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The emergence of renewable energy sources with their variable and unpredictable nature, in addition to
the variation of energy need for weekdays vs. weekends, demands an ever flexible operation of thermal
power plants. Such a feature has therefore altered the typical steady creep loading of high-temperature
components of power plants to stress-varying or cyclic creep conditions. The introduced load transients
have been found to affect the strain hardening memory of the creeping alloys and might lead to multi-
ple primary creep regeneration (PCR). Therefore, the creep strain accumulation can considerably increase
under such conditions. Consideration of the PCR phenomenon is beyond the capability of conventional
creep constitutive models which are based on strain- or time-hardening assumptions. The present study
conducted in-situ and ex-situ experiments for 316H stainless steel. Various microstructural examination
techniques, such as synchrotron high energy X-ray and neutron diffraction, and backscattered and trans-
mission electron microscopy, have been employed for characterising evolution of the dislocation struc-
ture and the internal lattice strain/stress state of the alloy during stress-varying and cyclic creep con-
ditions. The formation/annihilation of dislocation pileups and the bowing/unbowing of dislocation-lines
were identified as the responsible mechanisms for PCR. A dislocation-based model was then formulated
which could well represent the measured microstructural evolution and mechanical response of the steel
during the conducted experiments at 650°C.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction This study aims to provide a mechanistic description of the PCR

phenomenon in 316H steel.

In a creeping alloy, a load reversal may clear the previous
hardening memory, and lead to a period of high creep strain
rates upon reloading, i.e. primary creep regeneration (PCR) is seen.
The experimental observations from a set of stress-varying creep
tests showed that the extent of PCR activation is sensitive to the
reverse-loading conditions and is generally more significant for
larger magnitudes and longer durations of reverse-loading [1-3].
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A series of in-situ and ex-situ stress-varying creep experiments
have been conducted for the 316H steel at 650°C. Employment
of different microstructural characterisation techniques allowed
tracking the evolution trends of dislocation structure and inter-
nal strain/stress and accordingly provided a reliable understanding
of the responsible mechanisms of PCR. Similarly, a recent study
in Bristol [4] employed in-situ neutron diffraction and proposed
that the activation of PCR is related to the accumulation of resid-
ual lattice strains during the reverse plastic loading. The employ-
ment of additional microstructural characterisation techniques in
the present study could provide a deeper understanding of the PCR
phenomenon. Accordingly, a mechanistic dislocation-based model
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has been developed for representing the evolution of microstruc-
tural parameters and creep strain response of the alloy during
stress-varying creep loading. A previous study by Petkov et al.
[5] proposed a dislocation-based model representing the creep re-
sponse of 316H steel under stress-varying creep conditions. Al-
though the model could reasonably predict the results of their me-
chanical experiments, it could not interpret the experimentally ob-
served dislocation density evolution during the conducted in-situ
and ex-situ stress-varying creep experiments in this study, which
indicated a need for further elaboration of the model assumptions
and formulations.

The structure of the paper is as follows. Section 2 presents
the ex-situ and in-situ experimental techniques and results.
Section 3 discusses the experimental observations to understand
the responsible mechanism(s) of PCR. Finally, section 4 formulates
a dislocation-based model based on the identified mechanisms
for PCR and compares the model outcomes with the measured
microstructure and strain evolution during the conducted experi-
ments.

2. Experiments

This section presents details of the conducted ex-situ and in-
situ experiments for the 316H stainless steel. The examined 316H
alloy originated from an EDF (Electricité de France) ex-service tur-
bine steam-header (operated 90,930 h at ~520°C) and had a chem-
ical composition of 17.1%Cr, 11.4%Ni, 2.3%Mo, 1.0%Mn and 0.07%C
(wt. %). This EDF steel is the same as that previously investigated
in Oxford [5-8], Bristol [9] and Open university [10,11]. This study
presents a detailed description of the PCR phenomenon for the
steel and provides a basis for proposing guidelines which can re-
alistically consider PCR in EDF’s R5 high temperature mechanical
assessment procedure.

2.1. Ex-situ experiment

The ex-situ investigation included seven interrupted creep ex-
periments and aimed to create microstructurally representative
samples at different states of a stress-varying creep loading pro-
file at 650°C (Fig. 1a). The dislocation structure and internal lattice
strain/stress of the generated samples were then characterised by
neutron diffraction (ND), transmission electron microscopy (TEM)
and electron backscatter diffraction (EBSD). The outcomes of previ-
ously conducted experiments in [1,3] were explored to design the
ex-situ loading profile such that a trivial and significant PCR would
be observed after reloading to states 5 and 7, respectively. The em-
ployed setup and procedure for the ex-situ tests are identical to
those comprehensively described in [12].

It should be noted that comparing the creep deformation be-
haviour of different samples indicated a non-negligible specimen-
to-specimen variability for the examined 316H alloy (Fig. 1b) which
calls for caution in interpretation of the experimental observa-
tions from the ex-situ study. As the investigated alloy originated
from an ex-service component, different specimen source locations
could have been subjected to different thermo-mechanical histo-
ries during operation, which could likely account for the observed
specimen-to-specimen variability. Such a specimen-to-specimen
variability was also observed by [5,8] where the same alloy was
investigated.

2.1.1. Neutron diffraction

The ENGINX neutron diffractometer at the ISIS facility (Oxford-
shire, UK) was used for gathering diffraction data for the ND sam-
ples (Fig. 1a inset). Six crystallographic plane families of {111},
{200}, {220}, {311}, {222} and {400} were evaluated for calcula-
tion of the internal lattice strain and dislocation density. During
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the measurements, the normal directions of these plane families
were parallel to the specimen’s axial direction (i.e. loading direc-
tion).

Internal lattice strain

Lattice strain of crystallographic planes is calculated as:

0

M (1)

d0

hki

* —
Ehr =

where d%,, is the lattice spacing for the {hkI} plane measured for
specimen E1 and d*p, is the lattice spacing for samples E2-7. As
can be seen in Fig. 2a and similar to the observations in [13], the
lower lattice elastic moduli for {200} and {400} planes led to larger
internal lattice strain magnitudes which therefore are less affected
by the noise/scatter of the measurements. In the absence of reli-
able internal lattice strain measurements for the specimen’s radial
direction, calculation of internal stress was not feasible. Therefore,
internal lattice strains in the loading direction were considered as
indicators for the internal stress.

Fig 2b shows that the internal lattice strain gradually formed
and increased during forward-loading (E1—E3). Reverse-loading
relaxed the generated internal lattice strains and resulted in in-
ternal lattice strains with the opposite direction/sign (E3—E4 and
E4—E6). Forward reloading (E4—E5 and E6—E7) relaxed the in-
ternal lattice strains formed during the reverse-loading. Comparing
the internal lattice strains of samples E5 and E7 with that of sam-
ple E3 indicates that the longer reverse-loading imposed a larger
change of the alloy’s internal lattice strain/stress.

Dislocation density

The Convolutional Multiple Whole Profile (CMWP) |[14-
20] method was employed to evaluate diffraction patterns and
calculate the evolution of dislocation density. The output of the
CMWP method typically includes five microstructural parameters;
namely mean m and variance o of the log-normal size distribution
of equiaxed coherently-scattering-domains, dislocation density
p, variable g describing the edge/screw dislocation ratio, and
dimensionless variable M* defining the dislocation arrangement
(readers are referred to [21-23] for more detailed information).
The CMWP analysis focused on the determination of the variation
of dislocation density p, and negligible variation for m, o, q and
M* is assumed. Since the derived dislocation density values are
small and at the technique’s reliability limit, interpretation of the
observations will focus on the evolution trends rather than the
derived dislocation densities. Fig. 3 shows that the dislocation
density increased during the initial forward-loading (E1—E3),
dropped upon reverse-loading (E3—E4) and increased again after
reloading during transitions E4—E5 and E6—E7. Interestingly, one
hour reverse-loading increased the dislocation density (E4—E6).

2.1.2. Transmission electron microscopy

Mechanical grinding, polishing and electropolishing using A2
Struers® solution at —3°C were employed to prepare TEM thin
foils. For the sake of consistency, bright-field (BF) images were
taken for all the samples under g = [111] two-beam conditions
(Figs. 4b-h). The "grid-intercept method’ was employed for calculat-
ing dislocation density from the TEM images [24,25] (e.g. Fig. 4a):

_ 11X ()

TN (2)

0
where t is the thickness of the TEM foil (~ 186 nm, estimated from
convergent electron beam diffraction under two-beam conditions);
n; is the number of intersections between ith grid line and disloca-
tions; L is the length of it" grid line, and N is the number of grid
lines. At least, 20 micrographs from different areas were analysed
for calculating the average dislocation density for each sample of
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Fig. 1. Designed loading profile for the ex-situ experiments for the 316H steel at 650°C (a), and the observed deformation response for the examined samples (b).
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Fig. 2. Axial internal lattice strains for six planes of the samples from the ex-situ experiment (a), and internal strain evolution for {200} and {400} planes for the ex-situ

loading profile (b).
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Fig. 3. CMWP derived dislocation density evolution for the ex-situ loading profile.

the ex-situ experiment. As shown in Fig. 4i, the observed evolu-
tion trend for the dislocation density is comparable to that derived
from the ND examinations (Fig. 3).

2.1.3. Electron backscatter diffraction

Geometrically necessary dislocation (GND) densities were eval-
uated using kernel average misorientation (KAM) values derived
from EBSD measurements [26,27]. Fig. 5 illustrates an example of
the inverse pole figure (IPF), GND maps for the seven examined
samples and accordingly, the evolution of average GND density for
the ex-situ loading profile.

It can be seen from Fig. 5 that the GND population (un-
expectedly) decreased during initial loading (E1—E2), and sub-
sequently increased during the 15 h forward-loading (E2—E3).
Reverse-loading reduced the GND density (E3— E4), while the drop
was partially recovered upon reloading (E4—ES5). Interestingly, 1
h reverse-loading (E4—E6) and subsequent reloading (E6—E7) in-
creased and decreased the GND density, respectively. The evolution
trend of GND density and other derived microstructural parameters
are further discussed in Section 3.

2.2. In-situ experiment

The ex-situ study combined different microstructural examina-
tion techniques on seven different specimens. The gathered mi-
crostructural evidence showed that the PCR phenomenon is related
to the evolution of dislocation structure and internal lattice strain
during stress-varying creep loading. To assure that the derived
conclusions will not be affected by the observed specimen-to-
specimen variability (see Fig. 1b), a high-temperature in-situ syn-
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Fig. 4. An example of 'grid-intercept method’ for calculation of dislocation density from TEM images (a). Examples of TEM BF images for states E1-E7 of the ex-situ experi-
ment, respectively (b-h). TEM derived average dislocation density evolution for the ex-situ loading profile (i). All TEM images were taken using JEOL JEM2200fs at 200kV.

chrotron high energy XRD experiment was conducted to provide
time-resolved evolution of dislocation density and internal lattice
strain during stress-varying uniaxial creep loading. The in-situ ex-
periment was conducted at beamline 1-ID of the Advanced Photon
Source (APS), Argonne National Laboratory, USA. A monochromatic
71.676 keV X-ray beam with a 150 x 150 um? cross-section con-
tinuously illuminated the 316H sample gauge section (Fig. 6, in-
set) to generate in-situ diffraction data during the stress-varying
creep test. Four GE-RT41 detectors were placed at a distance of 2
m from the sample to collect the Debye-Scherrer diffraction rings.
The setup, testing procedure and details of diffraction data analysis
to determine the dislocation density and lattice strain evolutions
were identical to those comprehensively described in [12].

The examined loading profile for the in-situ experiment for
316H steel included different reverse-loading magnitudes and du-
rations (Fig. 6). Under such conditions, various levels of PCR, from
trivial for index 14 to very significant for index 114, were observed.

Internal lattice strain

Fig. 7 presents the derived evolution of lattice strains for five
crystallographic plane families of {111}, {200}, {220}, {311}, and
{222} during the in-situ experiment; The calculated lattice strains
include contributions from i) applied macroscopic load and ii) in-
ternal micro-level stresses/strains. The lattice strain contribution
from the external stress was calculated using the lattice elastic
moduli. The internal lattice strain evolution was accordingly de-
rived, which can be interpreted as an indication of the internal
stress. Similar to the internal lattice strain calculation from the
ND examinations, only the lattice strain profile of the plane family
with the largest variation, i.e. {200}, was further evaluated. Fig. 8
implies that the internal lattice strain formed and increased dur-
ing the forward-loading (12), and dropped upon unloading (I3).
Reverse-loading (I5) further reduced the internal lattice strain and
led to internal lattice strains with the opposite direction/sign to
the one previously formed. The internal lattice strain reduction
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*EBSD measurements were carried out using a Tescan Mira scanning electron microscope (SEM) equipped with Edax DigiView camera and OIM Analysis v.7 software. An
electron beam of 20 kV, 16 nA was used for the orientation mapping, which was performed on a large (1 mm?) area with a step size of 2 ym and 8x8 diffraction pattern

binning.

was significant for longer reverse-loading durations (19 vs 111) and
larger reverse-loading magnitudes (19 vs 113).

Dislocation density

The CMWP method was employed to analyse the synchrotron
high energy XRD data and estimate dislocation density evolu-
tion during the in-situ experiment. Fig. 9 indicates that unloading
and reverse-loading often reduced the dislocation density. Interest-
ingly, an increasing trend was observed during reverse-loading un-
der high compressive stresses (index 113). The observed evolution
trends for dislocation density and internal lattice strain from the
in-situ experiments are generally consistent with the outcomes of
the ex-situ experiments, which indicates the reliability of the ex-

perimental observations from the ex-situ experiments. Next section
discusses the experimental evidence from the in-situ and ex-situ
experiments, and provides a mechanistic explanation for the PCR
phenomenon.

3. Discussion

Creep strain accumulation kinetics is controlled by dislocation
movement, which is in turn governed by the applied (resolved
shear) stress, internal stresses and material intrinsic resistance
against dislocation movement (friction stress).
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after each forward loading segment to show the extent of PCR activation.

To facilitate referring to and discussing the experimental observations, 14 indices are defined. 11: before the start of loading; 12: 155MPa/3h; 13: OMPa/1h; 14: 155MPa/3h;
I5: -155MPa/1h; 16: 155MPa/3h; 17: -155MPa/0h; 18: 155MPa/3h; 19: -155MPa/1h; 110: 155MPa/3h; 111: -155MPa/2h; 112: 155MPa/3h; 113: -170MPa/1h; 114: 155MPa/3h.
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Fig. 8. Internal lattice strain evolution for {200} crystallographic plane family during the in-situ experiment (lattice elastic modulus of E;pp = 109 GPa [13] was considered

for calculation of internal lattice strains).

During constant-stress creep loading, the formation of disloca-
tion pileups (Fig. 10a), the bowing of dislocation-lines (Fig. 10b)
and the development of inhomogeneous micro-strain fields
(Fig. 10c) induce internal stresses against the applied stress and re-
duce the ’effective stress’ acting on the dislocations. Therefore the
creep strain rates decrease during the primary creep stage (Fig. 6:
index 12). During reverse-loading, the pre-existing internal stress

fields partially or entirely relax (Fig. 8: index I5 and Figs. 2b, 5i:
E3—E4) such that the creep rate upon reloading is higher than
that before the reverse-loading (i.e. PCR, e.g. Fig. 6 index 16). New
internal stress fields might form during reverse-loading to high-
stress magnitudes and/or for long-durations (Fig. 8: indexes 111
and I13). Upon reloading, these new stress fields favour the ap-
plied stress and therefore creep rates even higher than those for
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Fig. 9. CMWP calculated dislocation density evolution during the in-situ experiment. Peak broadening information from planes with large indices, i.e. {311}, {400}, {331} and

{420}, were analysed by the CMWP method.

PR

Fig. 10. TEM image and high (angular) resolution EBSD (HR-EBSD) map: Observation of the dislocation pileups close to a grain boundary (a), dislocation bowing (b) and
elastic strain distribution (c). It should be noted that the apparent dislocation density and length in (b) are functions of the TEM foil thickness.

iThe elastic strain map in (c) was calculated from the diffraction pattern image cross-correlation based HR-EBSD evaluation. HR-EBSD evaluation was carried out with BLG
Vantage CrossCourt v4 software. Points of the map were firstly filtered (confidence index > 0.2) based on the orientation indexation quality, excluding the points belonging
to the grain boundaries. Then a reference pattern was assigned to each grain, which means all strain values are relative to the strain state of these 3 references. 20 regions
of interest (128 pixel x 128 pixel) on all diffraction patterns were used and filtered through high and low pass FFT filters to reduce the noise of the calculation.

the early primary creep stage might be observed (i.e. significant
PCR, e.g. Fig. 6: 114). The extent of PCR activation is proportional
to the magnitude and duration of reverse-loading; i.e. negligible
PCR was observed for index I4, partial PCR for index 16 and very
significant PCR for index 114 were observed in Fig. 6.

The friction stress is another crucial parameter governing dislo-
cation movement kinetics and hence the PCR phenomenon. Dislo-
cation obstacles such as dislocations themselves, solute atoms, pre-
cipitates and grain boundaries increase the resistance against dis-
location movement. For negligible variation in the grain size, so-
lute atoms and precipitates, the friction stress is governed by the
dislocation density [28]. Reverse-loading leads to the back move-
ment of dislocations from pileups and the unbowing of dislocation-
lines [29-31]. The back-moving dislocations might be annihilated
by meeting other back-moving dislocations of the opposite sign
on the same slip plane, leading to a reduction in the dislocation
density (Fig. 9: 14—15, and Figs 3 and 4i: E3—E4). Similarly, the
unbowing mechanism shortens the dislocation-lines and therefore
reduces the dislocation density. The reduction in dislocation den-
sity decreases the friction stress and results in high creep rates
upon reloading (compared to those before the reverse-loading, e.g.
Fig. 6: index 110). It should be noted that for long-duration reverse-
loading at high-stress magnitudes, after the initial drop, a subse-
quent increase in the dislocation density is expected due to a sig-
nificant activity of dislocation generation mechanisms, the forma-

tion of new dislocation pileups and the re-bowing of dislocation-
lines (Fig. 9: indexes 111 and 113, and Figs. 3 and 4i: E3—E4—E6).
Fig. 11 provides a schematic for the influence of reverse-loading on
the dislocation structure and the expected extent of PCR.

In summary, for moderate reverse-loading, the relaxation of in-
ternal stress fields and the reduction of dislocation density al-
low easy movement of the mobile dislocations upon reloading and
therefore, result in a period of high creep strain rate (i.e. PCR). For
long-duration reverse-loading at high-stress magnitudes, the devel-
opment of new internal stress fields contributes to increased ef-
fective stress for the movement of dislocations upon reloading and
therefore leads to creep rates being even higher than the original
primary creep rates.

4. Dislocation-based model

The previous section provided a mechanistic explanation for the
PCR phenomenon based on the dislocation structure evolution dur-
ing stress-varying creep loading. In order to evaluate the validity of
the proposed mechanisms and rationalise the gathered experimen-
tal observations, this section describes a corresponding dislocation-
based model formulation.

Dislocation-based models have been developed over the past
decades for describing the deformation behaviour of materials.
Kocks and Mecking [32] proposed a one-internal variable model,
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which uses the evolution of average dislocation density to describe
the material deformation behaviour of alloys under steady state
loading conditions [33]. Later, several studies [34-38] extended the
Kocks-Mecking model by employing multiple-internal variables for
representing the stress-strain response of materials during cyclic
loading scenarios. Following [36-38], the present study divides dis-
locations into two categories of reversible and forest (irreversible)
dislocations (i.e. a two-internal variable model). Reversible disloca-
tions are assumed to accumulate in front of dislocation obstacles
and form pileups and therefore move back and possibly annihi-
late upon a strain path reversal [29,30,36-38]. On the other hand,
forest dislocations are permanently immobilised due to interaction
with dislocation barriers, and hence their evolution does not di-
rectly depend on the deformation path [36-38]. Additionally, the
model takes into account the contribution of dislocation-line bow-
ing towards dislocation density and strain development [39,40].

Employment of dislocation-based formulations for represent-
ing the macroscopic response of polycrystals requires considera-
tion of a crystal plasticity model. Different crystal plasticity mod-
elling frameworks have been proposed; namely Taylor [37,41], self-
consistent [5,8] and finite element based crystal plasticity [6,42].
In this study, for the sake of simplicity, a Taylor factor was used to
describe the relationship between strain/stress state in slip-system
and macroscopic scales. It should be noted that this model does
not take into account deformation inhomogeneity between grains,
and therefore employment of a more sophisticated crystal plastic-
ity framework (e.g. self-consistent) is beneficial. Based on the Tay-
lor factor M (3.06 for FCC polycrystals [43]), the micro-scale (slip-
system level) resolved shear stress and strain rate (t and y) are
given as:

T=0/M (3)

b= 17 (4)

where o and é&;, are the (von Mises, here identical to axial) macro-

scopic stress and inelastic strain rate, respectively. It is assumed

that the resolved shear strain rate includes contributions from dis-

location gliding and bowing:

Y=Vet W (5)
A power-law equation [5,7,44,45] is employed for defining re-

solved shear strain rate as a function of resolved shear stress, in-
trinsic dislocation movement resistance (friction stress, Tg;c), and
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the evolution of dislocation structure and the expected PCR extent upon reloading.

internal stress, T,

. T — Tint
Ve=Al——

n
Sign(T — Tinc) (6)
Tfric

where A and n are material model constants. The friction and in-
ternal stresses are assumed to be related to the population of total
and reversible dislocations, respectively [36-38].

Tfric = afric/*Lb\/pfor + Lreulprevl + Lbow|:0bow| (7)
Tint = Uine D/ | Orev|SIgN(Orev) (8)

where &ic, A, Lrev and Ly, are material model constants which
depend on the strength of the interactions between dislocations;
u is the shear modulus; b is the magnitude of the Burgers vector;
Pror and pry are densities of the forest and reversible dislocations,
and Py, is the contribution of dislocation-line bowing to the total
dislocation density. It should be noted that the sign of reversible
dislocations (and bowed dislocations) corresponds to the direction
of shear strain under which they were generated.

Similar to [5,35-38,41], the present model considers three
mechanisms of dislocation generation, dynamic and static recov-
ery to govern the evolution for forest and reversible dislocation
densities. It should be noted that the ratio of forest and reversible
dislocations is not fixed and varies during the course of deforma-
tion, depending on the loading path, e.g. a reverse loading signif-
icantly decreases the density of reversible dislocations while the
forest dislocation density might even increase. Therefore and simi-
lar to [36-38], two different evolution equations were employed for
calculating the evolution of the forest and reversible dislocations:

pfor = (1 - p)% - Rforpforh‘/gl - rforpfor pfor|t:0 = Po (9)

Prev = P% - Rreuprevl)./g| — T'rev Orev Prev|t=o =0 (10)

where Ry, Rrev, Tfor and rpey are material model constants which
are expected to increase with temperature, and p, is the initial
dislocation density. Parameter p is the fraction of reversible dis-
locations among all the generated dislocations [37], which is as-
sumed to follow p = p; + p, ¥ The dislocation mean free path d
can be calculated as [36]:

1 \/:Ofor + | prev| + | Pbowl n 1

d K D an
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~

Fig. 12. Schematic illustration of dislocation bowing. The sign of R and [ indicates
the bowing direction.

where D is the average grain size, and K is a material model con-
stant [38].

The formulation for consideration of the dislocation bowing
mechanism is derived as follows. As shown in Fig. 12, a bowed
dislocation-line is intrinsically under tension T to straighten and
shorten [39]:

b
T= ‘ZLR (12)

where R is the radius of dislocation bow. For resolved shear
stresses (t) larger or smaller than T, the dislocation-line further
bows or straightens, respectively. Therefore, the driving force for
the change in the dislocation bow’s state is given by Top =7 - T
and the dislocation glide velocity is given by [46]:

. 74 .
v = AVgexp (7%) sinh (mheff’)mgn(reff)

= A sinh (V| zegs|)sign(Teyy) (13)
where A is the jump width; v, is the attack frequency; Q is the
effective activation energy for dislocation glide; kg is the Boltz-
mann constant; V and T are the activation volume and tempera-
ture, respectively. Therefore, the position of the centre point of the
dislocation-line can be incrementally determined as il = =11 + vAt.
Assuming that both reversible and forest dislocations contribute to
the bowing mechanism, it can be stated that [46]:

S .
Vb= (pfor + |prev|)baSIgn(R) (14)
2|R| arcsin <23¥|)
Prow = | ————=—2% =1 (0 +ore)sign®)  (15)

where R and S are the radius and the swept area by the dislocation
bow, given by:

2
(%)

Re—r— (16)

S — R? arcsin (ZSU) —da (4R2 _ dz) (17)

For a given macroscopic stress profile, the presented model de-
scribes the strain accumulation and evolution of dislocation struc-
ture and internal stress state in the alloy. The above equations
have been implemented into a Matlab® script where an explicit-
integration scheme was used to integrate the system of equations
(supplementary materials). The model was calibrated based on the
experimental observations from the in-situ experiment, and the de-
rived model parameters are summarised in Table 1. Cross-checks
were performed to compare the derived model parameters with
the other works. For example, the obtained material model con-
stants oy = 0.318 and Ay = 0511 are comparable with the re-
ported values 0.35 in [47,48] and 0.5 in [37,38]. On the other hand,
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Fig. 13. Comparison of the experimental and model represented strain evolution
during the in-situ experiment.

the calculated parameters for the dynamic recovery at 650°C in
our model are Ry, = 825 and Ryey = 402 which are much larger
than the values in [5,6] for 316H steel at 550°C (~ 8). The larger
recovery coefficients in the present study, at least partially, are re-
lated to the higher examined temperature (i.e. 650 vs 550°C). Figs.
13-15 compare the experimental and model presented evolution of
strain, dislocation density and internal stress/strain during both in-
situ and ex-situ experiments. It should be noted that, as the validity
of dislocation density measurement techniques is limited to repre-
senting the evolution trends, the dislocation density quantities re-
sulting from the proposed model could not be directly validated.

In agreement with the experimental observations, the model
expects a more significant PCR after reverse-loading to larger
reverse-loading magnitudes and for longer durations (Fig. 13).

Fig. 14 compares the experimental and model presented evo-
lution trends for dislocation density during the in-situ and ex-situ
experiments which indicates an acceptable level of consistency.
The model could describe the experimentally observed disloca-
tion density evolution during the reverse-loadings and expects a
lower dislocation density after stress-transients to larger reverse-
loading magnitudes and for longer reverse-loading durations. Such
a lower dislocation density accounts for the observed significant
PCR upon reloading for such cases in Fig. 13 (indexes 112 and 114).
It is worthy to note that the reduction in dislocation density dur-
ing reverse-loading could not be explained based on the previously
developed model by Petkov et al. [5] for the 316H alloy. Interest-
ingly and consistent with the experimental records, upon reload-
ing, the model anticipates an increase in the dislocation density
after short-duration reverse-loading at low-stress magnitudes (e.g.
[5—16 and 19—110) and a decrease in the dislocation density af-
ter long-duration reverse-loading at high-stress magnitudes (e.g.
[11—-112 and 113—114). A discrepancy between the model and ex-
perimental dislocation densities was observed during the first few
hours of the in-situ test which might originate from the unknown
prior-loading history of the ex-service 316H alloy.

Fig. 15 demonstrates that the model representations for inter-
nal stress evolution agree with the experimentally measured inter-
nal strains during the ex-situ and in-situ experiments. The model
expects that the internal stress is smaller after stress-transients to
larger reverse-loading magnitudes and longer reverse-loading du-
rations which explains the observed significant PCR upon reloading
for such cases in Fig. 13.

The acceptable consistency between the experimental observa-
tions and model descriptions in Figs. 13-15 demonstrates the reli-
ability of the proposed mechanistic explanation and the developed
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Table 1
Obtained model parameters for the 316H steel at 650°C.
Parameter  Value Unit  Parameter  Value Unit  Parameter  Value Unit
E 1.48 x 10? GPa Ly, 123 x 1072 - Ryor 8.25 x 10? -
A 1.15 x 10720 1/s Lo 7.93 x 10'° m2 Ry 4.02 x 10? -
n 7.98 x 10! - u 5.69 x 10! GPa Thor 3.06 x 104 1/s
Aoy 5.11 x 10! - K 1.06 x 10° - Trev 431 x 1076 1/s
rey 3.18 x 10! - p1 1.66 x 1071 - r 1.02 x 107 m/s
Lrev 1.47 x 107! - P2 6.26 x 10! - v 1.40 x 10-6 1/Pa
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Fig. 14. Comparison of the experimental and model representations for the evolution of dislocation density during the ex-situ (a) and in-situ (b) studies.

The dislocation

density values in (a) and (b) are derived from TEM and XRD analyses (Figs. 4i, 9), respectively.
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Fig. 15. Comparison of the experimental and model representations for the evolution of internal lattice strain/stress during the ex-situ (a) and in-situ (b) studies.

dislocation-based model for describing the PCR behaviour of 316H
alloy at 650°C.

5. Concluding Remarks

The evolution of creep strain and microstructure in 316H stain-
less steel during stress-varying creep loading conditions at 650°C
has been investigated. Periods of accelerated creep, i.e. regenera-
tion of the primary creep stage or PCR, are observed upon reload-
ing after stress reversals. The extent of the acceleration is propor-
tional to the magnitude and duration of the reverse stress. Ob-
servations from different microstructural investigation techniques,
including in-situ synchrotron high energy X-ray diffraction, neu-
tron diffraction, transmission electron microscopy, and electron
backscatter diffraction analysis, reveal a correlation between the

10

extent of PCR activation and the evolution of dislocation density
and internal stress state of the material during stress reversals. In-
terpretation of the microstructural data suggests that the forma-
tion/relaxation of dislocation pileups and the bowing/unbowing of
dislocation-lines are the responsible mechanisms for the PCR phe-
nomenon. The gained mechanistic understanding has then been
used to develop a mathematical formulation for representing the
evolution of creep strain, dislocation density and internal stress
state of the alloy during stress-varying creep loading conditions.
The model considers forest and reversible dislocation densities to
track the evolution of friction and internal stresses which affect
dislocation kinetics and the material’s deformation response. In ad-
dition, a model formulation has been developed to take into ac-
count the contribution of dislocation-line bowing to strain and dis-
location density development during stress-varying creep condi-
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tions. Ultimately, the effectiveness of the developed dislocation-
based model and therefore the reliability of the proposed mecha-
nistic explanation for the PCR phenomenon has been demonstrated
by the successful representation of the strain and microstructure
evolution of 316H alloy during the conducted in-situ and ex-situ
experiments at 650°C.

Supplementary materials

The supplementary data provides a Matlab® script that numeri-
cally integrates the developed material model formulation and cre-
ates the graphs presented in Figs. 13-15.
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