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a b s t r a c t 

An elastic-viscoplastic constitutive material model is developed for the representation of the creep response of 

a 10%Cr steel under cyclic loading conditions. It has been shown that the model is able to describe primary 

creep regeneration (PCR), i.e. the incidence of a period of high creep strain rate following a stress reversal. The 

developed model is a variant of the well-known Chaboche viscoplastic constitutive model, and employs a bi-term 

power-law equation to represent the stress-regime dependence of the viscoplastic strain rate response. Back stress 

and drag stress are used to describe the kinematic and isotropic hardening/softening behaviour of the material, 

respectively. The evolutions of back stress and drag stress consider contributions from strain hardening, dynamic 

softening, static recovery and cyclic hardening/softening. 

The effectiveness of the developed model for describing the sensitivity of the PCR behaviour to different loading 

parameters (e.g. reverse-loading magnitude and duration) and to represent the effect of PCR activation on the 

overall strain accumulation behaviour of the material is discussed. Furthermore, the predictive capability of the 

model is demonstrated for describing the response of the material during two independent benchmark tests; a 

stress-varying creep and a low-cycle fatigue experiments. 
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. Introduction 

High-chromium steels are widely used for the fabrication of high-
emperature components in power plants which often operate under
yclic creep loading conditions. A proper understanding of the alloys’
reep deformation responses under such cyclic (stress-varying) loading
onditions is essential for their safe design and operation. An important
onsideration for assessing the creep response of materials under stress-
arying loading conditions is primary creep regeneration (PCR) [1-7] .
or a material deforming in the secondary creep regime, a load rever-
al might clear the strain hardening memory and lead to the incidence
f a period of high creep strain rate after the stress-transient, similar
o primary creep strain accumulation, i.e. PCR. A number of studies
n 1950s–1970s have investigated the PCR response of metals such as
luminium, lead and cadmium [2-4 , 8] . With the emergence of renew-
ble energy sources, the operation condition of conventional fossil-fired
lants is changing and many critical high-temperature turbo-machinery
arts now operate under cyclic loading conditions. Therefore, investiga-
ion of the PCR response of complex engineering alloys such as the stain-
ess steel 316 and 10%Cr steel recently gained attentions [1, 7, 9-11] . Re-
ent experimental studies [1, 9, 10] systematically investigated the PCR
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ehaviour of these two high-temperature steels under various loading
onditions. Experimental observations confirmed that a period of fast
reep often occurs after stress-transients (i.e. PCR), which consequently
eads to more significant overall strain accumulation, in comparison to
hat for the constant-load creep condition. The creep rate after the stress
ransients and the extent of PCR activation depend on the prior defor-
ation history of the material as well as the characteristics of the stress-

ransient profiles and differ for different alloys [1, 9, 10] . As the accumu-
ated creep strain is an important parameter in the life-time assessment
f high-temperature components (e.g. for ductility exhaustion damage
alculations [12-14] ), a representative mathematical description of PCR
s needed for the mechanical integrity assessment of high-temperature
omponents operating under stress-varying loading conditions. 

The need for consideration of the PCR phenomenon in the mechani-
al integrity assessment of high-temperature components operating un-
er cyclic loading conditions has been highlighted in a few previous
tudies [11, 15, 16] . A number of studies [11, 17] took a pragmatic-
imple approach and assumed that the accumulation of a minimum
f 0.01% reverse inelastic strain clears the previous strain hardening
emory of the material and consequently leads to re-occurrence of

he primary creep stage upon reloading (i.e. PCR). The experimental
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List of symbols and terminology 

A 1 , A 2 , n 1 , n 2 Temperature-dependent material con- 
stants in Eq. (6) 

C i , 𝛾 i , K i Temperature-dependent material con- 
stants in Eq. (8) 

C ́, 𝛾΄, K ́ Temperature-dependent material con- 
stants in Eq. (9) 

D Drag stress in Eq. (4) 
E Elastic modulus 
LCF Low-cycle fatigue 
n Direction of the viscoplastic strain rate in 

Eq. (1) 
PCR Primary creep regeneration 
t Time 
t 1 Forward-constant stress duration before 

a stress-transient ( Fig. 1 ) 
t 2 Reverse-loading duration before reload- 

ing ( Fig. 1 ) 
t I Time at the end of a stress-transient 

( Fig. 8 ) 
t ́cr Creep time after a stress-transient ( Fig. 8 ) 
X Back stress tensor in Eq. (1) 
X ́ Deviatoric part of back stress tensor in 

Eq. (1) 
𝜀 Strain 
𝜀 I Total strain magnitude after a stress- 

transient ( Fig. 8 ) 
𝜀 ́cr Creep strain after a stress-transient 

( Fig. 8 ) 
|| 𝜀 vp || Viscoplastic strain magnitude in Eq. (10) 
𝜀 eq vp Accumulated von mises viscoplastic 

strain in Eq. (1) 
𝜎 Stress tensor in Eq. (1) 
𝜎΄ Deviatoric part of stress tensor in Eq. (1) 
𝜎f Forward-stress magnitude ( Fig. 1 ) 
𝜎r Reverse-stress magnitude ( Fig. 1 ) 
𝜎r, 1 , 𝜎r, 2 , 𝜎r, 3 , 𝜎r, 4 , 𝜎r,5 Compressive stress levels applied during 

stress-transients ( Table 1 ) 
𝜀 vp Viscoplastic strain tensor in Eq. (1) 
𝜎∗ Stress-dependent quantity in Eq. (5) 
𝜎0 Stress level corresponding to a change of 

deformation mechanism in Eq. (5) 
𝛾 i, ∞, 𝛾 i, 0 , w i , , Temperature-dependent material con- 

stants in Eq. (10) 
𝛾΄∞, 𝛾΄0 , w ́ Temperature-dependent material con- 

stants in Eq. (11) 

bservations from a set of dedicated stress-varying creep experiments
esigned for evaluation of the PCR response for two high-temperature
teels [1, 9, 10] showed that such a simple assumption cannot realisti-
ally represent the PCR behaviour. For example, it was found that some
everse-loading conditions might only partially clear the previous strain
ardening memory, and therefore results in partial PCR activation upon
eloading. It was also experimentally observed that, for reverse-loading
o larger stresses or for longer reverse-loading durations, the creep rate
pon reloading might be even higher than that of the initial primary
reep stage of the material. The ineffectiveness of a simple switch-type
CR consideration highlights the necessity for the development of a
ore sophisticated model to realistically describe the PCR phenomenon.
hysically-based models, such as the dislocation-based crystal-plasticity
pproach, consider the interaction of dislocations and obstacles at each
lip system of individual grains [16] , and are capable of representing
he various levels of PCR activation. However, the complexity and high
omputational cost of such models limit their application to small do-
ain simulations and preclude their employment for the assessment of

eal-size components. 
This study presents a variant of the computationally-efficient

haboche viscoplastic constitutive model, based on [18, 19] , for the rep-
esentation of the PCR response of a 10%Cr steel under different loading
onditions at 600 °C. A comprehensive stress-varying creep testing pro-
ram was employed to calibrate the developed model, and show the
apability of the model to reliably represent PCR for various loading
onditions. After the calibration and to demonstrate the effectiveness
f the developed model, it was employed to predict the response of the
lloy during independent load-controlled and strain-controlled bench-
ark tests. 

. Experimental details 

The investigated material in this study is a 10%Cr steel with a chem-
cal composition of 9.8%Cr, 1.4%Mo, 0.6%Ni, 0.4%Mn, 0.2% V and
.1%C, which is often used as a steam turbine rotor material and was
reviously evaluated under low-cycle fatigue (LCF) and creep-fatigue
onditions in [11, 20, 21] . This section briefly presents the details of ten
tress-varying and two constant-load creep tests for the alloy. Readers
re referred to [10] for a more comprehensive description of the creep
ests. The experimental observations from these twelve load-controlled
ests were used to calibrate the model and determine its parameters. Fur-
hermore, as described in the following, one additional load-controlled
ndependent benchmark test was performed in this study, which in com-
ination with experimental observations from a strain-controlled low-
ycle fatigue test from [20] were used for evaluating the predictive ca-
ability of the developed model. 

The creep tests (twelve tests from [10] + one benchmark test
onducted in the present study) employed uniaxial cylindrical dog-
one bar specimens, with gauge diameter and length of 8 mm and
0 mm, respectively. The tests were carried out using a 100 kN servo-
lectromechanical Schenck universal testing machine in load-controlled
ode. A closed-loop three-zone resistance furnace was used for heating

he specimens to the test temperature of 600 ± 1 °C. Three thermocou-
les were attached along the specimen gauge length to monitor the tem-
erature gradient and confirm it to be less than ± 1.5 °C within the spec-
men gauge length during the creep test. Two symmetrically arranged
od-tube type extensometers were employed to continuously measure
he strain evolution, and an in-house developed Labview program was
sed for continuous data acquisition and recording of the strain, force,
nd temperature signals during the experiments. 

The creep tests from [10] were designed to study the PCR behaviour
nd its sensitivity to different loading parameters. Fig. 1 shows an ex-
mple of the examined loading profiles. Each test contained three seg-
ents, and each segment consisted of nine stress-transients. The nine
ifferent stress-transients in each segment enabled evaluation of the in-
uence of different reverse-loading magnitude on PCR and the three
egments in each test allowed investigation of the sensitivity of the PCR
ehaviour to the segment number (creep testing time and accumulated
reep strain). As shown in Table 1 , the experimental program included
ests with three different reverse-loading durations ( t 2 ) and four differ-
nt forward-stress levels ( 𝜎f ), which aimed to assess the dependence
f the PCR phenomenon on the reverse-stress duration and forward-
tress level, respectively. Furthermore, two constant-load creep tests
ere performed to generate reference creep curves to be compared with

hose from stress-varying creep tests, and highlight the effect of stress-
ransients on the overall strain accumulation behaviour of the 10%Cr
teel at 600 °C. 

Fig. 2 illustrates the designed stress profile for the conducted bench-
ark test in the present study. The employed testing setup was the same

s that developed in [10] and shortly described above. The benchmark
est included different forward-loading levels, and different reverse-
oading magnitudes and durations. The designed loading profile allowed
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Fig. 1. An example of the transients applied 

during stress-varying creep tests (e.g. test 6). 

Different colours are used to represent stress- 

transients to different stress levels, e.g. the blue 

colour is used for reverse-loading to 𝜎r,3 . Also 

solid and dashed lines are used to differentiate 

between the first and second stress-transients 

to the same stress magnitude in each segment 

[10] . 

Table 1 

Details for the conducted stress-varying (#1–10) and constant-load (#11&12) creep tests for the 10%Cr steel. All 

tests were performed at 600 °C [10] . 

Test # Forward-stress [MPa] t 1 [h] t 2 [h] 𝜎r, 1 [MPa] 𝜎r, 2 [MPa] 𝜎r, 3 [MPa] 𝜎r, 4 [MPa] 𝜎r, 5 [MPa] 

1 190 15 0 0 − 135 − 270 − 385 − 405 

2 210 15 0 0 − 135 − 270 − 385 − 405 

3 230 15 0 0 − 135 − 270 − 385 − 405 

4 250 15 0 0 − 135 − 270 − 385 − 405 

5 190 15 1 0 − 120 − 190 − 230 − 250 

6 210 15 1 0 − 120 − 190 − 230 − 250 

7 230 15 1 0 − 120 − 190 − 230 − 250 

8 250 15 1 0 − 120 − 190 − 230 − 250 

9 190 15 15 0 − 120 − 190 − 230 − 250 

10 230 15 15 0 − 120 − 190 − 230 − 250 

11 190 765 – – – – – –

12 230 765 – – – – – –

Fig. 2. Loading profile of the conducted 

benchmark test (transient #1: 0 MPa/1 h; 

#2: 150 MPa/1 h; #3: 190 MPa/1 h; 

#4: 190 MPa/0 h; #5: 190 MPa/0.5 h; 

#6: 190 MPa/1 h; #7: 190 MPa/2 h; #8: 

250 MPa/1 h; #9: 250 MPa/1 h; #10: 

0 MPa/8 h). 
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erification of the effectiveness of the developed model for predicting
he creep behaviour of the material under a rather complex loading sce-
ario. 

. MODEL description and calibration 

Different variants of Chaboche unified viscoplastic constitutive mod-
ls have been employed for representing the cyclic deformation response
f different materials at ambient and elevated temperature conditions
18, 22-35] . The Chaboche model defines the viscoplastic strain rate as:

̇
 𝑣𝑝 = 

3 
2 
�̇� 𝑒𝑞 
𝑣𝑝 

𝝈
′ − 𝐗 

′‖𝝈 − 𝐗 ‖ = �̇� 𝑒𝑞 
𝑣𝑝 
𝐧 (1)

𝝈 − 𝐗 ‖ = 

√ 

3 
2 
( 𝝈′ − 𝐗 

′) ∶ ( 𝝈′ − 𝐗 

′) (2)
̇  𝑒𝑞 
𝑣𝑝 

= 

√ 

2 
3 
�̇� 𝑣𝑝 ∶ �̇� 𝑣𝑝 (3) 

here 𝝈 and X are the applied stress and back stress tensors respec-
ively, and 𝝈′ and X ′ are their deviatoric parts accordingly. A three-term

ackstress formulation 𝐗 = 

3 ∑
𝑗=1 

𝐗 𝑗 is employed in this study (similar to

36-38] ). The tensor n defines the direction of the viscoplastic strain
ate and �̇� 𝑒𝑞 𝑣𝑝 is the equivalent von Mises viscoplastic strain rate. Walker
24] proposed a power-law relationship for describing the dependency
f equivalent viscoplastic strain rate on the stress state as: 

̇  𝑒𝑞 
𝑣𝑝 

= 𝐴 

( ‖𝝈 − 𝐗 ‖
𝐷 

) 𝑛 

(4)

here A, n are temperature-dependant material constants, and D is re-
erred to as the drag stress. As the material deformation mechanism is
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ifferent in different stress-regimes [39, 40] , the simple Eq. (4) might
ail to represent the response of materials over a wide range of stresses.
 number of studies [41-44] therefore proposed the consideration of
tress-regime dependent formulations, e.g.: 

̇  𝑒𝑞 
𝑣𝑝 

= 

{ 

𝐴 1 𝜎
∗ 𝑛 1 

𝐴 2 𝜎
∗ 𝑛 2 

𝜎∗ ≥ 𝜎0 
𝜎∗ < 𝜎0 

(5)

r 

̇  𝑒𝑞 
𝑣𝑝 

= 𝐴 1 𝜎
∗ 𝑛 1 + 𝐴 2 𝜎

∗ 𝑛 2 (6)

here A 1 , A 2 , n 1 and n 2 are temperature-dependent material constants,
∗ is a stress-dependent quantity, and 𝜎0 is the stress level corresponding
o a change of deformation mechanism. In comparison to Eq. (5) which
ssumes a sudden change of deformation mechanism at the stress level of

0 , Eq. (6) represents a gradual change of the deformation mechanism.
ith consideration of the latter, Eq. (4) can be rewritten as: 

̇  𝑒𝑞 
𝑣𝑝 

= 

2 ∑
𝑖 =1 

𝐴 𝑖 

( ‖𝝈 − 𝐗 ‖
𝐷 

) 𝑛 𝑖 

(7)

The kinematic hardening/softening parameter X (back stress) in
bove equation describes the internal stress fields, while the isotropic
ardening/softening parameter D (drag stress) represents the evolu-
ion of the material’s isotropic resistance to the dislocation movement
16, 27, 45, 46] . Following [18, 23, 47] , the evolutions of back stress X and
rag stress D are defined as: 

̇
 𝑖 = 𝐶 𝑖 ̇𝛆 𝑣𝑝 − 𝛾𝑖 𝐗 𝑖 ̇𝜀 

𝑒𝑞 
𝑣𝑝 

− 𝐾 𝑖 𝐗 𝑖 , 𝐗 𝑖 
||𝑡 =0 = 0 (8)

̇
 = 𝐶 

′�̇� 𝑒𝑞 
𝑣𝑝 

− 𝛾 ′𝐷 ̇𝜀 𝑒𝑞 
𝑣𝑝 

− 𝐾 

′ 𝐷 , 𝐷 |𝑡 =0 = 𝐷 0 (9)

here C i , 𝛾 i , K i ,C ′ , 𝛾 ′ and K ′ are temperature-dependent material con-
tants. The three terms in Eqs. (8) and (9) represent contributions
f strain hardening, dynamic softening and static recovery in mate-
ial hardening/softening response, respectively. An extension of the
rmstrong-Fredrick formulation was proposed by Seifert and Metzger
19, 48, 49] to represent materials cyclic hardening/softening by consid-
ring 𝛾 parameters dependent on the viscoplastic strain quantities. Fol-
owing their work, this study considered that 𝛾 i and 𝛾 ′ in Eqs. (8) and
9) are dependent on the viscoplastic strain magnitude ‖𝜺 vp ‖ and accu-
ulated viscoplastic strain 𝜀 𝑒𝑞 𝑣𝑝 = ∫ �̇� 

𝑒𝑞 
𝑣𝑝 𝑑𝑡 , respectively: 

𝑖 = 𝛾𝑖, ∞ + 

(
𝛾𝑖, 0 − 𝛾𝑖, ∞

)
exp 

(
− 𝑤 𝑖 

‖‖‖𝜺 𝑣𝑝 ‖‖‖) (10)

′ = 𝛾 ′∞ + 

(
𝛾 ′0 − 𝛾 ′∞

)
exp 

(
− 𝑤 

′𝜀 𝑒𝑞 
𝑣𝑝 

)
(11)

here 𝛾 i , ∞, 𝛾 i ,0 , w i , 𝛾 ′ ∞, 𝛾 ′ 0 , and w ′ are temperature-dependent material
onstants. 

As the investigated data in this study are from uniaxial experiments,
he 1D representation of the developed model was derived as follows. 

̇ = 𝐸 

(
�̇� − �̇� 𝑣𝑝 

)
(12)

̇  𝑣𝑝 = 

2 ∑
𝑖 =1 

𝐴 𝑖 

( |𝜎 − 𝑋 |
𝐷 

) 𝑛 𝑖 

𝑠𝑖𝑔𝑛 ( 𝜎 − 𝑋 ) (13)

̇
 𝑖 = 𝐶 𝑖 �̇� 𝑣𝑝 − 𝛾𝑖 𝑋 𝑖 ̇𝜀 

𝑒𝑞 
𝑣𝑝 

− 𝐾 𝑖 𝑋 𝑖 (14)

𝑖 = 𝛾𝑖, ∞ + 

(
𝛾𝑖, 0 − 𝛾𝑖, ∞

)
exp 

(
− 𝑤 𝑖 

|||𝜀 𝑣𝑝 |||) (15)

̇
 = 𝐶 

′�̇� 𝑒𝑞 
𝑣𝑝 

− 𝛾 ′𝐷 ̇𝜀 𝑒𝑞 
𝑣𝑝 

− 𝐾 

′ 𝐷 (16)

′ = 𝛾 ′∞ + 

(
𝛾 ′0 − 𝛾 ′∞

)
exp 

(
− 𝑤 

′𝜀 𝑒𝑞 
𝑣𝑝 

)
(17)

Calibration of the model for representing the deformation behaviour
f 10%Cr steel at 600 °C employed the experimental records from the
welve load-controlled creep tests. The calibration was based on solving
n optimization problem which aims to find a set of model parameters
hose employment in the model formulation results in the best possible

epresentation of the available experimental data. Mathematically, the
roblem minimises the error formulation given below by optimization
f the material model parameters. 

𝑟𝑟𝑜𝑟 = 

12 ∑
𝑖 =1 

[ 

𝑁 𝑖 ∑
𝑗=1 

(
𝜀 
𝑗 

experiment , i − 𝜀 
𝑗 

model , i 

)2 
/ 𝑁 𝑖 ∑

𝑗=1 

(
𝜀 
𝑗 

experiment , i 

)2 
] 

(18)

here 𝜀 𝑗 experiment , i and 𝜀 𝑗 model , i are experimentally measured and model

alculated strains for time-frame j of creep test i , and N i is the total
umber of time frames for the creep test i . 

This study used the global search function of the MATLAB 

R ○ op-
imization toolbox for solving the optimization problem. The derived
et of model parameters for the 10%Cr steel at 600 °C are given in
able 2 . Section 4 presents the comparison between model results and
easurements. Section Supplementary Material provides a MATLAB 

R ○

ode which uses the derived model parameters for calculation of the
train response of the material for a given stress profile. 

As an example, Fig. 3 presents the model calculated viscoplastic
train, drag stress and back stress for the given stress profile in Fig. 3 a.
he stress profile includes 3 different stress-transients which result in
ifferent extents of PCR upon reloading ( Fig. 3 b). Fig. 3 c presents a
lobal reduction of the drag stress which is consistent with the well-
nown softening response of martensitic steels. The back stress evolution
n Fig. 3 d shows that the back stress plays an important role in defining
he extent of PCR activation after the stress-transients. It can be seen
hat the back stress decreases only slightly during the first unloading to
 MPa, and leads to insignificant PCR upon reloading. Reverse-loading
o − 120 MPa reduces the back stress from ~40 MPa to a value close
o 20 MPa, and results in partial PCR upon reloading. Significant PCR
s achieved after stress-transient to − 190 MPa which reduces the back
tress to a negative value before reloading. 

. Model results and discussions 

Comparison of experimental and model calculated strain evolutions
or the creep tests are shown in Fig. 4 ( t 2 = 0 h, tests 1–4), Fig. 5 ( t 2 = 1 h,
ests 5–8), Fig. 6 ( t 2 = 15 h, tests 9–10) and Fig. 7 (constant-load creep,
ests 11–12). It can be observed that the developed model well describes
he creep behaviours of the alloy under various loading conditions. The
odel representations are qualitatively-consistent with the observations

rom the twelve experiments, although discrepancies between the ex-
erimental and model-predicted strain profiles are acknowledged. The
nconsistencies mainly originate from the complex nature of the exam-
ned loading profiles which challenge any type of material constitutive
odel for providing a quantitatively accurate representation. Neverthe-

ess and as discussed in Sections 4.1 and 4.2 , the model is able to present
 reliable description for the sensitivity of the PCR phenomenon and the
verall strain accumulation response of the alloy to different parameters
f loading profiles. The predictive capabilities of the model are analyzed
n Section 4.3 where the equations are used for describing the creep be-
aviour of the alloy during two independent benchmark tests: one load-
ontrolled experiment performed in the present study ( Fig. 2 ) and one
train-controlled low-cycle fatigue test reported in [20] . 

.1. Effect of loading parameters on the extent of PCR 

This section examines the effectiveness of the developed model for
escribing the influence of different loading parameters on the PCR be-
aviour of 10%Cr steel at 600 °C. In addition, the evolutions of back
tress and drag stress under different loading conditions are discussed.
his is because the creep strain rates upon reloading, i.e. the extent of
CR, are determined by the evolutions of back stress and drag stress
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Fig. 3. Representation of the developed model for a given stress profile (a) in terms of viscoplastic strain (b), drag stress (c) and back stress (d). Back stress X in (d) 

is the summation of three back stress terms X 1 , X 2 and X 3 . The model represents different extents of PCR activation depending on the level of reverse-loading. 

Fig. 4. Comparison of the model represented 

strain profiles with the experimental obser- 

vations under stress-varying creep tests with 

t 2 = 0 h at 600 °C (tests 1–4). Experimental 

data are taken from [10] . 
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Table 2 

Obtained model parameters for the 10%Cr steel at 600 °C. 

Parameter Value Unit Parameter Value Unit Parameter Value Unit 

E 1.32 × 10 2 GPa 𝛾 ’ ∞ 3.75 × 10 0 – 𝛾2,0 9.52 × 10 1 –

D 0 3.27 × 10 2 MPa w’ 7.73 × 10 − 1 – 𝛾2, ∞ 1.11 × 10 3 –

A 1 1.41 × 10 − 1 1/s C 1 8.20 × 10 4 MPa w 2 1.74 × 10 2 –

n 1 1.21 × 10 1 – K 1 2.46 × 10 − 2 1/s C 3 1.01 × 10 4 MPa 

A 2 1.46 × 10 − 18 1/s 𝛾1,0 1. 87 × 10 3 – K 3 5.66 × 10 − 6 1/s 

n 2 2.78 × 10 2 – 𝛾1, ∞ 2.27 × 10 3 – 𝛾3,0 6.73 × 10 − 1 –

C’ 7.58 × 10 2 MPa w 1 3.76 × 10 3 – 𝛾3, ∞ 2.87 × 10 2 –

K’ 2.13 × 10 − 4 1/s C 2 2.12 × 10 4 MPa w 3 3.09 × 10 1 –

𝛾 ’ 0 3.36 × 10 0 – K 2 6.10 × 10 − 6 1/s 

Fig. 5. Comparison of the model represented 

strain profiles with the experimental obser- 

vations under stress-varying creep tests with 

t 2 = 1 h at 600 °C (tests 5–8). Experimental 

data are taken from [10] . 
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uring the stress-transients. Eq. (4) shows that the decrease in back
tress (and drag stress) during the reverse-loading can lead to high creep
train rates upon reloading (i.e. PCR). Different loading parameters (e.g.
everse-loading magnitude and duration) can affect the back stress (and
rag stress) evolutions during the stress-transients, and therefore result
n different levels of PCR activation upon reloading. 

Two parameters of creep strain ( 𝜀 ́cr ) and creep time ( t ́cr ) are intro-
uced in Fig. 8 a to investigate the PCR behaviour under stress-varying
oading conditions. The comparison of 𝜀 ́cr as a function of t ́cr after var-
ous stress-transients with that for the as-received alloy (i.e. the creep
train evolution during the first 15 h of each test) allows an estimation
f the extent of PCR after the stress-transients and therefore enables the
nvestigation of the PCR sensitivity to the different loading parameters.
ig. 8 b represents an example of partial activation of PCR, where high
reep strain rates after the stress-transient are clearly observed, but the
xtent of creep strain accumulation after the stress-transient is smaller
han that for the as-received material. 

.1.1. Effect of reverse-loading magnitude 
Fig. 9 compares the experimental and model representations of the

reep response of the alloy after transients to different reverse-loading
agnitudes. Consistent with the experimental records in Fig. 9 a and b,
ore significant PCR activation after stress-transients to larger reverse-

oading magnitudes are given by the model ( Fig. 9 c and d), which
emonstrates its capability for the realistic representation of the sen-
itivity of the PCR behaviour to the reverse-loading scale. The model
ives a generally representative description of the experimental records,
lthough quantitative inconsistencies, for example, of the as-received
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Fig. 6. Comparison of the model represented 

strain profiles with the experimental obser- 

vations under stress-varying creep tests with 

t 2 = 15 h at 600 °C (tests 9–10). Experimental 

data are taken from [10] . 

Fig. 7. Comparison of the model represented strain profiles with the experimental observations under constant-load creep tests at 600 °C (tests 11–12). Experimental 

data are taken from [10] . 
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lloy’s creep response in Fig. 9 , are visible. Fig. 10 b and c present the
odel calculated evolutions of back stress and drag stress during the

iven stress profile in Fig. 10 a. It can be seen that stress-transients to
arger reverse-loading magnitudes result in lower back stresses at the
nd of the compressive loading period, while the evolution of drag stress
s not significantly sensitive to the reverse-loading level. Eq. (4) indi-
ates that a smaller back stress after the stress-transient results in faster
reep upon reloading. Therefore, the more pronounced decrease of back
tress during reverse-loading to larger compressive stresses leads to a
ore significant PCR upon reloading. 

.1.2. Effect of reverse-loading duration 
Experimental observations presented in Fig. 11 a and b indicate a

ore significant PCR after longer reverse-loading durations. The figures
how that, for the same forward- and reverse-loading magnitudes, 15 h
everse-loading causes a higher creep rate after reloading and therefore
arger extents of PCR, when compared with the reverse-loading duration
f 1 h. The modelling results presented in Fig. 11 c and d demonstrate
hat the developed model can consistently represent the sensitivity of
he PCR behaviour to the reverse-loading duration. Examination of the
volution of back stress and drag stress for stress-transients with 1 and
5 h reverse-loading in Fig. 12 explains that longer reverse-loading fur-
her reduces the back stress and, according to Eq. (4) , results in a faster
reep strain accumulation upon reloading and therefore more significant
CR. The effect of reverse-loading duration on the drag stress quantity
s rather marginal and is not expected to play the main role in defining
he PCR sensitivity to the duration of reverse-loading. 

.1.3. Effect of segment number 
The experimental records presented in Fig. 13 a and b show that the

xtent of PCR is more significant for the larger segment numbers which
orrespond to longer creep testing times and larger accumulated creep
eformation. This PCR behaviour is correctly represented by the de-
eloped model, as shown in Fig. 13 c and d, which demonstrates the
ffectiveness of the model for describing the sensitivity of PCR to the
egment number. Fig. 14 shows the evolutions of back stress and drag
tress during the stress-transients to 𝜎r, 4 in different segments of test 6.
he smaller back stress and drag stress at the end of stress-transients
xplain the higher creep rates after reloading and therefore more pro-
ounced PCR for larger segment numbers. 

.1.4. Effect of forward-stress magnitude 
Fig. 15 shows the sensitivity of PCR activation to the forward-stress

evel of the conducted stress-varying creep tests. The presented experi-
ental data in Fig. 15 a-d indicates that the extent of PCR is more sig-
ificant for smaller forward-stress levels. Fig. 15 e-h show that this be-
aviour is well represented by the developed model. Fig. 16 shows the
alculated evolutions of back stress and drag stress during the stress-
ransients to 𝜎r, 5 in segment 1 of tests 5 and 7. As can be seen, the back
tress at the end of a stress-transient is smaller for test 5 with the smaller
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(a) (b)

Fig. 8. Description of the methodology used for calculation of the creep strain 𝜀 ́cr and creep time t ́cr after a stress-transient (a), and comparison of creep strain 

evolution after a stress-transient with that for the as-received alloy (b). Two parameters 𝜀 I and t I are strain and time at the start of the constant-stress loading period, 

respectively [9, 10] . 

Fig. 9. Sensitivity of the PCR behaviour of the 10%Cr steel to the reverse-loading magnitude: experimental observations (a and b) and modelling results (c and d) 

for strain accumulation after reverse-loading to 𝜎r , 3 , 𝜎r , 4 and 𝜎r , 5 in tests 6 and 8 (segment 1). 

Fig. 10. Evolution of back stress (b) and drag stress (c) during reverse-loading to 𝜎r , 3 , 𝜎r , 4 and 𝜎r , 5 in segment 1 of test 8 (a). 

Fig. 11. Sensitivity of the PCR behaviour of the 10%Cr steel to the reverse-loading duration: experimental observations (a and b) and modelling results (c and d) 

for strain accumulation after 1 and 15 h reverse-loading to 𝜎r , 3 , 𝜎r , 4 and 𝜎r , 5 in segment 1 of tests 7 and 10. 
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Fig. 12. Reverse-loading profile for different reverse-loading durations in segment 1 of tests 7 and 10 (a), and the corresponding back stress (b) and drag stress (c) 

evolutions. 

Fig. 13. Sensitivity of the PCR behaviour of the 10%Cr steel to the segment number: experimental observations (a and b) and modelling results (c and d) for strain 

accumulation after stress-transient to 𝜎r , 4 for different segments of tests 6 and 8. 

Fig. 14. Evolution of back stress (b) and drag stress (c) during reverse-loading to 𝜎r, 4 for different segments of test 6 (a). 
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orward-stress level. According to Eq. (4) , the smaller back stress results
n a faster creep rate upon reloading and therefore more significant PCR.
ig. 16 c indicates that drag stress evolution for the two presented con-
itions are similar and therefore it is expected that the drag stress plays
n insignificant role in defining the PCR sensitivity to the forward-stress
evel. 

.2. Effect of stress-transients on the overall strain accumulation behaviour 

Fig. 17 presents the experimental and model calculated strain accu-
ulation behaviour of the 10% Cr steel under constant-load and stress-

arying creep conditions (with different reverse-loading durations) for
he forward-stress level of 230 MPa. It can be observed that for short
everse-loading durations ( t 2 = 0 h and 1 h), multiple activations of
CR led to more significant overall strain accumulation and therefore
he strain curves for these two test conditions (tests 3 and 7) are above
he curve for the constant-load creep test. On the other hand, the large
xtent of compressive deformation during 15 h reverse-loading for test
0 affects the overall strain response and therefore the strain curve for
his test is beneath the other curves. 

Experimental observations for test 7 ( t 2 = 1 h) and in particular for
est 10 ( t 2 = 15 h) indicate that the reverse-loading and subsequent
CR might accelerate the transition to the tertiary creep stage. For test
2 (constant-load), the material deformation is governed by secondary
reep deformation at t > 750 h, while the stress-transients of test 10
ead to the early tertiary creep stage initiation already after t < 650 h.
hese observations highlight the importance of PCR consideration in
he mechanical integrity assessment of high-temperature components
perating under stress-varying (cyclic) creep loading conditions. 

As presented in Fig. 17 b, the predictions of the model for the effect
f stress-transients on the overall strain accumulation behaviour of the
lloy is fairly consistent with the experimental records. The developed
odel could consistently represent the acceleration of overall strain ac-

umulation due to impose of stress-transients with t 2 = 0 and 1 h and
lso the drop of overall strain level due to 15 h reverse-loading periods.
he model however does not include a damage formulation and there-
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Fig. 15. Sensitivity of the PCR behaviour of the 10%Cr steel to the forward-stress level: experimental observations (a-d) and modelling results (e-h) for strain 

accumulation after stress-transients to 𝜎r, 5 in segment 1 for tests with different forward-stress levels (tests 5–8). Experimental data are taken from [10] . 

Fig. 16. Reverse-loading profile for different forward-stress levels in segment 1 of tests 5 and 7 (a), and the corresponding back stress evolution (b) and drag stress 

evolution (c). 

Fig. 17. Sensitivity of the overall strain accumulation behaviour of the 10%Cr steel to the introduction of stress-transients: experimental observations (a) and 

modelling results (b) for strain accumulation under the forward-stress level of 230 MPa with different reverse-loading durations for tests 3, 7, 10, and 12. Experimental 

data are taken from [10] . 
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Fig. 18. Comparison of experimentally 

recorded and model-predicted strain accu- 

mulation behaviour of 10%Cr steel for the 

conducted benchmark test (models developed 

in the current study and in [20] ). 

Fig. 19. Comparison of experimental and model-predicted stress-strain behaviour of 10%Cr steel during LCF loading (models developed in the current study and in 

[20] ): first cycle (a), cycle 200 (b), mid-life cycle 621 (c) and evolution of maximum and minimum stresses in each cycle (up to mid-life cycle 621) (d). Experimental 

data are taken from [20] . 
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ore is not able to capture the significant increase in the creep rate for
est 10 at t > 700 h (i.e. tertiary creep stage). 

.3. Predictive capability examination 

To evaluate its predictive capability, the developed model in this
tudy has been employed for prediction of the behaviour of two inde-
endent benchmark tests. The experimental records from these two tests
ere not used in the calibration of the model. The benchmark tests in-

lude a (load-controlled) stress-varying creep test performed as a part of
he present study ( Fig. 2 ) and a strain-controlled low-cycle fatigue (LCF)
est performed as a part of [20] . Furthermore, the material model intro-
uced in [20] has also been used for prediction of the alloy response
uring the two benchmark tests. 

Fig. 18 shows the comparison of experimental and model calculated
train profiles for the stress-varying benchmark creep test. It can be seen
hat the developed model in this study could well predict the strain evo-
ution of the benchmark test, which had a rather complex stress profile
n comparison with those for tests 1–10 (e.g. different forward-stress
evels and different reverse-loading magnitudes and durations). The ac-
eptable consistency between model predictions and experimental ob-
ervations for the benchmark test demonstrates the effectiveness of the
eveloped model for describing the creep behaviour of 10%Cr steel un-
er complex loading conditions at 600 °C. On the other hand, the model
eveloped in [20] failed to reliability predict the PCR phenomenon and
ften overestimated the creep strain rate after the stress transients. 

Fig. 19 compares the predictions of the model with experimental ob-
ervations for the 10%Cr steel at 600 °C subjected to strain-controlled
CF (strain range of ± 0.5%). The observations indicate that the devel-
ped model in this study could provide fairly reliable predictions for
tress evolution up to the mid-life cycle (where fatigue damage devel-
pment is negligible). Employment of the model for describing the cyclic
tress-strain response of the alloy for larger fatigue life fractions requires
he addition of a damage formulation. The developed model in [20] was
riginally developed for representing the steady-state or mid-life cycle
esponse of the alloy and therefore provides experimentally consistent
redictions for the midlife-cycle response of the alloy ( Fig. 19 c). How-
ver, it fails in predicting the deformation response of the alloy for the
nitial cycles. 

. Concluding remarks 

An elastic-viscoplastic constitutive model for representing the creep
ehaviour of a 10%Cr steel at 600 °C under stress-varying load-
ng condition has been developed. Similar to the different variants
f the Chaboche viscoplastic model, isotropic and kinematic harden-
ng/softening considerations, based on the back stress and drag stress
uantities, are included in the model formulation. The effectiveness of
he developed model to represent the primary creep regeneration (PCR)
s examined, where PCR is the incidence of a period of high rate creep
train accumulation following a stress reversal. The model was em-
loyed for representing the experimental records from twelve dedicated
tress-varying creep experiments which were designed for evaluating
he PCR response of the alloy. It has been shown that the model can
eliably represent the PCR phenomenon and describe its sensitivity to
ifferent loading conditions. Furthermore, the description of the model
or the effect of imposed stress-transients on the overall creep strain ac-
umulation behaviour of the steel were consistent with the experimental
bservations. 

Ultimately and to examine its predictive capability, the developed
odel was employed for predicting the response of the alloy during two

ndependent benchmark experiments; a load-controlled creep test with
ultiple stress-transients, and a strain-controlled low-cycle fatigue test.
s the experimental data from the benchmark tests were not used for

ts calibration, the ability of the model to provide a fairly consistent
epresentation of the experimental records demonstrated the predictive
apability of the model. 
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