rule were tested for the 550 °C case, as listed in Table 6.8.

0N

|2, %2710, | & 7; (6-28)
N

|fz2|"z-1rz2<é‘">r—; (6-29)
)

|2, %2710, [#" = (6-30)

Table 6.8: Candidates of equations for dynamic recovery of back stress 2 in new devel-
oped model for P91 at 550 °C

It was found that, by using eqs. (6-28) and (6-29), no negative ratcheting
was simulated for the cases with compressive o2y As shown in
Fig. 6.22, the model description with eq. (6-28) yields positive and sym-
metric €, to the material response. The model description with eq. (6-29)
is also similar.
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Fig. 6.22: Comparison between material response (markers) and model description
(curves): Stress-controlled tests at 550°C performed with omax= 310 MPa,
Omin= - 325 MPa, and stress rate +50 MPa/s.

However, no significant difference was found between the simulated
results with egs. (6-30) and (6-27). A similar situation can be recalled for
the RT, in which both candidates for dynamic recovery of BS 2 (egs.
(6-19) and (6-24)) yield similar and satisfying model descriptions under
multiple loading conditions, as discussed in Section 6.4.1. The difference
in the models is between the Macaulay bracket (x) and the absolute
value |x|.

Therefore, as for the RT case, the parameter values are fitted with the two
candidates of equations for dynamic recovery by applying the fitting pro-

gram MINUIT. Eq. (6-27) with the Macaulay bracket (¢™ %) is the best
2
because it has better performance in fitting the diagram of €, vs. various

stress ratios, as shown in Fig. 5.14 in Chapter 1. It is also reasonable from
the mechanical point of view, as discussed in Section 6.4.1 for RT.

The fitted values of the 19 material parameters for P91 at 550 °C are

listed in Table 6.9. The simulation results for 550 °C are presented in the
following section.
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E (MPa) 173130
k (MPa) 65.2917

Z (MPa s'/n) 295.332

n 47.911

H, (MPa) 55479.1

o 638.752

R, 3.32178x 1073
m, 2.08665

H, (MPa) 13853.8

r, 0.21402

R, 3.68420% 1076
m, 0.017228

n, 0.707266

h 1.98945 x 102
c 3.85381

Ty 8.86652x 1075
s 0.850816

m, 1.47506

Ve oo 0.206453

Table 6.9: Parameters of the new developed model determined for P91 at 550 °C

6.5.2 Simulation Results for 550 °C

In this section, simulation results are presented for tests at 550 °C. In
each diagram, the markers indicate experimental results and the curves
indicate the corresponding model description.
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6.5 New Model for 550°C

Fig. 6.23 shows the results in strain-controlled LCF tests at 550 °C. The
simulated shapes of hysteresis loops approximately coincide with the
experimental data points, in spite of not-too-sharp corners near the on-
set points for yield. As in the RT cases, the loop shape can be compro-
mised to fitting on &, in stress-controlled tests. However, the loop shapes

in the model description are still acceptable.

Fig. 6.23c shows that the cyclic softening of P91 at high temperature with
various strain ranges is well simulated with the new developed model.
Hence, the new model satisfactorily simulates the strain-controlled tests

at 550 °C.
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Fig. 6.23: Comparison between material response (markers) and model description
(curves): Strain-controlled LCF tests performed with various strain ranges

on P91 at 550 °C.
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6 Simulation and Modeling

Fig. 6.24 and Fig. 6.25 illustrate the results for ratcheting tests at 550 °C
with the same Opeqp and different o,eqx. Fig. 6.24 shows plots of €, vs.
number of cycles. Fig. 6.25 shows the relation between €, and ope,k- The
ratcheting rates €., both of material responses and model description,
are the average rates until the cycle in which the maximum strain reach-
es 3%, except the marker of experiment with op,e.x =275 MPa, which
indicates the average €. when the cycle number reaches 10000, since the
test was stopped at the 10000t cycle and reaches €. = 0.1% only. As can
be seen, the agreement between model and material responses is quite
good. Hence, the model is able to predict €. under loadings in a very large
range, yielding very high to relatively negligible €. at 550 °C.

Ratcheting strain [%]

+ + + + + + + 3 + + +
0 500 1000 1500 2000
Number of cycles

a)

315MPa

g +
£ + : :
© 2 . ——Simulation
S - + Experiment
£ +
3 4 A
5 300MPa
Iy
= 275MPa
o ey
0 1000 2000 3000 4000 5000
Number of cycles

b)

Fig. 6.24: Comparison between material response (markers) and model description
(curves): Ratcheting tests at 550 °C performed with omean = 25 MPa, stress
rate £50 MPa/s, various opeak, and &r vs. number of cycles.
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Fig. 6.25: Comparison between material response (markers) and model description
(curves): Ratcheting tests at 550 °C performed with omean= 25 MPa, stress rate
+50 MPa/s, various opeak, average ratcheting rates vs. opeak.

Fig. 6.26 shows the results of the ratcheting tests at 550 °C with the same
Opeak but different stress ratios. The ratcheting rates €, are the average
rates until the cycle in which the maximum strain reaches +3% or until
the 10000t cycle, whichever comes first. As can be seen, the simulation
also shows maximum €. near a stress ratio of -0.95 and very low €, with
stress ratios larger than -0.6, similar to the material responses. The
matching between the model and material responses is satisfactory.
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Fig. 6.26: Comparison between material response (markers) and model description

(curves): Ratcheting tests at 550 °C performed with opeak = 325 MPa, stress rate
+50 MPa/s, various stress ratios, and average ratcheting rates vs. stress ratios.
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6 Simulation and Modeling

Fig. 6.27 illustrates the results of ratchetings at 550 °C with various 4.
The model description also shows the influence of visco-plasticity as in
the material response and simulates the material responses for the cases
with stress ratios of +10 and 50 MPa very well. However, the model
underestimates &, with a stress ratio of +250 MPa.
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Fig. 6.27: Comparison between material response (markers) and model description
(curves): Ratcheting test at 550 °C performed with gpeak= 325 MPa,
Omean= 7.5 MPa, various stress rates, and &r vs. number of cycles.

The simulated result for the case with 0.5 min hold time at 550 °C
matches the material response quite well, as shown in Fig. 6.28. However,
the model underestimates the accumulated strain in the case with 5 min
hold time, as shown in Fig. 6.29. However, the simulated strain shown in
Fig. 6.29 still increases and is only around 3-4 times slower than the
experimental result. Thus, the simulation is still qualitatively correct.
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Fig. 6.28:

Fig. 6.29:
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Comparison between material response (markers) and model description
(curves): Ratcheting test at 550 °C performed with opeak= 325 MPa,
Omean= 7.5 MPa, stress rate +50 MPa/s, hold 0.5 min at tensile peak and
without hold time, and &: vs. number of cycles.
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Comparison between material response (markers) and model description
(curves): Ratcheting test at 550 °C performed with gpeak= 325 MPa,
Omean= 7.5 MPa, stress rate +50 MPa/s, hold 5 min at tensile peak, and
strain vs. time.

After comparing the model description and corresponding material re-
sponses in all diagrams in this section, the good simulation ability of the
new developed model for P91 at 550 °C is verified.
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6 Simulation and Modeling

6.6 Multiaxial Formulation of the New Model

As mentioned at the beginning of this chapter, a constitutive model in
uniaxial form is enough to simulate all the experiments performed in the
current work, since all experiments are uniaxial.

However, in more general situations, loadings are multiaxial and the
corresponding model should also be multiaxial. Although multiaxial veri-
fication experiments are unable to be carried out with the current exper-
imental equipment, it is still worth to extend the uniaxial model to multi-
axial form for the future research.

As discussed in Section 6.5.1, the constitutive model for RT is merely a
simplification of the model for 550 °C. For this reason, the extension to
multiaxial form can be based on the uniaxial form for 550 °C in Sec-
tion 6.5.1.

The equations for the multiaxial model are listed in the Table 6.10.

e=g + gin (6-31)
1+v v
gel = ( 5 ) o— E(trace(a))l (6-32)
éin = E(M)ni

20 Z ' Zegq
s (6-33)
. — — 1 —_ 3
with X = i Q,s= o—trace(o)land 2,4 = /Ez:z

Ij = géin:éin (6_34)

Y =P+ Y, withp(t=0)=0and P,(t =0)=1 (6-5)

Y1 =—hp (6-6)
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W2 = (1 =Yg —¥2)D = 1ylh2 = Y ™7 W2 = Py) (6-26)

01 = SH ™ — C1.01p — RJ ()™ 710,

(6-35)
with J(2,) = ’%!21:.(21

. 217 ain np,—1 ~in 2,
2, = JH ™ — J(2,)"2 7702, (8™ —
p)
+0f) —R,J(2)™ 710,
with f = f (o)

Table 6.10: Constitutive equations of new developed model for P91 in its multiaxial
formulation.

(6-36)

As listed in Table 6.10, since the factor indicating cyclic softening vy is

scalar, the equations for the cyclic softening (egs. (6-5), (6-6), and (6-26))
are the same as in the uniaxial form (Table 6.7). All material parameters

are the same as in the uniaxial form.

In eq. (6-36), f is a function of external loading o which expresses the
influence of hydrostatic pressure on the rate of dynamic recovery. One of
the possible equations of f is suggested to be

f = pltrace(o)|*sgn(trace(o)) (6-37)

In simplification, p|trace(e)|™ can be replaced by a constant u,. Hence,
by transforming eq.(6-36) into uniaxial form, pf is equivalent to
|59i"|,uzsgn(o) as in eq. (6-19). The exact form of f should be determined
with more multiaxial tests.

Equations listed in Table 6.10 are proved to be equivalent to the uniaxial

form (Table 6.4 and Table 6.7 ) under the uniaxial loading, according to
the following calculations (egs. (6-38)~(6-46)):

151



6 Simulation and Modeling

2
3
1
1
3
2
3
1
.Q = 90 —§
1
3
2
3
oy 1
F=(——0 _Z
(11) 0) 3
1
3
3 (4]
Zeq L= |$ - !20|
1
1
é.in — éin _E
1
2
) 20_04|-k
with &g* = —|”’ ZO| y sgn(% -0y

p= ’géin:éin = |&i|

152

(6-38)

(6-39)

(6-40)

(6-41)

(6-42)

(6-43)

(6-44)



6.6 Multiaxial Formulation of the New Model

2, =049
-Qz = Qz,o
with
np—1

-02,0 = Hzéén - |~(22,0|

Wi N

Wl N

1
= 6-45
3 (6-45)
1
3
1
3 (6-46)
1
3

my—1

) .
D20 (6" 22+ [E8' 1) = Rl 220|220
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7 Discussion

In the uniaxial strain-controlled and stress-controlled tests performed at
RT and 550 °C, a database was built for future application of mod. 9Cr-
1Mo FM steel. Under stress-controlled cyclic loading, ratcheting behavior
was found on P91 steel at both temperatures. A unified visco-plastic
deformation model taking into account the complex non-saturating cy-
clic softening of RAFM steels was further modified to adapt the ratchet-
ing behavior of P91. The simulation ability of a new developed constitu-
tive model was proved to be satisfactory.

However, several issues arose during this research, which should be
discussed further.

One of the issues is the asymmetry of material strength under tension and
compression, or namely strength-differential phenomenon. This asym-
metry is observed at RT but not at 550 °C in the current work. However,
[26] still reported the asymmetry of material strength at 550 °C for
mod. 9Cr-1Mo steel. As mentioned in Section 2.1, several ratcheting tests
reported in [26] were performed with gy, = 400 MPa, which contradicts
the ultimate tensile strength of 374 MPa of T91 reported by SCKeCEN
[55], although both materials mentioned in [26] and [55] are mod. 9Cr-
1Mo FM steels. According to the tensile test at 550 °C in the current work,
the ultimate tensile strength of P91 at 550 °C is 386.1 MPa, which is com-
parable to the 374 MPa for T91 reported in [55]. Hence, the tests reported
in [26] should be performed with a different mod. 9Cr-1Mo FM steel than
those in SCKeCEN [55] and in the current work.

An explanation for this asymmetry at RT and its disappearance at 550 °C
is that the rate of dynamic recovery under compression is lower than
that under tension at RT. The compressive hydrostatic pressure inhibits
the dislocation migration and annihilation at RT owing to second phase
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particles. Hence, the hydrostatic pressure inhibits the dynamic recovery
under compression. At high temperature, i.e.,, 550 °C, dislocation migra-
tion is more thermally activated than at RT and is relatively less influ-
enced by hydrostatic pressure, and consequently no asymmetry is ob-
served at high temperature. This explanation is expressed in the
modeling approach with a parameter y, in the term of dynamic recovery
of BS 2.

Casey and Sullivan [104] and Drucker [105] suggested that the hydro-
static pressure affects the theoretical yield strength and leads to the
asymmetry of material strength under tension and compression. In the
modelling approaches in [104], as well as in the Yaguchi-Takahashi
model [7], the hydrostatic pressure was taken to calculate the theoretical
yield strength. However, the theoretical yield strength is unable to be
measured without very high-precision experimental equipment. Hence,
the effect of hydrostatic pressure on the theoretical yield strength has
not been experimentally verified. The effect of hydrostatic pressure on
the dynamic recovery can also explain the asymmetry of material
strength. Accordingly, a simple introduction of a parameter p, leads to
satisfactory agreement between model description and material re-
sponses, as shown in Fig. 6.18 and Fig. 6.19. A similar fitting approach to
the Yaguchi-Takahashi model (see eq. (2-22)) was also performed. How-
ever, the simulation results were no better than the application of pa-
rameter |, in the dynamic recovery term.

On the contrary to the suggestions in [104] and [105], Jung [103] is
against the suggestion that hydrostatic pressure affects dislocation
movement. Jung believes that the pressure-induced increase of crystal
lattice friction impeding dislocation movement completely compensates
the increase of interaction between dislocations. Owing to this debate
on the effect of hydrostatic pressure, further investigation on this topic
is required.

According to [104] and [105], the hydrostatic pressure should lead to
volumetric plastic strain of the specimens, which contradicts the prereq-
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uisite to apply the so called “true-stress-controlled ratcheting test”. The
true-stress controlling is based on the von Mises criterion with no volu-
metric plastic strain. However, after measuring the diameters of the
specimens after experiments, as mentioned in Section 4.2.6, it was found
that the shrinkage of the cross section area corresponds to the axial de-
formation, which means the volumetric plastic strain is negligible. Hence,
the prerequisite to apply the “true-stress-controlled ratcheting test” was
verified at RT. On the other hand, this prerequisite was only roughly
satisfied at 550 °C before the total strain reaches 3% owing to necking.

The explanation for the necking at 550 °C is as follows. According to the
exact measurement of the diameters along the received specimens, the
diameter varies between 8.79 mm and 8.81 mm owing to deviations in
production. The maximum diameter can lie anywhere within the speci-
men section with quasi-homogenous diameter. However, the necking
always occurs exactly at the middle of the specimens, as shown in
Fig. 5.22, which indicates that the middle of the specimen is always softer
than the other sections. According to temperature measurement along
the specimen, when the middle section is 550 °C, the two ends of the
quasi-homogenous section are around 545 °C, which is caused by the
temperature distribution in the whole oven. Hence, the temperature
difference can explain why the necking always occurs at exactly the mid-
dle of the specimen. Further, the data acquired in the experiments at
high temperature should be an average value within the gage length of
the extensometer.

The definition of lifetime of specimens should be reconsidered. The life-
time of a structural component is literally a period of usage or number of
usage after which the component is no longer safe for further application
and must be replaced. However, the criteria to define such period or
number of usage are not universal. In the strain-controlled LCF tests at
550 °C, the definition of lifetime follows the way reported in [101], which
is the cycle during which g,,.4x has decreased by 10% from that predict-
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ed by extrapolation of the saturation curve (stage 2), in which an obvious
macro crack propagation occurs.

However, in spite of measurement error, as long as o clearly deviates
from the extrapolation of the saturation curve, that is, decreases by only
1% from the extrapolation line, it is clear that unstable macro crack
propagation has already begun. Hence it is supposed the 10% decrease
from the extrapolation line reported in [101] is only to eliminate the
measurement error to be certain that the macro cracking has already
started. In the strain-controlled LCF tests of the current work, the curves
in 0peai-N diagrams (as shown in Fig. 4.3 and Fig. 5.4) are generally
smoother than those reported in [101] (as shown in Fig. 2.12.). Hence, in
the current work, it is also possible to define the lifetime N¢in the LCF
tests at 550 °C by the cycle with, for example, 5% deviation from the
extrapolation line.

In the LCF tests at RT, a clear definition of lifetime is not possible since
the macro crack does not always appear within the gage length of the
extensometer. For this reason, data are considered to be reliable until a
roughly defined cycle N,, which lies within the stage where the peak
stress is linearly decreasing (saturation stage of cyclic softening) and near
the cycle where the deviation of peak stress from the linear decrease
appears owing to the macro crack. Further, the lifetime Ny is roughly
determined as the cycle number N,. Although it is roughly defined, there
is no vast difference between this cycle number N, to a clearly defined N;
with, for example, a 10% decrease from the extrapolation line.

In the stress-controlled tests, on the other hand, the failure of the speci-
men is generally not owing to macro cracking, but rather unacceptable
deformation of, for example, 5% owing to ratcheting, as in most of the
ratcheting tests reported in Chapters 1 and 1. The criterion for an “unac-
ceptable deformation” can only be clearly determined in practical appli-
cation. However, in several stress-controlled tests in the current work,
for example, the test performed with g, =520 MPa at RT and the four

158



7 Discussion

tests at 550 °C (o, =350, 340,325,and 315 MPa) under symmetric
stress-controlled loading, the macro crack still appears before 5% de-
formation owing to ratcheting.

Further, owing to the fact that necking occurs on most specimens tested
at 550 °C, as shown in Fig. 5.22, the failure of the specimens is that they
are no longer safe after obvious shrinkage from the cross section as re-
ceived, for example, 5%. As mentioned above, the reason for the necking
is suggested to be distribution of temperature along the specimen. Hence,
the definition of lifetime in these cases is even more complicated because
necking will lead to either unacceptable deformation or fracture very fast.

It is recalled that in the tests with hold times at RT, as reported in Sec-
tion 4.2.5, there is inelastic deformation during hold times. In the test
performed with static stress ¢ =500 MPa, there is an inelastic strain
increment of 0.24% in the first 5 hours after the stress stops at 500 MPa
and only 0.02% inelastic strain increment during the following 19 hours.
The inelastic strain with static stress at RT is similar to creep, although
creep is generally understood to obviously occur when the temperature
is higher than approximately 0.3 of the melting temperature. However,
there is no exactly defined temperature above which creep will happen.
In the test with static stress ¢ = 500 MPa, it is believed that it is a creep
behavior with only a primary stage and no secondary stage.

One more phenomenon in the experiment is worth discussing: Compar-
ing the tests reported in Section 4.2.4 and 5.2.4, it was found that the
ratcheting test performed with stress rate £10 MPa has an 18.3% higher
&, than that with stress rate +50 MPa at RT, but is twice as high at 550 °C,
which indicates lower viscosity at high temperature. However, the test
performed with +£250 MPa/s has a 22.3% lower &, than the test per-
formed with £50 MPa/s at RT while it is only 26.5% lower at 550 °C. It
was found the percentage changes of 22.3% and 26.5% were comparable.
This phenomenon implies that, at high loading rate, the viscosity is rela-
tively less sensitive to the change of temperature.
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There are also several issues in question in the modeling approach of the
current work. The current modeling approach is similar to that in
Koo and Lee [24], which was also for mod. 9Cr-1Mo steel. The number of
BS components was reduced to three in their report [24]. It was found
that the term of dynamic recovery of the third BS component could con-
trol the rate of ratcheting. However, the ratcheting tests reported in [24]
were too few to cover a large range of loading conditions and all ratchet-
ing tests were stopped before the 100t cycle. Further, it is questionable
that, in the ratcheting tests reported in [24], €. went progressively slow-
er after the so-called “progressive deformation instability”, as shown in
Fig. 2.3 and Fig. 2.4, which indicates this “instability” happened only once
and disappeared afterwards. Such “instability” was only intuitively sug-
gested to be the consequence of cyclic softening, however without explic-
it explanation or any approach to simulate this “instability” with the
proposed model. In the tests at 550 °C, which were reported in Chapter 1,
such “instability” was never observed. The simulation results of ratchet-
ing were not illustrated in [24] with their proposed model. Besides, since
the asymmetry of material strength at 600 °C was not observed, the pro-
posed model in [24] did not include a term to express such asymmetry.
For these reasons, it was necessary to develop a new constitutive model,
as has been reported in Chapter 1, in which a model was developed with
only two BS components, one controlling the shapes of hysteresis loops
and the other controlling the ratcheting rates.

When comparing the fitted parameter values listed in Table 6.3 and
those in Table 6.6, it can be seen that the values of parameters k, Z, n, H,
Cy, h,c, and W, ., are different in the two tables. As mentioned in Sec-

tion 6.4.1, different groups of these parameter values can yield similar
shaped hysteresis loops in simulation of either strain- or stress-
controlled tests. However, these groups of parameter values have differ-
ent performances in simulating €. under multiple stress-controlled cyclic
loadings. Hence, although parameters have their own physical meaning,
as mentioned in Section 6.4.1, it is only possible to fit the parameters
until an acceptable simulation is acquired, which means that a direct
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determination of these parameter values, except for Young’s modulus, is
still not possible.

In the choice of a better constitutive equation of BS 2 for both RT and
550 °C cases, it comes to the choice between the Macaulay bracket
(egs. (6-19) and (6-27)) and the absolute value (egs. (6-24) and (6-30)).
As mentioned in Section 6.4.1, the Macaulay bracket is more reasonable
based on the hypothesis that the dynamic recovery is supposed to occur
only when BS and inelastic strain rate having the same direction. This
hypothesis follows the modeling approach of the OW I model, as shown
in egs. (2-11), (2-12), and (2-13). However, according to the AF model,
dynamic recovery would also occur when BS and inelastic strain rate
have opposite directions, as shown in eq. (2-6) and eq. (2-7). The physi-
cal background was not discussed in Ohno and Wang’s report [3, 4], or in
Armstrong and Frederick’s report [62]. Ohno and Abdel-Karim [6] simp-
ly combined both ideas into eq. (2-15) without further discussion from
the physical point of view.

The section in which the BS and inelastic strain rate having opposite
signs is illustrated in red in the stress-strain hysteresis loop shown in
Fig. 7.1. In spite of the difference from the physical point of view, the
simulated results are similar when using the Macaulay bracket and the
absolute value. Fig. 7.2 illustrates the comparison of increasing rate of
BS 2 between application of the Macaulay bracket (blue curve) and the
absolute value (red curve). As can be seen, the blue and red curves coin-
cide with each other, except for two short sections, and the deviation is
relative small. Hence, the simulated results are similar.
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Fig. 7.1:  Simulated stress-strain hysteresis loop of 200t cycle in the strain-controlled
LCF test performed with Ae = 1.5% at 550 °C
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Fig.7.2: Comparison between using Macaulay bracket and absolute value, simulated

result: 200t cycle of the strain-controlled LCF test performed with Ae = 1.5% at
550 °C, increasing rate of BS 2 vs. inelastic strain.

The last, but not least, issue is that the new proposed model in the cur-
rent work does not have satisfactory performance for simulating the
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strain increment in the ratcheting test at 550 °C with long hold times (i.e.,
5 min) at peak stress. The reason is that in parameter fitting, the criteri-
on “fitting on ratcheting strains in all experiments” has the largest weight
while most experiments at 550 °C are performed without or with a short
hold time (0.5 min). However, in the experiment illustrated in Fig. 6.29,
the total strain is mostly composed of accumulated creep strains during
hold times, which is a different mechanism of accumulation of inelastic
strain, as discussed in Section 0. Hence, the criterion “fitting on accumu-
lation of strain in creep test” compromises for the “fitting on ratcheting
strain”. Further research is required to investigate the inelastic strain
increment of P91 during creep or hold time at 550 °C.
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In the uniaxial strain-controlled and stress-controlled tests performed at
RT and 550 °C, a database was built for future application of 9Cr-1Mo
FM steel at RT and 550 °C. The material under research shows obvious
cyclic softening in strain-controlled LCF tests at both temperatures. (see
Fig. 4.2c and Fig. 5.3¢).

At RT, the material shows asymmetry of material strength under tension
and compression, which is supported by three facts:

a) Larger magnitude of peak compressive stress than corresponding
peak tensile stress in strain-controlled LCF tests (see Fig. 4.4b);

b) Lower magnitude of ratcheting rate with compressive mean stress in
stress-controlled ratcheting tests (see Fig. 4.10c);

c) Positive ratcheting under symmetric stress-controlled loadings (see
Fig. 4.15).

At 550 °C, the material shows symmetry of material strength under ten-
sion and compression, which is supported by three facts:

a) Identical magnitude of peak compressive and tensile stress in strain-
controlled LCF tests (see Fig. 5.5);

b) Identical magnitudes of ratcheting rates with symmetric compressive
and tensile mean stress (see Fig. 5.11);

c) Negligible ratcheting under symmetric stress-controlled loadings (see
Fig. 5.15).

In spite of the difference in the symmetry of material strength at RT and
550 °C, the effects of various influencing factors to €, are similar:

1. With the same Opeap, larger oyeqi leads to higher €.
(see Fig. 4.7 and Fig. 5.8).
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2. With the same op¢q, highest €, is reached with stress
ratio of around -0.9--0.95 (see Fig. 4.13 and Fig. 5.14).

3. Strain range of hysteresis loop increases with cyclic
number (see Fig. 4.8 and Fig. 5.9).

4. Higher 6 leads to lower €, and vice versa (see Fig. 4.18
and Fig. 5.17).

A constitutive model has been proposed. The model is originated from
the Chaboche Model and adopts isotropic softening factor from the
RAFM model. To simulate the ratcheting behavior of the material, the
kinematic hardening/back stress (BS) is divided into two
sub-components, one controls the shapes of simulated stress-strain
hysteresis loops, and the other controls the ratcheting rate. The asym-
metry of material strength at RT is expressed with a parameter p,. This
model has been proved to have good simulation ability for material re-
sponse under both strain- and stress-controlled loading conditions. The
simulated results agree with the corresponding material response within
a large range of multiple loading.

Since all tests in the current work were performed only under uniaxial
loading, the proposed model is in uniaxial form, which is enough to gen-
erate simulated results to compare with performed experiments. Owing
to the fact that the multiaxial loadings are more general in the real work-
ing condition of the structural components, further extension to multiax-
ial form of the proposed uniaxial model was also proposed. In the further
research on P91 steel, multiaxial tests shall be performed to verify the
model in multiaxial form.

In the current work, only isothermal mechanical behavior at two tem-
peratures (RT and 550 °C) was investigated. Tests shall be performed at
more temperatures in future research to check whether the asymmetry
of material strength under tension and compression at RT still exists.
Microstructural investigation is required to discover the cause of such
asymmetry at RT. Further, research on thermal mechanical behavior
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8 Summary and Outlook

shall be carried out at conditions closer to the real working conditions of
the structural components

Since the failure mode of the specimens in the ratcheting test is supposed
to be unacceptable ratcheting strain, no damage factor is included in the
proposed constitutive model. In future improvement of the model, more
tests should be performed that end with fracture to investigate the dam-
age of the material.
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