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Abstract

In this paper, the cyclic plasticity and fatigue crack initiation behaviour of a tempered marten-
sitic ferritic steel under thermo-mechanical fatigue conditions is examined by means of mi-
cromechanical finite element modelling. The crystal plasticity based model explicitly reflects
the microstructure of the material, measured by electronic backscatter diffraction. The pre-
dicted cyclic thermo-mechanical response agrees well with experiments under both in-phase
and out-of-phase conditions. A thermo-mechanical fatigue indicator parameter, with stress
triaxiality and temperature taken into account, is developed to predict fatigue crack initiation.
In the fatigue crack initiation simulation, the out-of-phase thermo-mechanical response is i-
dentified to be more dangerous than in-phase response, which is consistent with experimental
failure data. It is shown that the behaviour of thermo-mechanical fatigue can be effective-
ly predicted at the microstructural level and this can lead to a more accurate assessment
procedure for power plant components.

Keywords: Tempered martensite ferritic steels; Thermo-mechanical fatigue; Crystal
plasticity; Fatigue crack initiation; Finite element; Power plant components

1. Introduction

In the past decade, the development of microstructural-sensitive modelling techniques has
improved the understanding of mechanisms of material degradation in fatigue with the devel-
opment of procedures to accurately assess structural integrity for cyclically-loaded materials
and structural components [1-3]. The present study focuses on P91 steel (containing 9% Cr,
1% Mo and the balance primarily Fe), which is a widely used power plant steel. Under the op-
erating conditions of flexible power plants, the relevant components typically experience both
cyclic mechanical and thermal loads (e.g. during start-up attemperation cycles [4, 5]) leading
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potentially to thermo-mechanical fatigue (TMF) failure. However, in the design process for
current materials and structures, TMF behaviour is not typically accounted for.

The cyclic plasticity and fatigue crack initiation (FCI) behaviour of P91 is examined here,
focusing on accurate microstructure-based finite element (FE) modelling. For P91 and other
similar power plant steels, isothermal fatigue (IF) studies at elevated temperature [6-16]
have been extensively carried out. In these studies, considerable cyclic softening has been
observed which results in the loss of material strength and this softening has been revealed to
be associated with reduction of dislocation density and microstructural recovery at the sub-
grain level. Limited studies [4, 5, 17] have focused on TMF response and phenomenological
continuum models have been mainly used. In recent decades, microstructure-based finite
element simulations [18-33] have been developed to study the fatigue response in metals,
where the constitutive response at crystallographic level is typically represented by crystal
plasticity theory. For the monotonic response of P91 and other high-chromium tempered
martensite ferritic steels, crystal plasticity-based FE models [34-40] have been developed
with focuses on simulating microscale inelastic deformation and failure. Recently, length-scale
dependent crystal plasticity models [39, 33] have been developed and extended for P91 steel
to account for the precipitate size effect on FCI under isothermal conditions. However, to our
knowledge, microstructure-based modelling of TMF behaviour in P91 steels has not yet been
performed. This is necessary in quantifying the fatigue mechanisms in current power plant
components under intermittent thermo-mechanical loading conditions and optimising the key
material parameters for next generation power plant. As the fatigue failure mechanisms
in terms of formation and development of persistent slip bands [2] are associated with the
microstructure, the present work presents such a micromechanical FE model to explicitly and
accurately account for the crystallographic slip based inelastic deformation and failure for P91
steels.

The objectives of the present paper are as follows: (i) Develop a microstructure-based FE
model to simulate cyclic plasticity behaviour for P91 steels and compare the cyclic thermo-
mechanical response with experiments; (ii) Examine the microstructure-sensitive TMF failure
behaviour, in terms of sites and number of cycles to fatigue crack initiation, based on a specific
scale-consistent fatigue criterion.

2. Experiment

To characterise the TMF behaviour of P91 steel, a program of in-phase (TMF-IP) and out-
of-phase (TMF-OP) TMF tests have been carried out in the 400° C to 600° C temperature
range [41]. The TMF setup is shown in Fig. 1a. The mechanical strain-temperature loading
histories are illustrated schematically in Figs. 1b and ¢, with TMF tests conducted at strain-
ranges of 1.0%, 0.8% and 0.6%, at strain-rates of 3.3 x 107* /s and 2.5 x 10~* /s. The
cyclic evolution of maximum tensile and compressive stress for sample (typical) TMF-IP and
TMF-OP tests are presented in Fig. 2a, showing considerable cyclic softening for all test cases.
Significant asymmetry of stress is observed with a higher maximum tensile stress for TMF-OP
cases, due to the maximum strain coinciding with minimum temperature (Fig. 1c), giving a
stronger response under the strain-controlled conditions. A comparison of the experimentally
observed TMF maximum tensile stress with isothermal fatigue (IF) data at 400° C and 600° C
is presented in Fig. 2b. The most significant effect of plastic-strain induced recovery (softening)
is observed for IF behaviour at 600° C. The experimental strain-life results in the 400° C to
600° C temperature range, for IF, TMF-IP and TMF-OP test conditions, are presented in
Fig. 3. Although similar levels of recovery (softening) are observed for TMF-IP and TMF-OP
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cases, as presented in Fig. 2b, a lower fatigue life is observed for all TMF-OP cases, highlighting
the detrimental effect of maximum tensile stress on the low-cycle fatigue life of 9Cr steels. Note
that the number of reversals (cycles) to failure is identified as that corresponding to a 30%
drop in load from the 150" cycle.
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Figure 1: Tlustration of TMF test for P91 steels with (a) TMF testing setup, (b) TMF in-phase (TMF-IP)
and (¢) TMF out-of-phase (TMF-OP).
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Figure 2: TMF data for P91 steels with (a) maximum and minimum stresses vs number of cycles and (b)
comparison of maximum tensile stress data for both TMF and IF.

3. Theory

3.1. Implementation of microstructure-sensitive finite element model for thermo-mechanical
fatigue

In the present work, a microstructure-based FE modelling methodology is developed to

study TMF behaviour in P91 steels. Fig. 4a shows the material microstructure acquired

by electron backscatter diffraction (EBSD) measurement with a planar dimension of 176 x

111 pm?. In Fig. 4a, crystallographic orientations of different grains are distinguished by

an inverse pole map. The corresponding FE model is shown in Fig. 4b with the measured
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Figure 3: Fatigue life data for P91 steels under both TMF and IF conditons.
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Figure 4: Micromechanical finite element model for thermo-mechanical fatigue (TMF) in P91 steels with (a)
microstructure morphology measured by EBSD (here the plot is for the perpendicular direction to the sample
surface) and (b) the spatial distribution of the second Euler angle in a polycrystal finite element model.

grain-level details in a representative volume element (RVE). The Euler angles [42] are used to
represent crystallographic orientations in the polycrystal FE model (Fig. 4b). As described in
detail by Li et al. [39], the measured Euler angles of the microstructure are input directly into
the FE model, element by element, so that the crystallographic information in the FE model
exactly matches the measured one. To illustrate this, five grains (blocks) are highlighted
in both the EBSD (Fig. 4a) and the FE representation (Fig. 4b), clearly showing direct
one-to-one correlation of grains. Note that the dimension of the RVE is appropriate such
that a representative macroscopic response can be obtained using the polycrystal FE model
as shown in the earlier study [39]. The representativeness of an EBSD-based RVE relies
on the satisfaction of the condition that the RVEs for different sample positions (with same
dimension) lead to consistent aggregative stress-strain response. It is indicated in the previous
work [39] that, with increasing RVE size from the current RVE, almost unchanged aggregative
stress-strain response is achieved. Following the approach in Ref. [42], the FE model uses
regular 3D brick elements (8 nodes and cubic shape with edge length of 0.5 pm) with periodic
boundary conditions in both in-plane and out-of-plane directions. Note that the RVE is 3-
D with the third dimension generated by extending the 2-D FE mesh in the out-of-plane

4
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direction by one element thick. Therefore, the current RVE has a columnar grain shape. It
has been discussed by Li et al. [39] that such an RVE is appropriate for in-plane loading
case to account for the most relevant in-plane grain interactions. The crystal plasticity model
discussed in Section 3.2 is then used to represent the constitutive response of each single
grain and considers two cases, TMF in-phase (TMF-IP) and TMF out-of-phase (TMF-OP)
as shown in Figs. 1b and c.

3.2. Crystal plasticity-based constitutive formulation

The crystal plasticity model presented in Refs. [39, 33] for P91 steels has been used to
describe the constitutive response for P91 steels and the temperature dependent isotropic and
kinematic hardening is included here to describe the TMF response. In the current work, the
elastic response of the material is linear as in Ref. [39] and the evolution of inelastic slip is
represented by a thermally activated flow rule [43] as follows

) ) F Ta_Ba_SQ P\ 4 N N
WQZ%eXp{—ﬁ<1—<| Tol >>}sgn(7‘ - B7), (1)

where ¢ is slip rate; 7¢ and S are resolved shear stress and slip resistance, respectively; F,
k and T are the thermal activation energy for a material, Boltzmann constant and absolute
temperature, respectively; p, ¢ and 4, are the exponents and pre-exponential constants; 7, is
the critical shear stress; the brackets (.) indicate that (z) = x for > 0 and (x) = 0 for x < 0;
B* and S® are back stress and slip resistance for the slip system, «, respectively.

An Armstrong-Fredrick type kinematic hardening rule [43-46] is adopted to describe the
evolution of the back stress, B, as follows

plel e "D paj:a

B :hb7 _§B h/ |7 (2)
where hy, and rp are material constants. Here, h; is set to be temperature dependent in order
to capture the TMF response. Based on a generalised Taylor relation [47], slip resistance is
given by

M

S = by | 3 holor + (1= w2) 8] (9§, + pl, + ). (3)
B=1

where p and b are the shear modulus and the magnitude of the Burgers vector, respectively;
pge, pgs and pg are the edge part of statistically stored dislocation (SSD) density, the screw
part of SSD density and the screw part of geometrically necessary dislocation (GND) density
for the slip system f3, respectively; hg is a coefficient indicating the strength of dislocation pair
interactions; w; and w, are interaction constants and 6*° is the Kronecker delta. Note here
that only the shear modulus, y, is a function of temperature such that the isotropic hardening
is temperature dependent at the grain level. In the present work, w; = wy = 1 which implies
dislocations interact equally.
Based on previous studies [39, 48], the critical shear stress, 79, is given as follows

M
To =70+ ¢ Z(Pge+Pgs+Pg>> (4)
5=1
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where 7, is the critical shear stress in the absence of dislocation barriers and ¢, is a material
constant. As in previous studies [33, 49, 50], the evolution of p¢, and pg, are given as follows

M
. K o | 10
PSe = T Z (pge + pgs + pg) - depSe h/ |7 (5&)
B=1
‘o Ks ﬂ-dg fe} S & Y
Pss = T(l - TpSs> Z <p§e + pgs + pg) - dSpSS |fy |’ <5b>
g=1

where K, and K, are two coefficients of dislocation generation for the slip system «, and
d. and dy are two coefficients relating to the annihilation of edge and screw dislocations,
respectively. In this work, K, = 2K, as used in the previous work [49], based on slip line
measurements [51, 52]. Hereafter, only K. will be presented. Note that the dislocation
densities are temperature dependent in the current paper. Such effect is implicitly captured
via the effect of temperature on slip rate in Eq. (1). The evolutions of dislocation densities
in Egs. (5a) and (5b) depend on slip rate and are thus temperature-dependent. Note that, as
dicussed by Mughrabi [53], for example, for low cycle fatigue, as in this work, the fraction of
reversible slip relative to total slip is small.

The evolution of GND density, pg, depends on plastic strain gradient and the details can
be found in previous work [39, 33]. The user element subroutine (UEL), implemented within
a commercial FE code [54], is then used to take the evolution of GND densities and the length
scale dependency into account in the constitutive relations above. In order to incorporate the
thermo-mechanical effect into the CPFE micro-mechanical model, the specific temperature
evolution corresponding to in-phase or out-of-phase conditions is allowed in the UEL.

During TMF, the increment of accumulated equivalent plastic strain [33, 39, 46] is defined
as

1
2 2
de, = <§Dp : Dp> dt, (6)

where dt is the time increment and D? is plastic strain rate defined as

N
1 2 e (0% (0% e\ — e\— (0% (0% e
DP:§ZWO“[Fm®n(F)1—|—(F)Tn ®m® (F)"]. (7)
a=1
Here, F€ is the elastic deformation gradient, m® and n® are slip direction and slip plane
normal of the slip system, a, respectively, ® is dyadic product, and superscripts ‘—1’, “I” and
‘—T" indicate the tensor operations of inverse, transpose and inverse transpose, respectively.

3.8. Thermo-mechanial fatigue indicator parameter

The present work focuses on fatigue behaviour of P91 steels. Typically, the total fatigue
life, N¢, can be decomposed as follows

Ny = N; + N, (8)

where NV; is the number of cycles required to initiate a fatigue crack and N, is the number
of cycles to propagate the fatigue crack up to failure [1]. Under low cycle fatigue conditions
at elevated temperature for P91 steels, it has been shown in Refs. [55-57] that N; can make

6
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up 10-20% total fatigue life and that typically micro-cracking initiation is characterised by
multiple crack initiation sites. In the current work, attention is focused on the fatigue crack
initiation (FCI) in P91 steels. FCI is assumed to occur when a critical value of local accu-
mulated crystallographic slip is achieved. Note that the cumulative effective crystallographic
slip-based fatigue indicator parameter (using rate of plastic deformation tensor) used here has
been presented and validated against IF test data at 600° C in Ref. [33]. In the latter, an ini-
tiation life was inferred from experimental data via the fitting of a Kocks-Mecking dislocation
density evolution equation to the measured softening and was found to give initiation lives of
about 10% — 20% of total life, consistent with those observed by other authors for the same
material and temperature. The method presented in Ref. [33] is essentially an extension of
a similar approach by Manonukul and Dunne [18], who first proposed a cumulative effective
crystallographic slip parameter for low- and high-cycle fatigue, including mean stress effects,
and for high temperature. A similar approach [32] has also been successfully validated against
test data for FCI in CoCr alloy and the strain gradient CPFE plasticity method was shown
to successfully capture measured grain size effect on FCI and hysteresis loop (i.e. cyclic be-
haviour), as well for micro-scale high-cycle fatigue test specimens [58]. Next we derive the
formulation of the fatigue indicator parameter at the microstructural level.

The mechanism on which the FCI model is predicated is localised, cyclic accumulation of
plastic deformation via crystallographic slip, causing gradual material degradation via micro-
void nucleation, growth, coalescence and hence micro-crack propagation [59, 60] for low cycle
fatigue. In the present work, FCI is assumed to occur when a critical value of local accumulated
crystallographic slip is reached. The accumulated inelastic deformation is designated as a
fatigue indicator parameter (FIP). It is expected that FCI will have additional dependencies on
the local stress state (triaxiality) and temperature variation as micro-void nucleation, growth
and coalescence will be affected strongly by them. For P91 steels, a recent experimental
study [62] has shown the temperature dependence of uniaxial failure strain e, which can be
expressed as a function of temperature between 400° C and 600° C as follows,

er =} [1+ k(T —873)], (9)

where £ is the uniaxial failure strain at 600° C and x = 1.25 x 10~* /K based on the exper-
imental data [62] for a strain rate of 3.3 x 107* /s. Under TMF conditions, both temperature
and local stress triaxiality vary. It is then possible to propose a fatigue indicator parameter
for TMF, as a function of number of cycles N, given by

N tn+1 1

- 2 2 30m 1 _

ap(N):Z/ <§DP:DP> exp <§Z —5) (14 k(T —873)] " dt, (10)
n=1 €q

where o, is the hydrostatic stress, o, is the von Mises stress, t,, and ¢, represent the start
time of the n'® and (n + l)th cycle, respectively.
With the newly defined variable, €,, the fatigue criterion is written as
gﬂpﬂax (Nz> — gcm'tu (11>
where €..;; is a material constant representing micro-scale fatigue crack initiation, E;’)”“m is the
maximum value of €, over all spatial locations. The material constant, £..;;, can be identified

under IF condition (at 600° C). The NV; for other experiments (including real applications)
can then be predicted by inversely using Eq. (11).

7
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3.4. Model calibration and material parameters

Uniaxial isothermal LCF experimental data [16] for a strain rate of 3.3x107* /s are used to
calibrate the material parameters in the crystal plasticity based FE model. Table 1 gives the
temperature dependent constants including single crystal anisotropic elastic constants and a
kinematic hardening parameter. Table 2 gives the temperature independent parameters which
are identical to those used in a recent study [33]. As in previous studies [39, 33|, the initial
dislocation density, po, is set to 4.2 x 10® mm~2. Here, the initial dislocation density as in the
work of Li et al. [39] is consisting of initial GND density (set to zero) and initial SSD density
(non-zero) with edge and screw parts equally assigned. In the calibration, three temperatures
are examined and Figs. 5a-c show the comparison between the simulated first-cycle stress-
strain hysteresis loops and the experimental data at 400° C, 500° C, and 600° C, respectively,
for a mechanical strain range of 1%. Figs. 5d-f show similar comparison in the sixth cycle.
Note that for other mechanical strain ranges the modelling prediction agrees equally well with
the isothermal LCF data, although not shown here. The crystal plasticity based FE model
has been further validated through the use of in-situ neutron diffraction measurement and
EBSD measurement [63, 64, 40] at room temperature under monotonic loading. Note that the
temperature dependent material parameters as given in Table 1 have been calibrated at three
temperatures. The TMF effect, then, can be acquired in the CPFE micro-mechanical model
by describing the temperature dependencies of these parameters as quadratic interpolations
in the UEL.

The model is essentially based on the isothermal calibration at 600° C from the work of
Li et al. [33], with introduction of temperature dependence for the elastic constants and hy, of
Table 2, for the 400° C and 500° C IF cases. In the work of Li et al. [33], fitting of the model
is based on comparison with the stress-strain cycles over the first 6 cycles. As discussed in
Refs. [6, 7, 11], a reduction of dislocation density has been observed during cyclic deformation
of P91 at elevated temperature. For the half-life cycles, in order to capture the significant
long-term cyclic softening, two parameters, initial dislocation density (py) and critical shear
stress (7p), are evolved to reduced values. Essentially, the re-calibration method is simply to
only evolve (reduce) the initial dislocation density to one-fifth of the value for cycles 1 to 6
and the critical shear stress to a value of 420 MPa, to simulate the long-term cyclic softening.
The reduction ratio of initial dislocation density used is consistent with the experimental data
in the literature [7, 66]. The reduction of the critical shear stress is physically motivated
by precipitate coarsening, which leads to increased obstacle (precipitate) spacing and hence
(based on Orowan strengthening mechanism [67]) decreased shear strength. No operations
are applied on the internal variables, e.g., the back stress still evolves from zero initial value
for the half-life cycle simulation, which starts from zero stress-strain point. This approach has
been shown to give consistently excellent correlation at the half-life (number of cycles varies
with tests conditions, viz. temperature, strain-range) for both the 600° C IF tests, across a
range of strain-ranges, in Ref. [33], and as shown in the following section for (i) the 400° C
and 500° C IF tests and (ii) the TMF-OP and TMF-IP tests.

Table 1: Temperature dependent parameters.

Temperature Chq Cia Cuy E [ v hy
°C GPa GPa GPa GPa GPa — MPa
400 178.8 112.4 104.0 92.0 104.0 0.386 6600
500 157.0 102.5 101.0 76.0 101.0 0.395 6500
600 140.5 95.0 90.2 63.8 90.2 0.4035 5800
8
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Table 2: Temperature independent constants.
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Figure 5: Hystersis loop of the calibrated polycrystal FE model and isothermal cyclic experiment with the
first loop at (a) 400° C, (b) 500° C and (c) 600° C, and the sixth loop at (d) 400° C, (e) 500° C and (f) 600° C
for the mechanical strain range of 1%.

4. Results and discussion

4.1. Predicted cyclic response under thermo-mechanical fatigue condition

The material parameters that were calibrated using the isothermal fatigue data are now
used to predict the TMF response. Fig. 6 shows the comparison between the predicted hys-
teresis stress-strain loops and experimental data [16] under TMF-IP loading. More details of
the TMF testing method can be found elsewhere [65]. Since the temperature dependent ma-
terial constants are calibrated at three temperatures, the TMF simulation uses quadratically
interpolated values at other temperatures. In Figs. 6a and b, the predicted and measured
hysteresis loops in the first and sixth cycles, respectively, for the mechanical strain range of
1.0%, are compared and very good agreement is achieved.

Due to the lengthy computation time, the present FE model is initially applied to simulate
only up to six cycles using the material parameters given in Table 1 and Table 2. In order to
examine the TMF behaviour at a relatively large number of cycles, the present work samples
the experimental TMF response at the half-life (e.g. 250" cycle for 1% strain-range). Fig. 6c
shows the comparison between the model and experiment with a good agreement achieved.
Figs. 6d-f and g-i show the simulated stress-strain loops and the associated experimental cycles
for mechanical strain ranges of 0.8% and 0.6%, respectively. Note that the same values of the
re-calibrated material parameters as given above for a mechanical strain range of 1% are used
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Figure 6: Simulated and measured stress-strain loops for a P91 steel under TMF-IP loading with (a), (b) and
(c) showing the first, sixth and 250" hysteresis loops, respectively, for mechanical strain range Ae = 1.0%;
and (d), (e) and (f) showing the first, sixth and 600" hysteresis loops, respectively, for Ae = 0.8%; and (g),
(h) and (i) showing the first, sixth and 1000"" hysteresis loops, respectively, for Ae = 0.6%.

in the model to represent the TMF response for the cyclic ‘half’ lives with mechanical strain
ranges of 0.8% and 0.6% (600 and 1000 cycles, respectively). In this work, for TMF, and in
the previous work, for IF [33], attention is limited to cycles up to the half-life. The half-life
simulation is performed for only one cycle as its objective is to obtain the FIP increment at
half-life cycle, which is used to estimate the overall FIP evolution.

Fig. 7 shows the comparison between the prediction of stress-strain loops and measure-
ment [16] under TMF-OP loading in the first, sixth and half life cycles for the same three
mechanical strain ranges. Note that the same values of recalibrated material parameters as
given above are used in the TMF-OP simulations to represent the half life cyclic response.
Good agreement between model and experiment can be seen in the figure though agreement
is not quite as close as for the IP data at the half life.

Note that the primary mechanisms of softening include coarsening of microstructure (laths,
precipitates), annihilation of low-angle boundary dislocations, associated decrease in disloca-
tion density and fatigue micro-cracking and micro-void damage. Annihilation of dislocations
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Figure 7: Simulated and measured stress-strain loops for a P91 steel under TMF-OP loading with (a), (b)
and (c) showing the first, sixth and 200" hysteresis loops, respectively, for Ae = 1.0%; and (d), (e) and (f)
showing the first, sixth and 200" hysteresis loops, respectively, for Ae = 0.8%; and (g), (h) and (i) showing
the first, sixth and 300*" hysteresis loops, respectively, for Ae = 0.6%.

(Egs. 5a and 5b) is modelled here, as demonstrated in the results of Figs. 5-7, which show
physically-based softening over the first 6 cycles, albeit small, due to the long-term nature of
this softening mechanism. The effect of long-term cyclic softening has been studied in this
paper through the evolution of the two crystal plasticity material parameters, critical shear
stress and initial dislocation density. Rather than explicitly simulating this physical process,
at significant computational expense, the model is calibrated for the initial 6 cycles and then
these two parameters are evolved to the half-life; this allows assessment of the effect of cyclic
softening localisation phenomena for the microstructure-based FIP evolution. We have not
measured this evolution of these two parameters, but this certainly permits simulation of the
effect of cyclic softening consistently. Nonetheless, ongoing current and future work is target-
ed at the development of methods for explicit modelling of microstructure evolution, using
phase field methods for example. Also, some current work by the authors [68] is focused on
the development of more complex dislocation density evolution models for a more accurate
physical representation of the complex strengthening and softening mechanisms of P91 high
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temperature cyclic behaviour. Future work will investigate implementation of these in CPFE
for P91. The focus of the present work is to explore the salient differences in cyclic behaviour
between TMF-OP, TMF-IP and IF, as well as to investigate the ability of an IF-calibrated
model to predict TMF behaviour.

4.2. Local response simulation

TMF-IP TMF-OP
(a)

€p
0.190
0.174 =
0.158
0.142
0.127
0.111
0.095
0.079
0.063
- 0.047
0.032
- 0.016
0.000

Figure 8: Simulated local response for Ae = 1% with (a) and (b) showing the distribution of modified plastic
strain £, at maximum stress instant in the 6! cycle for TMF-IP and TMF-OP, respectively.

Fig. 8 shows the localisation of accumulated FIP from the FE model for a strain range of
1%. In Figs. 8a and b, the contour distributions of €, for TMF-IP and TMF-OP are presented,
respectively. The inhomogeneous distribution is attributed to grain interaction during cyclic
deformation. In order to clearly see the difference between TMF-IP and TMF-OP, Fig. 8 also
shows the zoomed-in contour plots at the same location with the finite element grid included.
The maximum value identified here is the FIP for this analysis. It can be seen that the TMF-
OP case has a larger local response of €, than TMF-IP. Note that multiple sites with ‘equally’
high values of €, have been predicted in Fig. 8, consistent with experimental observations of
P91 crack initiation [57].

4.8. The evolution of fatigue indicator parameter and the prediction of fatigue crack initiation

Figs. 9a and b show the evolution of FIP for the first six cycles with a linear relationship
observed under both TMF-IP and TMF-OP for all three strain ranges considered. Thus the
increment in FIP per cycle in each case at the early stage of loading is relatively constant
and these averaged values are presented in Table 3. In addition, the FIP increment was also
calculated in the later (half-life) cycle analyses (discussed in Section 4.1) and these results are
also provided in Table 3.

In fact, although the trend looks linear for the first 6 cycles (Fig. 9) with almost constant
increment in FIP per cycle, the simulation of half-life cycles shows that the FIP increment
per cycle changes at the number of cycles corresponding to the half-life (Table 3), due to the
long-term softening. Hence, it is necessary to integrate the FIP using the sampled values of

12
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Figure 9: Simulated evolutions of FIP with (a) and (b) the FIP evolution up to six cycles for all mechanical
strain ranges under conditions of TMF-IP and TMF-OP, respectively.

Table 3: FIP increment per cycle at different numbers of cycles under different loading conditions.

Loading condition AFIP-early stage AFIP-half life Half life cycle

TMF-IP; Ae = 1.0% 0.0275 0.0291 450
TMF-IP; Ae = 0.8% 0.0194 0.0220 600
TMF-IP; Ae = 0.6% 0.0117 0.0145 1000
TMF-OP; Ae = 1.0% 0.0308 0.0329 200
TMF-OP; Ae = 0.8% 0.0208 0.0249 200
TMF-OP; Ae = 0.6% 0.0131 0.0160 300
8.0 =
...................... ¥ O S SURT .........'(.,...................
6.0 | ’
, As = 1%
a. l - — 0,
& 4.0 %x Ae = 0.8%
As = 0.6%
2.0 --- TMF-IP
— TMF-OP
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1

0 200 400 600 800
Number of cycles

Figure 10: Integrated FIP evolution from the linear function of FIP increment per cycle.

FIP increment per cycle from the early and half-life cycles (by assuming a linear change of
the FIP increment), for accurate crack initiation life prediction and these results are shown in
Fig. 10. Once the critical value of FIP is identified, then information in terms of the number
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of cycles to crack initiation can be predicted. As given in Eq. (11), €4 is a material constant.
In order to calibrate this, isothermal fatigue test data at 600° C are used as experimental
inference of FCI has been reported in earlier work [33]. The experimental data from [33] are
presented in Fig. 11. The isothermal simulation at 600° C with a mechanical strain range
of 1% 1is used here to calibrate ..+ and this leads to a critical FIP of 7.1. Based on this
value, the number of cycles to fatigue crack initiation can be predicted using Fig. 10 (dotted
line) and these results are shown in Fig. 11. It can be seen that TMP-OP is more critical
than TMP-IP and this trend is consistent with the experimental data in Fig. 3. Note again,
however, that the cycles presented in Fig. 3 are cycles to failure not initiation. As presented
in Ref. [33] and discussed in above section, the N; values presented for the 600° C IF case are
in fact inferred from an analytical Kocks-Mecking softening fit to the experimental softening
curves. The point of divergence of the softening fit from the measured response is taken as
the initiation number of cycles, NV;. The 10% to 20% trend has been found, in other published
work and by the authors in Ref. [33], to be applicable to IF high temperature test data for
P91. However, the purpose of this study is to investigate N; for TMF-OP and TMF-IP test
data, in comparison with IF data, as shown in Fig. 11. The key point of the results in Fig. 11
is that the N; predicted from the present micro-mechanical CPFE model for TMF-OP and
TMEF-IP, shows a trend which is consistent with the Ny trend of Fig. 3, and, in particular,
shows that TMF-OP is more detrimental for NV; also. The TMF loading is also more critical
than the isothermal loading particularly at the larger mechanical strain ranges. Although the
trends discussed here in relation to TMF-OP and TMF-IP, as well as comparative IF data,
as shown in Fig. 3, are well known (e.g. [69, 70]), the effects of scatter in fatigue are also
well known. To this end, further testing, to establish the effects of scatter on the conclusions
presented, is important for future work.

1.20
FIP,, =7.1
o OB
& 0.80 - < 0OAO
c
e
£ O TMF-OP ¢ DO
& O TMF-IP
A IF at 600° C (model)
O IFat 600° C (exp.)
0.40 : :

200 400 600 800
Number of cycles to initiation

Figure 11: Predicted number of cycles to FCI for TMF and IF and the experimental data for IF.

4.4. The thermo-mechanical fatigue indicator parameter and its predictive capability

Comparing with our previous work [33], a new stress-strain-temperature based FIP is
developed for assessing FCI during TMF. Incorporation of the temperature dependence of
incremental FIP, consistent with TMF' loading conditions, is the new aspect. Note that the
exponential term of stress triaxiality in Eq. (11) leads to asymmetric accumulation of FIP for
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tension and compression cycles such that more ‘fatigue ductility’ is used up in tensile cycles
than compressive cycles. The temperature-dependent cumulative crystallographic slip term
of Eq. (10) results in different accumulations of slip for the TMF-OP and TMF-IP cases, the
former being more damaging (Fig. 11). This is simply due to the measured higher ductility
for higher temperatures for P91 [71, 62] (captured here via the s term in Eq. (10)), and
the assumption of the same functional dependence here for ductility and ‘fatigue ductility’.
For TMF-OP, the triaxiality term and the temperature term in the proposed FIP are both
large when the stress is tensile, whereas for TMF-IP, the temperature term is lower during
the tension phase. The temperature term in the FIP definition (Eq. (10)) is lower when the
temperature is higher and vice-versa, due to the inverse nature of the temperature term and
the fact that at high temperatures, for example, the ductility and hence ‘fatigue ductility’” of
the material is high. Although the data for temperature dependence of ductility is obtained
at the macroscopic scale, the present work assumes that its extension to the microstructural
level is capable of being used to quantify TMF behaviour, in particular to predict the TMF
phase effect (Fig. 11).

Ideally, the calibration of temperature dependence of ductility (parameter s in Eq. (9))
should be based on single crystal fatigue data. However, it is hard to obtain bulk single crystal
P91 materials due to the fabrication difficulties. Furthermore, the present work focuses on
FCI modelling for TMF, where there is a lack of microscale experimental data. In this sense,
further microscale testing for P91 steels is needed. In earlier work, ex-situ electron back scatter
diffraction (EBSD [40] has been performed for a small-specimen bending test to investigate
the microscale deformation of P91 steel at grain level and the experimental results are in
good correlation with crystal plasticity modelling. In-situ micro-testing, such as the in-situ
micro Laue diffraction test under low cycle fatigue bending condition [72] (which has been
successfully illustrated for coppers), may also be required in future to provide more insight
into understanding fatigue mechanisms in P91 steels. Future work will focus on development
of micro-crack propagation modelling capability.

4.5. Thermo-mechanical fatigue assessment for real components

As indicated in earlier work [5], the complex loading which modern plant components are
subjected to results in thermal gradients and ultimately TMF at the component level. Based
on a phenomenological continuum model and multiaxial fatigue criterion, TMF life of real
plant under realistic loading has been predicted in Ref. [5]. The present work indicates that
the influence of TMF can be effectively predicted at the microstructural level. Hence, a more
accurate assessment procedure for TMF life of real plant components may be formulated by
combining the previous model [5] at component level and the current micromechanical model in
a top-down manner. The input of temperature and mechanical strain to the micromechanical
model can be obtained directly from the FE modelling at component level. On the other
hand, the microstructural effect on TMF life of a real component may also be examined using
this modelling framework.

5. Conclusions

The key conclusions of this paper are as follows:

1. The detrimental effect of the in-phase and out-of-phase strain-temperature controlled
(between 400° C and 600° C) thermo-mechanical cycles on a tempered martensite fer-
ritic steel (P91) is demonstrated experimentally, relative to isothermal fatigue testing at
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400° C, 500° C and 600° C. In all cases, significant cyclic softening is observed. Signifi-
cantly shorter lives are obtained for the thermo-mechanical fatigue than for isothermal
fatigue, with out-of-phase giving the shortest lives.

. A micromechanical model using strain-gradient crystal plasticity is developed for P91

steel, using measured EBSD, and calibrated for early and half-life thermo-mechanical cy-
cles via isothermal fatigue test data at 400° C, 500° C and 600° C. The only temperature-
dependent parameters are the elastic constants and a kinematic hardening modulus.
The half-life calibration is achieved by evolution (reduction) of initial dislocation densi-
ty (consistent with measured data from the literature) and critical resolved shear stress.
The cyclic plasticity model is successfully validated by accurate prediction of hysteresis
loop shapes across a range of strain-ranges, for isothermal fatigue at 400° C, 500° C
and 600° C and, more specifically here, for both in-phase and out-of-phase thermo-
mechanical tests between 400° C and 600° C. Furthermore, more detailed investigation
of the effect of temperature on the evolution of dislocation densities as future work
would clearly be beneficial for improved understanding of microscale thermo-mechanical
fatigue response.

. A novel accumulated crystallographic slip fatigue indicator parameter for fatigue crack

initiation in thermo-mechanical fatigue is developed. The parameter is an adaptation of
a triaxiality-dependent parameter, previously validated for isothermal fatigue at 600° C;
the adaptation is the introduction of a temperature term, based on the measured func-
tional dependency of temperature on failure strain (monotonic).

The new parameter predicts that out-of-phase thermo-mechanical fatigue is more detri-
mental than in-phase, which in turn is more detrimental than isothermal, respectively,
vis-a-vis crack initiation. This is consistent with the measured total fatigue life data
for the respective cases. Quantitative validation of the crack initiation parameter has
been previously demonstrated for isothermal tests at 600° C, inferred from the softening
curves. It has not yet been possible to infer initiation lives from the thermo-mechanical
softening curves. Future work will address this, via the development of improved dislo-
cation density evolution softening equations for the micro-mechanical model presented
here and interrupted thermo-mechanical fatigue testing.
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