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Abstract

Uniaxial static and cyclic creep tests are carried out on a bainite 2.25Cr-1Mo steel at 455°C. The dependence of cyclic response

on varied unloading conditions is investigated, with unloading rates from 0.6 MPa/s to 39 MPa/s and the valley stress duration

from 0 to 30 min. Fracture surfaces of each specimen are analysed by using a scanning electron microscopy, and a systematic

classification of strain components under cyclic creep is proposed to determine the actual damage. The results indicate that, the

fracture modes under static and cyclic creep conditions both have ductile features. Due to the effect of anelastic strain recovery,

the strain accumulation rate under cyclic creep is significantly retarded as compared with static creep, and the unloading

conditions apparently influence the behaviour of anelastic strain recovery. Moreover, a life prediction method for cyclic creep

tests based on mean actual strain deducted recovery strain is proposed.

Introduction

High temperature equipment is generally subjected to cyclic loadings during operation.1-5 Hence, the failure
mechanism of these kinds of equipment is complicated and often with mixed damages modes of creep, fatigue,
as well as their interactions. Under realistic loading conditions, such as nuclear reactor components, stress
loading is considered to be more common than strain loading.6Cyclic creep commonly refers to the progressive
change of mean strain during the cyclic plastic deformation of a material between fixed stress limits, which
belongs to creep-fatigue interactive behaviour.7 Therefore, cyclic creep response of materials should be an
essential consideration for the component’s design.

The cumulative deformation for cyclic creep is time-dependent, which is similar to ratcheting.8,9 According
to previous studies, the strain rate can be greatly influenced by a series of test parameters, such as stress
amplitude, stress ratio, and duration under hold stress. With the increase of duration under peak stress, a
transition in dominant damage type from fatigue to creep can be found, and the fracture mode transformed
from brittle to ductile failure correspondingly.10 Moreover, research results of 9-12% Cr steel showed that
the strain rate in cyclic creep was between those under ratcheting fatigue and static creep, i.e., the creep
damage was more significant than fatigue damage, and the pure creep rate determined the upper rate of
the cyclic creep.11Similar performances can be found in some nickel-based alloy such as GH720Li alloy12

and MA754 alloy.13However, research on the cyclic creep response of a nickel-based super alloy DZ125 under
different gradients of stress amplitudes and temperatures showed that cyclic creep led to accelerate the
strain accumulation compared with static creep, and the ratcheting fatigue rate was reported to be the
upper rate of the cyclic creep, even if the duration under peak stress was as long as 240 minutes.14 Cases
where fatigue damage dominates could also be found on pure metal copper15 and AMg6 alloy.16In addition,
a material appears opposite results at different temperature, such as Cr-Mo-V steel was observed cyclic creep
acceleration at room temperature and cyclic creep retardation at 550 respectively.17 Therefore, cyclic creep
performances deserve more attention, and the underlying deformation mechanism should be further studied.
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For creep-dominated cases, the anelasticity produced during unloading of cyclic creep is the main reason to
retard the creep rate. Researchers have found that the anelasticity occurs if a material undergoes a sudden
change in loading and requires time to attain a new equilibrium configuration.18 Zhang et al.19analysed
the anelastic strain of 9-12% Cr steel during different valley stress holding stages alongside with changed
stress amplitudes, stress ratios, and peak stress durations. The results indicated that magnitude of anelastic
strain increased with the increasing stress amplitude, peak stress duration and decreasing stress ratio. On
the other hand, the research by Gaudin et al.20 on 316 austenitic stainless steel found the reversibility of
plastic strain reversibility, which inhibited cyclic creep below a threshold stress. Rao et al.21 justified the
relationship between the dislocation distribution and the anelastic behaviour by using a back stress divisi-
on approach, together with observations from transmission electron microscopy (TEM). In addition, some
microscopic mechanisms on the anelastic behaviour of pure metal and alloy also have been proposed, such
as the bowing of dislocations between precipitates,22 the grain boundary reverse slip due to the relaxation
of dislocation pile-ups,23the reverse movement of dislocations in sub-grain,24and the reverse bending of sub-
grain boundaries.25,26More recently, Hosseini et al.27 proposed a simplified model of 9-12%Cr steel for the
movement of dislocation pile-ups based on the effective stress concept.

Due to its good mechanical properties at elevated temperatures, 2.25Cr-1Mo steel has been extensively used
in pressure vessels and pipeline systems in petroleum and power industries. The mechanical behaviour of
2.25Cr-1Mo steel under static creep, low cycle fatigue, and creep-fatigue interaction conditions have been
studied by Klueh,28 Jaske,29 and Challenger et al.30,31 Kschinka and Stubbins32conducted uniaxial fatigue
and creep-fatigue tests at 565°C in both air and vacuum environments to understand the effects of waveform
and environment on the fatigue behaviour of a forged bainitic 2.25Cr-lMo steel. Although large amounts of
data have been available on creep-fatigue interaction of 2.25Cr-lMo steel, most of them are based on strain-
controlled tests. Research on cyclic creep under stress-controlled and anelastic behaviour of 2.25Cr-1Mo steel
has rarely been reported, and corresponding failure mechanism is still inexplicit as yet.

In this study, a series of uniaxial stress-controlled cyclic creep tests on bainite 2.25Cr-1Mo steel at 455°C in
air are conducted, and the strain accumulation processes under different unloading conditions are analysed
through the stress-strain curves. Specific attention is paid to the effect of unloading rate and duration under
valley stress on the anelastic behaviour. Moreover, scanning electron microscopy (SEM) observations of
fracture surfaces are performed to identify the failure mechanism. A life prediction method for cyclic creep
under different unloading conditions is proposed based on the ductile exhaustion theory.

Experimental procedure

Material

The material used for this study is a bainite 2.25Cr-1Mo steel, with cyclic properties being reported in an
earlier work.33The steel was normalized at 950 °C for 6 hours, and followed by tempering at 690 °C for 6
hours. Then simulated post-weld heat treatment was done at 690 °C for 8 hours, which was aimed to release
residual stress. Fig. 1 (a) presents the microstructural morphology of the steel under an optical microscope
(OP), and the metallographic structure is mainly granular bainite. The chemical composition of the steel
is shown in Table 1. The material was machined into cylindrical test specimens for static creep and cyclic
creep tests, with a diameter of and a gauge length of 50 mm, and the dimension specification is shown in
Fig. 1 (b).

Table 1 The chemical composition of the bainite 2.25Cr-1Mo steel (wt %).

C Si Mn P S Cr Mo Ni Fe

0.15 0.05 0.48 0.006 0.002 2.42 0.96 0.08 Bal.

2
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Fig. 1 (a) Metallographic structure of the bainite 2.25Cr-1Mo steel under OP and (b) the dimension speci-
fication of test specimen (in mm).

2.1 Cyclic test program

Uniaxial static creep and cyclic creep tests are carried out on an electronic creep testing machine RD-50,
as shown in Fig. 2 (a). Three K-type thermocouples are uniformly distributed along the gauge section
of the tested specimen, which is heated to 455 °C in air by a high-temperature heating furnace. A period
of 30 minutes is held before loading to obtain the target temperature, within a fluctuation of ±1 °C. The
deformations recorded on the left and right sides of the gauge section (denoted by dl anddr ) are measured
by two sides of heat resistant rail-type extensometers correspondingly, with an accuracy of 1 μm. Hence,

the actual deformation d can be determined by the mean value of dl anddr to reduce the error, and the

engineering strain ε is obtained by the ratio of the actual deformationd and the initial gauge length L as:

d = dl+dr
2

ε = d
L × 100%

3
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For cyclic creep tests, a uniaxial pulsating tension-tension wave is applied under stress control, as shown in
Fig. 2 (b). Thetp and tv are the durations imposed at peak and valley stresses respectively, with σ̇ and σ̇

′

being the stress rates under loading and unloading. The peak stress σmax is 400 MPa and the stress ratio
R is 0.375. The loading condition is fixed at a loading rate of 12 MPa/s with a durationtp of 60 min, but

various unloading conditions are applied, with σ̇
′

being 0.6 MPa/s, 12 MPa/s, 19 MPa/s, 39 MPa/s and tv
being 0 min, 10 min and 30 min. The static creep test under 400 MPa is also performed as a comparison. All
specimens are tested till fracture, and test results are summarized in Table 2. The endurance life is defined
as total fracture time deducting loading, unloading and valley stress duration time.

4
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Fig. 2 Test conditions: (a) module of RD-50 electronic creep testing machine and (b) pulsating wave under
stress-controlled.

Table 2 Summary of static creep and cyclic creep test results at 455.

Test type Loading rate σ̇ (MPa/s) Duration of peak stress tp (min) Unloading rate σ̇
′

(MPa/s) Unloading rate σ̇
′

(MPa/s) Duration of valley stress tv (min) Duration of valley stress tv (min) Endurance life (h) Endurance life (h) Cycles to failure (Nf)

Static creep 12 infinite - - - 37.2 37.2 - -
Cyclic creep 12 60 0.6 0 0 106.2 106.2 107 107

12 0 0 150.1 150.1 150 150
19 0 0 247.1 247.1 246 246
39 0 0 274.1 274.1 274 274
12 10 10 206.2 206.2 207 207
12 30 30 293.6 293.6 294 294

Results

3.1 Cyclic creep behaviour

Fig. 3 shows the variation of accumulated engineering strain with time under static creep and cyclic creep
tests. The evolution of accumulated strain under all cyclic creep loadings in Fig. 3 (a) exhibit the similar
three typical stages as static creep, which includes primary creep, secondary creep and tertiary creep stages.
The primary creep stage of 2.25Cr-1Mo steel is quite short, and this feature has also been observed under
the ratcheting-fatigue tests of 2.25Cr-1MoV steel.34 However, the strain accumulation rate quickly decreases
afterwards and keeps constant after entering the secondary creep stage, of which the constancy result from
the equilibrium condition between strain hardening and recovery softening. The secondary creep stage
accounts for nearly 80% of the endurance life and is also referred to as the stable stage. The comparison of
static creep and cyclic creep within the initial 10 hours enclosed in a box in Fig. 3 (a) is presented in Fig.
3 (b). It also appears that the stable strain accumulation rate under cyclic creep is much lower than that
under static creep, and this difference eventually leads to the significant increase of endurance life under
cyclic creep. The retardation in the accumulation of strain under cyclic creep has also been found in other
Cr-Mo steels10, 35 and 316H austenitic stainless steel.20 The width of strain range of cyclic creep is varied
by unloading conditions, which leads to a difference in accumulation of strain since the first cycle and the
difference is increased gradually. On the other hand, it has to be admitted that the increase in endurance
life is partly occupied by loading, unloading, and valley stress dwelling under cyclic creep as compared with
the static creep, which cannot be ignored especially in cases involving long durations of valley stress.

To unify the evaluation of life, the endurance life which refers to the total duration under the peak stress
is proposed, and corresponding results are listed and compared in Table 2. Since the peak duration of a
cycle is set as 60 min, i.e. one hour, the endurance life is approximately equal in value to the cycles to
failure. The variations of endurance life with unloading rate and duration under valley stress are shown in
Fig. 4 (a) and (b) respectively. The endurance life under static creep is still below that under cyclic creep,
which confirms that 2.25Cr-1Mo steel under cyclic creep shows the prolongation effect on life compared with
the static creep. Besides, the influence of prolongation effect changes with different unloading conditions.
As shown in Fig. 4 (a), the endurance life grows with the increase of unloading rate when the duration of
valley stress is none. The endurance life also increases with the extension of duration of valley stress when
the loading and unloading rate is the same, as shown in Fig. 4 (b). The reasons for these two trends are
discussed in detail later.

5



P
os

te
d

on
A

u
th

or
ea

13
J
u
l

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

46
69

39
.9

43
04

07
8

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Fig. 3 (a) The strain-whole life curves under all test conditions and (b) comparison between static creep and
cyclic creep within the initial 10 hours.

6



P
os

te
d

on
A

u
th

or
ea

13
J
u
l

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

46
69

39
.9

43
04

07
8

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Fig. 4 The variation of endurance life with different (a) unloading rates and (b) durations under valley stress.

The elongation of all fractured specimens is analysed in Fig. 5. Cyclic creep loading leads to a slight drop in
ductility as compared with static creep, but the difference in ductility under cyclic creep seems to have little
influence on endurance life. Research results have shown that the fracture mode transforms from brittle
type to ductile one and gradually approaches to static creep failure with the increase of duration under peak
stress.11 A quite long peak stress duration of 60 min has been imposed under all cyclic creep tests in present
work, which means the fracture mode is most likely to be ductile, like static creep.

Fig. 5 Fracture elongation of specimen to the endurance life.

7



P
os

te
d

on
A

u
th

or
ea

13
J
u
l

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

46
69

39
.9

43
04

07
8

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

3.2 SEM observations

Typical SEM observations of the fractured surfaces after static creep and various cyclic creep tests are given
in Fig. 6. All the fractured surfaces present a typical ductile failure feature, with a similar cup-cone shape
of necking. Two different areas including (I) inner fibrous zone and (II) outer shearing lip can be found
in Fig. 6 (a). Creep dimples and cavities located at the centre of the fibrous zone are shown in Fig. 6
(b). Second phase particles can be found in some cavities, as shown in Fig. 6 (c), and analysis results
from energy dispersive spectrometer (EDS) indicate that these second phase particles tend to be M23C6

(Fe-Cr-C) carbides, which are precipitated from matrix α-Fe.36,37Comparing figures from Fig. 6 (d) to (g),
the fibrous zone area under cyclic creep is found to suffer an obvious shrinkage compared with that under
static creep, which may be resulted from the decrease of ductility. Besides, the distinct fatigue-creep cracks
that are reported to be generated under cyclic loading in 9-12% Cr-Mo steels38,39 are hardly detected in the
examined 2.25Cr-1Mo steel, and the test environment in air and the relatively low frequency adopted in this
work are likely to be the reason.

8
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Fig. 6 SEM observations of fractured surfaces: (a) static creep and (b) enlarged inner fibrous zone; (c)
second phase particle and (d) its composition; (e) cyclic creep at 12 MPa/s and 39 MPa/s unloading rate
with none valley stress duration; (f) cyclic creep with 10 min and (g) 30 min duration under valley stress
with an unloading rate of 12 MPa/s.

4. Discussion

4.1 Stress-strain curves

The typical stress-strain curve under cyclic creep is shown in Fig. 7, where σmax and σmin are of the peak
and valley applied stresses, σmax

e and σmin
e are the upper and lower limits of the elastic domain respectively.

The strain within the two adjacent cycles can be divided into four parts, as illustrated in Fig. 7 (a), including
(I) εr, the ratcheting deformation which contains elastic and plastic strains, loading from the lower-elastic
limit to the peak stress; (II) εc, which contains the creep strain generated during peak stress hold and a minor
additional viscoplastic strain that is produced during the unloading process from peak stress to upper-elastic
limit, In order to simplify the classification, the part of viscoplastic strain is considered as a continuation of
creep. Previous works40,41 have concluded that the viscoplasticity of materials has a contribution to creep
during the loading and unloading stage; (III) εre , the total recovery strain when stress unloads from the
upper-elastic limit to the valley stress and then reload to the lower-elastic limit; and (IV) εact, the actual
increased deformation compared to the last adjacent cycle.

9
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Fig. 7 Schematic diagram of classification of strains within two adjacent cycles.

As shown in Fig. 7 (b), the total recovery strain can be further divided into three parts by elastic modulus, i.e.,
(i) εe, (ii) εan

un, and (iii) εan
v . The loading elastic modulusE and the reloading elastic modulus Ere correspond

to the slope of the stress-strain curve in the elastic range. The unloading modulus Eun, considering its
nonlinearity and complexity,42,43 can be adequately defined by the straight line connecting the upper-elastic
limit and the valley stress of the unloading stress-strain curve, which is similar to the fitting method of
chord modulus in Kim et al.’s study.44 Based on the difference between apparent modulus Eun and E ,
the component of anelastic strain εan

un is separated during the unloading process. Considerably, the elastic
recovery strain εe and anelastic strainεan

un arise simultaneously rather than separately in reality.45 Moreover,
when stress is unloaded to the valley stress, it is observed that the strain can still spring back until the
stress is reloaded to the lower-elastic limit. This part of the micro-plastic strain εan

v under the low-stress
region is regarded as the major anelastic recovery in case with long duration under valley stress.13 The two
parts of anelastic recovery strain indicate the existence of a two-stage spring-back phenomenon when the
applied stress is removed, which is closely related to the change of elastic modulus46 and the movement of
dislocations.47

The above values of strain can be obtained from experimental data, and the relationships are presented as
the following:

{

&amp; εan
un = ε2 − ε3 − εe

&amp; εan
v = ε3 − ε4

&amp; εre = εe + εan
un + εan

v

&amp; εact = εr + εc − εre = ε4 − ε0

where ε0, ε1,ε2, ε3 and ε4 refer to the strains at different time points, and the values of(ε2 − ε3) and εe can
be calculated by the following equations:

ε2 − ε3 = (σ
max
e − σmin)/Eun

εe = (σ
max
e − σmin)/E

10
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According to the above systematic classification, it can be found that the retardation effect in strain accu-
mulation rate under cyclic creep results from the interaction between the strain (εr, εc) and recovery strain
(εe, εan

un, and εan
v ), or rather the anelastic recovery plays a vital role in recovering the previous inelastic

deformation. Thereby, it is clear that the ultimate unrecovered strain is the actual damage created within
two adjacent cycles, and the difference of retardation effect under varied unloading conditions can be studied
by analyzing each part of the strain quantitatively.

Maximum strain in one cycle

4.2.1 Ratcheting strainεr

The ratcheting strain εr is defined as the total elastic and plastic strain produced by loading from the
lower-elastic limit to the peak stress. The evolution of ratcheting strain during the entire life (the values
come from the first three cycles and 0.1Nf, 0.2 Nf, 0.3 Nf, . . . , 1Nf, both here and below) under different
unloading rates is shown in Fig. 8 (a). The developments of ratcheting strain follow the same trend under
different unloading conditions. The evolution of ratcheting strain can be divided into three stages, where it
is slightly large at first cycle, then drops to a stable value, and increases again before fracture. Moreover,
the elastic component of the ratcheting strain can be obtained conveniently, which is inversely proportional
to the loading elastic modulus E , as shown in Fig. 9 (a). The loading elastic modulus is hardly affected
by changed unloading rate and the duration under valley stress. The evolution of loading elastic modulus
also displays three stages, which shows that the value of E is large at the first cycle, then rapidly drops to a
stable value, and further declines before fracture. It is found that both ratcheting strain and loading elastic
modulus just enter the stable stage after the first cycle, which is related to the variation of dislocation. The
degeneration of the loading elastic modulus is mainly due to the increase of dislocation density,44,46 and the
multiply of dislocations can cause a hardening effect for the plastic component of the ratcheting strain. It
seems that the dislocation density has significantly increased within the first cycle by the initial loading and
a long-term hold of peak stress, and the dislocation density may remain almost unchanged subsequently.
Hence, the slightly large ratcheting strain at the first cycle can be attributed to the considerably large
plastic component and small elastic component. In addition, the specimens exhibit remarkable necking near
fracture, which leads to an increase of the ratcheting strain and a further decrease of the elastic modulus.

11
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Fig. 8 Evolutions of the strain during the entire life under different unloading conditions: (a) ratcheting
strain and (b) creep strain.
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Fig. 9 Evolutions of elastic modulus during the entire life under different unloading conditions: (a) loading
and (b) unloading.

4.2.2 Creep strain εc

As above classification, the creep strain εc is calculated by the sum of the deformation during the peak
stress hold time and a minor additional viscoplastic strain near the peak stress. As shown in Fig. 8 (b),
the evolution of εc displays three stages obviously, as the creep strain decreases sharply after the first cycle
and then keeps constant before increases again near fracture. The difference of the creep strain would result
from the viscoplastic component, which can be affected by the changed unloading rate.

The maximum strain in one cycle is the sum of the ratcheting strainεrand creep strain εc as shown in Fig.7
(a).

Recovery strain εre in one cycle

4.3.1 Elastic recovery strain εe

Fig. 7 exhibits that the strain starts to reverse as the stress drops to the upper-elastic limit, which indicates
the strain begins to recover. The elastic recovery strain εe mainly depends on the loading elastic modulus
E and the upper-elastic limit σmax

e , which can be calculated according to Eq. (5). The values and evolution
of the loading elastic modulus have been mentioned and displayed in Fig. 9 (a). The upper-elastic limit can
be obtained by applied peak stress and viscous stress according to Eq. (6). Therefore, the elastic recovery
strain for different unloading rates is obtained in Fig. 10 (a), which also shows three distinct stages. The
elastic recovery strain is slightly large for high unloading rate at the first cycle and then keeps constant with
little difference in the stable stage before increases again at last. It means that the value of εe depends on
the loading elastic modulus mainly and is hardly affected by the difference of the upper-elastic limit within
the examined range of unloading rates.
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Fig. 10 Evolutions of the recovery strain εe during the entire life for different unloading rates: (a) elastic
recovery strain (b) anelastic recovery strain of unloading stage and (c) anelastic recovery strain near valley
stress.

4.3.2 Anelastic recovery strain of unloading stageεan
un

It should be noted that the anelasticity of Cr-Mo steels is complex.18 To discuss the performance of anelastic
recovery strain, it is generally agreed that the anelastic displacements are mainly related to the bowing of
pinned dislocations, and the recoverability mechanism is due to the line tension. The line tension results
in back stress that can bring dislocation lines back to their equilibrium position. Thus, based on the force
equilibrium condition, the anelastic slip of a population of pinned dislocation lines during the recovery period
can be described by simplified micromechanical modelling48:

˙εan = b
f (m

εan0 −εan
l2 − ρmτ eff)

where b is the Burgers vector, m is the material factor,f is the coefficient of internal friction,ε̇an is the anelastic
reverse slip rate, together with εan

0 andεan refer to the slip displacement along applied stress direction and
anelastic reverse slip displacement of dislocation respectively. l and ρm represent the length and the density
of the dislocation respectively. It should be noted thatρm is assumed to be constant in this law, andτ eff

is the effective force to drive the deformation, which is related to the applied stress. Moreover, the former
term of this equation is related to the back stress, which is found to be decreasing with the increase in the
anelastic reverse slip displacement.

The anelastic recovery strain includes two parts as mentioned in the above classification. For the anelastic
recovery strain of unloading stage εan

un, the unloading elastic modulus Eun under different unloading rates are
obtained to make a comparison with the loading elastic modulus E . As shown in Fig. 9 (b), the evolution
of Eun displays just two stages, which keeps stable initially with a slight decrease and finally declines a
lot before fracture. The value of unloading elastic modulus is quite sensitive to the unloading rate, and it
increases greatly with the increase in the unloading rate. Thus, the value ofεan

un can be calculated by Eq.
(3)-(5) and shown in Fig. 10 (b), where it decreases with the increase of unloading rate and maintains a
constant value after the first cycle. It should be noted that when the unloading rate exceeds 20 MPa/s,εan

un

will change to be negative. It is due to the method of classification and calculation, rather than the change of
the dislocation slip direction. According to the Eq. (6), if the unloading rate increases during the unloading

15
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stage, the effective stress will fall faster correspondingly, and the anelastic reverse slip displacement is less
within a shorter time of unloading and causing more back stress being remained. Also, according to previous
work,49 the less internal friction measured by dynamic mechanical Analysis (DMA) was observed on 2.25Cr-
1Mo steel in the case of higher frequency, hence the friction coefficient f would reduce with the increase of
unloading rate and cause the high resulted anelastic slip rate corresponding to the valley stress.

4.3.3 Anelastic recovery strain near valley stress εan
v

The anelastic recovery strain near valley stressεan
v represents the further reverse slip displacement of pinned

dislocation after the unloading stage, which corresponds to the range between the valley stress and the
lower-elastic limit. Fig. 11 shows the initial part of the reloading stress-strain curves of the 2nd cycle under
different unloading conditions. The starting points of all curves are shifted and superimposed at the valley
stress point.

In the case with none duration of valley stress, as shown in Fig. 11 (a), the anelastic recovery strain
εan
v increases significantly with the increase of unloading rate, which is opposite to the trend of εan

un. It can
also be explained by Eq. (6). According to discussions in 4.3.2, the larger the unloading rate, the more back
stress is retained after unloading stage, when the anelastic reverse slip rate is high as well. Therefore, the
dislocation can be derived backward for a more prolonged displacement. Moreover, the lower-elastic limit
is the critical stress of the recovery behaviour, and it is also found to grow slightly with the increase in the
unloading rate. For comparison in Fig. 11 (b), where the unloading rates are constant, the anelastic recovery
strain develops with extended durations under valley stress. However, the increment extent of the anelastic
strain decreases when the duration of valley stress is more than 10 min, which validates that the anelastic
strain can be saturated with time as have been reported in other studies.18,50 Fig. 10 (c) summarizes
the anelastic recovery strain near the valley stress εan

v under different unloading conditions, which shows
two stages, and the values all maintain constant during most of the life. Besides, it’s interesting to find
that the εan

v for quite a long duration of valley stress (σ̇
′
=12 MPa/s,tv =30 min) is closely equal to the

instantaneousεan
v under large unloading rate (σ̇

′
=39 MPa/s, tv =0 min). This indicates the performance of

dislocation slip displacement, which mainly depends on the driving force and the slip time.
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Fig. 11 Initial part of reloading stress-strain curves in the 2nd cycle under different unloading conditions:
(a) unloading rates and (b) durations of valley stress.

The recovery strain εre is sum of the elastic recovery strain εe, anelastic recovery strain of unloading stage
εan

un and anelastic recovery strain near valley stress εan
v , as shown in Fig.7 (b).

5. Life prediction

In terms of the life prediction of creep-fatigue tests, the methods based on stress control are obviously fewer
than strain control due to the unclosed hysteresis loops.51,52 The ductility exhaustion approach in R553 is
one of the wide-used life prediction methods of creep-fatigue tests under stress control, which describes the
creep damage per cycle as:

dc =
∫ th

0
˙εin

εf ( ˙εin, T )dt

where ˙εin is the inelastic strain rate of the material during the holding time per cycle, εf is the creep
ductility of the material, which is usually related to the creep strain rate and temperature. Correspondingly,
the fatigue damage per cycle is calculated by

df = 1
Nf

where Nf is the fatigue life. When the sum of cumulative creep damage and fatigue damage is equal to 1,
the failure is acknowledged and the predicted life of the creep-fatigue test is calculated as:

Np = 1
dc+df

It should be noted that fatigue damage was confirmed to have little effect compared with creep damage under
cyclic creep in present work. Hence, the term can be neglected, and the predicted result by the ductility
exhaustion method of R5 is shown in Fig. 12. It can be found that the predictions are much lower than
experimental results, and the error enlarges with the increasing observed cycles to failure. The predicted
cycles to failure in the cases of long duration under valley stress are more outrageous, which are circled in
red. The over-conservative prediction is generally due to the neglect of the anelastic recovery effect in cyclic
creep.
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Fig. 12 Comparison of predicted and observed cycles to failure in cyclic creep by the ductility exhaustion
method of R5.

According to the above study on each component of strain under cyclic creep, the mean values of the
maximum strain and the recovery strains during the stable stage can be obtained, and their difference can
be considered as the mean actual damage created per cycleεact

m , as shown in Fig. 13.

Fig. 13 Summary of mean values of the maximum strain and the recovery strain during stable stage under
different unloading conditions.

Thus, based on ductile exhaustion theory, the damage per cycle of cyclic creep can be expressed as:

dD
dN = 1

εf
dεact

dN = 1
εf

d(εr+εc−εre)
dN

where εf is the fracture strain of failed specimen, the sum of εr and εc is the maximum strain, and εre is
the total recovery strain as mentioned above. It should be noted that the ductilityεf is assumed to follow
a power law relationship with the mean actual damage per cycle εact

m during the stable stage, thus a simple
prediction equation can be obtained as:

Nf = α(εact
m )

β
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where α and β are fitting constants, which depends on material type. As shown in Fig. 14 (a), the relationship
betweenNf and εact

m under different unloading conditions can be well expressed by Eq. (11) in the double
logarithmic coordinates, whereα=14.431, β=-0.577. Comparison of predictions and experimental results by
modified approach is shown by black dots in Fig. 14 (b). It can be observed that all the accuracy of the
estimation results is vividly improved, which fall within a scatter band of ±1.5.

It can be further speculated that, if a creep-fatigue test under stress control meets the condition that
the stable stage occupies most of fatigue life, the actual damage of the stable stage obtained by strain
classification method can still estimate the cycles to failure, regardless of the changed test conditions, such
as peak stress, stress ratio, loading and unloading rate and the duration of peak or valley stress. The data
of bainite 2.25Cr1MoV steel with short-term duration of hold stress and negative stress ratio at 455 °C is
used to check the suitability of the proposed model34. The blue square points of Fig. 14 (b) presents the
comparison of predicted and experimental results, where all the predicted results fall within a scatter band
of ±1.5. Therefore, the mean actual damage can excellently reflect the essential strain accumulation process
under various stress controlled test conditions, and it can be used as a single parameter of a prediction model
with a satisfactory accuracy.
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Fig. 14 (a) Liner fitting between mean actual damage during stable stage and cycles to failure and (b)
comparison of predicted and observed cycles to failure in cyclic creep under different unloading conditions.

6. Conclusions

Uniaxial stress-controlled static creep and cyclic creep tests of bainite 2.25Cr-1Mo steel have been performed
at 455 °C. The tests are conducted under changed unloading conditions, with different unloading rates and
durations under valley stress being applied. The principal observations and conclusions of this study are as
follows:

1. Compared with static creep, a longer endurance life is observed under cyclic creep. The fracture modes
of tested specimens suffer ductile fracture under static creep and cyclic creep which involves a long-term
duration of peak stress. The ductility of specimen failed after cyclic creep is slightly lower than that
after static creep.

2. The unloading elastic modulus varies with different unloading rate. The anelastic strain during the
unloading period shows dependence on both unloading rate and valley stress duration. Based on strain
classification, the evolution of the strain (εr, εc) and the recovery strain (εe, εan

un, and εan
v ) with cyclic

life under different unloading conditions can be divided into distinct stages, which are found to enter
the stable evolution stage after the first cycle.

3. The actual damage created per cycle is systematically considered by the classified strain components
during the stable stage. By introducing the difference between maximum strain and recovery strains
as a damage parameter, a fatigue life prediction method is proposed. The model provides satisfactory
estimated results for cyclic creep loading conditions.
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