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Abstract

This second part is devoted to the study of hold time e�ects on the cyclic plastic
behaviour of a martensitic steel tested at 823K. The enhanced stress partitioning
method presented in the �rst part [1] is used to evaluate the kinematic, isotropic and
viscous parts of the cyclic stress. Both relaxation and creep hold times of various
durations were tested. The bulk Young modulus is found to vary signi�cantly during
cycling for creep-fatigue tests, which might be correlated to speci�c environmental
interaction. The viscous stress measured at the end of the hold period tends to
vanish as the hold time increases. The introduction of creep hold times enabled
to reach higher viscoplastic strains per cycle and to study a larger range of strain
rates. In all tested cases the observed softening e�ect is mainly due to the kinematic
stress decrease. Nevertheless if the kinematic stress is always found to decrease with
increasing cumulated viscoplastic strain, the initial magnitude of the creep-fatigue
kinematic stress (measured at the end of the �rst hold period) can be either higher
or lower than that of the corresponding pure-fatigue test. These e�ects of the hold
period on the kinematic stress value can be linked to the viscoplastic strain rate
(and to the nature of the hold: creep or relaxation), the corresponding dependency
presents a maximum suggesting that two competing microstructural mechanisms
controls the magnitude of the kinematic stress. The enhanced stress partitioning
method also enables to evaluate the activation volume of both the creep and fatigue
deformation mechanisms. The observed values are compared to those found in the
literature.

Key words: Work-softening, kinematic stress, stress partition, martensitic steel,
Statistical Process Control, viscosity, high temperature, 9% chromium steel, hold
time, creep, relaxation, fatigue.

Preprint submitted to Materials Science and Engineering A. 30 March 2006



1 Introduction.

As mentionned in the �rst part [1], in advanced power generation applications,
the 9-12%Cr martensitic steels will be submitted to cyclic loading includ-
ing hold periods. For pure fatigue loadings, the enhanced stress partionning
method presented in the �rst part [1] enabled to correlate the cyclic softening
e�ect to the decrease of the backstress (X). In addition to the abundant ev-
idence of softening e�ect in pure fatigue loadings at high temperatures [2�9],
this loss of mechanical resistance of martensitic steels has also been reported
at lower temperatures [3,10,11], for complex thermomechanical loadings [5,12]
and at various stress ratios (R = σmin

σmax
) [10,13,14]. Surprisingly enough, even

though numerous studies have been dedicated to creep-fatigue interactions
[14�24] or cyclic creep loadings [25,26], most of them are focussed on dam-
age accumulation procedures and lifetime predictions. Only very few studies
precisely tackle the microstructural variations occurring during creep-fatigue
tests [14,22,27,28] and their in�uence on the mechanical behaviour of 9%Cr
steels . Therefore, if the general features of creep-fatigue interactions in terms
of damage [29,30] are relatively well documented for these steels, to the au-
thors knowledge, no detailed deformation mechanism map, often drawn from
such creep-fatigue tests [31,32], exist for the 9%Cr steels family.
Moreover the creep properties of these steels were extensively studied [27,33�
39] and several semi-empirical models, based on the prediction of the mi-
crostructural coarsening [28,40�45], were developped to account for the creep
behaviour of the 9-12%Cr martensitic steels. However, until very recently
[46,47], no model based on microplasticity mechanisms, such as those iden-
ti�ed by TEM (Transmission Electron Microscopy) examination combined to
stress partition (e.g. for 316 austenitic steel [48]), was available for the descrip-
tion and prediction of their (creep-)fatigue mechanical behaviour. Therefore,
the aim of the study is to experimentally quantify the variations of the three
stress components (X, R, σv) of a 9%Cr martensitic steel submitted to non
symmetric cyclic loadings and to relate them to microstructural deformation
mechanisms. The present article thus details the study of the cyclic hysteresis
loops of creep-fatigue (noted CF) and relaxation-fatigue (noted RF) tests car-
ried either under tensile or compressive hold periods for a wide range of hold
times and cyclic strain amplitudes. Firstly, after introducing the experimen-
tal conditions, the CF tests results are presented. Such tests where the stress
is kept constant (at peak stress), whereas the fatigue cycle is under strain
control have been scarcely reported in the literature. Nevertheless, these tests
enable to reach higher viscoplastic strains per cycle than usual RF tests and
to study a wider range of viscoplastic strain rates. In a second time, the results
of the RF tests are discussed. In both cases the variations cycle by cycle of
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the isotropic (R), kinematic (X) and viscous (σv) stresses are detailed. The
last part is dedicated to the link between the microstructural TEM obser-
vations and the mechanical results. An attempt is made to propose possible
deformation micromechanisms to account for the tests results.

2 Experiments

The material and specimen are identical to these of the pure fatigue tests pre-
sented in the �rst part [1]. As previously mentionned the tests are carried out
under total strain control. Nevertheless, for the hold time periods, either the
total strain (RF test) or the stress (CF test) are held constant at peak tensile
strain. Some results with a compressive hold time are also presented. Thanks
to a numerical system, the tensile and compressive stress peaks are contin-
uously recorded. Stress-strain hysteresis loops and stress relaxation curves
during hold time were recorded and led to the schematic shown in �gure 1.

[Fig. 1 about here.]

All the tests are carried at 823K. For CF tests, the maximum stress is held
constant until a given creep strain εcreep is reached. For RF tests the hold
period is stopped at a given duration. Tables 1 and 2 present the di�erent
fatigue strain ranges and tensile holds tested in addition to the relaxed stress
measured at half life

(
Nf

2

)
for RF tests.

[Table 1 about here.]

[Table 2 about here.]

Additionally to these CF and RF tests, four sequential tests are carried out
at 823K and ∆εfat = 0.7%. During these four pure-fatigue tests a single long
relaxation (�fteen days) is applied either after the �rst loading or after the
500th cycle. All the other cycles are pure-fatigue strain controlled ones. These
tests were carried out in order to obtain additional information about the
interaction between relaxation and cycling and their respective in�uence on
the mechanical behaviour.

3 Results

In the following graphs the variations of the kinematic, isotropic and viscous
parts of the cyclic stress are not plotted in terms of number of fatigue cycle,
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but in terms of cumulated viscoplastic strain. Indeed, these plots facilitate
the comparison of the di�erent results and their interpretation in terms of the
physical mechanisms responsible for (visco)plastic deformation, and they are
very often used in fatigue and micromechanical modeling [49�51]. Additionally,
the observations of the head of the specimens [46] showed that no signi�cant
microstructural change occurred due to the e�ect of aging. Therefore, the
results were not plotted in terms of time, but in terms of cumulated viscoplastic
strain.

3.1 Cyclic creep tests.

3.1.1 Variation of the stress range (∆σ
2
)

In order to illustrate the global variation of the shapes of the CF hysteresis
loops, �gure 2 presents four hysteresis loops recorded at the 1st, 100th, 750th

and 875th cycles for a CF test carried out at a fatigue strain range ∆εfat = 1%
and a creep strain εcreep = 0.5%. As in the case of pure fatigue tests a signif-
icant softening e�ect of the steel is observed during cycling. The viscoplastic
strain range increases slightly during cycling since the tests are controlled on
total strain. This �gure also reveals that, between the 750th and the 875th cy-
cles macroscopic damage has appeared and developped since the compressive
half loop of the 875th is strongly distorted.

[Fig. 2 about here.]

In CF tests, due to the hold period, the strain interval is not symmetrical
anymore, since the total strain varies between −∆εfat

2
and

∆εfat

2
+ εcreep. This

non symmetrical loading results in the existence of a compressive mean stress
(since the hold period is in tension). Indeed since the additional viscoplastic
creep strain must be erased during the compressive half loop, the magnitude of
the peak compressive stress is larger than that of the maximum tensile stress.
Figure 2 presents variations of the measured mean stress values for a pure
fatigue and CF tests carried out at the same ∆εfat and various creep strains.
In the case of a pure fatigue test (εcreep = 0), a slightly positive mean stress
(σmean ≤ 10MPa) exists. As expected, the magnitude of the compressive mean
stress increases (up to 55MPa in some cases) as the imposed creep strain εcreep

and the cumulated viscoplastic strain εvp
cum increase for CF tests. This �gure

presents also the mean stress obtained for a compressive hold CF test, and it
turns out to be also opposite to the hold sign, even though its magnitude is
relatively lower than that of the corresponding tensile hold CF test.
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As noted in �gure 2, a signi�cant softening e�ect is also measurable under
CF loading. The main question arising is thus : "do the interactions between
fatigue and creep straining modify the softening rate or amplitude?". Figure
3.a shows that for high fatigue strain range (∆εfat = 1%) whatever the applied
creep strain, the stress range ∆σ

2
lays on the same curve when plotted in terms

of cumulated viscoplastic strain εvp
cum de�ned as :

εvp
cum(N) = 2

N∑
i=1

∆εvp(i) (1)

where ∆εvp(i) is the viscoplastic strain experienced by the sample during cycle
i.

This result may mean that there is no di�erence in the softening mechanism
between fatigue and CF loadings at high strain range. Nevertheless, when
studying the peak tensile stress, this uniqueness of the softening rates does
not hold anymore, and the higher the applied creep strain is, the stronger and
the faster the softening is. This discrepancy between tensile peak stress and
stress range variations might seem surprising. However as for the existence of
a compressive mean stress, it is linked to the fact that, in compression, the
additional εcreep must be erased during load reversal.
For lower fatigue strain ranges, even the stress range ∆σ

2
decreases faster when

a creep strain is applied, suggesting that CF and fatigue softening e�ects
may proceed from di�erent mechanisms. No trivial conclusion can be drawn
from these apparently contradictory results, and they will be discussed further
below.

[Fig. 3 about here.]

3.1.2 Variation of the isotropic stress (R)

The variations of the isotropic stress for CF tests are almost identical, what-
ever the fatigue strain range ∆εfat. Figure 4 presents those obtained for
∆εfat = 0.7%. Both the compressive and tensile isotropic stresses are plot-
ted. In tension, the isotropic stress is completely insensitive to the presence or
not of a hold period and, as in the pure fatigue case, it does not decrease (or
only very slightly) during cycling, except at the very end of the test. However
the corresponding results are biased by the presence of a macroscopic crack
in the specimen. The compressive isotropic stress appears to be continuously
lower than the pure fatigue one even though it only decreases slightly.

[Fig. 4 about here.]
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3.1.3 Variation of the kinematic stress (X)

As a general feature of �ne and ultra-�ne grained alloys (e.g. low carbon steels
[52], Copper and Aluminium alloys [53,54], or even nanocrystalline materials
[55]) the backstress is known to be a major part of the cyclic stress. In pure
fatigue tests, the �rst part of this work [1] led to the conclusion that the cyclic
softening e�ect was mainly linked to the decrease of the kinematic part of the
cyclic stress X. Figures 5 a) to f) present the variation of both the compres-
sive and tensile kinematic stresses for ∆εfat respectively equal to 1%, 0.5%
and 0.4% and various applied creep strains. In all cases, in compression, X is
higher for CF tests than for pure fatigue ones. Whereas for ∆εfat equal to 1%
and 0.5% the cyclic decrease of X in compression is comparable for fatigue and
CF tests and the amount of applied creep strain does not play a signi�cant
role (at least for εcreep ≥ 0.1%). This does not hold anymore for the lowest
fatigue strain range (see �gure 5 e), since on the one hand X decreases faster
when the applied creep strain increases. On the other hand in the pure fatigue
test, X remains almost constant during the �rst cycles which is not true for
the CF tests.
In tension, the in�uence of creep periods on the kinematic stress value de-
pends on the fatigue strain range applied. Indeed, as shown in �gure 5.b, for
∆εfat = 1%, the CF kinematic stress is always 100MPa higher than the pure
fatigue one. The applied creep strain leads thus to a strong increase of X. For
an intermediate fatigue strain range (∆εfat = 0.5%), applying a creep strain
of 0.1% increases X by approximately 50MPa, whereas higher creep strains
lead to a kinematic stress appreciably equals to that of the pure fatigue test.
Finally for the lowest tested fatigue strain range (∆εfat = 0.4%), the kine-
matic stress measured at a given εvp

cum is found to be smaller when applying a
creep period.
In addition, for ∆εfat = 0.5% and 0.4%, the kinematic stress of pure fatigue
tests presents a kind of latency phase, during which it remains almost con-
stant before decreasing. In no CF test this delayed decrease of X has been
measured since X immediately decreases after the �rst cycle. These results
suggest a complex dependency between X and the applied creep strain. Several
competing mechanisms and phenomena may thus be implied in the kinematic
stress variations. Exploratory explanations will be proposed in the discussion
below.

[Fig. 5 about here.]

The in�uence of the fatigue strain range on X in CF tests is also illustrated
in �gure 6 where the variations of the kinematic stress are plotted for a given
applied creep strain at various fatigue strain ranges. As expected the kine-
matic stress amplitude increases with the applied fatigue strain for a given
εvp
cum. Moreover it can be noticed that the higher the fatigue strain range is,
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the faster X decreases. Here again this suggests that the fatigue strain range
or an associated parameter plays a major role in the variations of the kine-
matic stress under CF loadings.

Additionally, �gures 5 and 6 show that, whatever the testing conditions, the
kinematic stress decrease can be satisfactorily described by a logarithmic re-
lationship: X = a.log(εvp

cum) + c (with a and c depending on the test) before
macroscopic damage leads to an abrupt fall of X.

[Fig. 6 about here.]

3.1.4 Variation of the viscous stress (σv)

As highlighted for pure fatigue tests, studied in the �rst part [1] of this work,
and mentionned in the literature, viscosity is one of the main mechanisms
controlling the deformation of martensitic steels, especially for temperature
above 673K [10,12,56]. This e�ect has already been taken into account in
cyclic ratchetting modeling of 9%Cr steels [57]. Figure 7 shows the variation
of the viscous stress σv for CF tests with various tensile holds and ∆εfat = 1%.
In compression the viscous stress is virtually insensitive to the addition of a
hold period in tension. On the contrary, in tension, the viscous stress, mea-
sured at the end of the hold period, is severely reduced by the application of a
creep hold. As expected, due to the decrease of the straining rate, the viscous
stress that was initially around 130MPa in pure fatigue falls down to 50 and
35MPa respectively for εcreep = 0.1% and 0.2%. For higher applied creep strain
the viscous stress is negligible. Additionally, the results obtained for smaller
fatigue strain ranges show that, as soon as εcreep = 0.1% the viscous stress can
be considered as almost null. Therefore, it appears that, when a creep strain
is applied, the viscous stress, that reached up to one third of the total pure
fatigue stress, decreases very rapidly.

[Fig. 7 about here.]

Such a decrease might have been expected since the viscous stress is linked
to the straining rate and their relationship is often expressed in the following
way :

ε̇vp = ε̇vp
0 × exp

(
−Q− V ∗σv

kT

)
(2)

ε̇vp = ε̇vp
0 × exp

(−Q

kT

)
× exp

(
V ∗σv

kT

)
(3)
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naming α the following quantity ε̇vp
0 × exp

(
−Q
kT

)
, this leads to :

ε̇vp = α× exp
(

V ∗σv

kT

)
with α ∈ IR (4)

with Q is the enthalpy, V ∗ the activation volume of the straining mechanism,
k the Boltzmann constant and T the absolute temperature. Thus, as the creep
straining rate is much smaller than that of pure fatigue, the viscous stress is
expected to decrease.

3.2 Cyclic and sequential relaxation tests.

3.2.1 Variation of the stress range (∆σ
2
)

RF tests and sequential tests were studied in the same way. Figure 8 presents
the variation of the stress range ∆σ/2 with the cumulated viscoplastic strain
for a fatigue strain amplitude ∆εfat = 0.7% and various relaxation times. It
appears that the softening e�ect is faster and starts at the �rst cycle under
RF loading contrary to pure fatigue for which the softening is a little delayed.
Nevertheless, there is no di�erence between 10 and 30 minutes of hold time
and for εvp

cum ' 10, the stress range is approximately equal to that obtained
in pure fatigue. The same variations were observed for relaxation holds of 30
and 90 minutes at ∆εfat = 0.6%.
For sequential RF tests (pure fatigue tests with one single �fteen days relax-
ation), no di�erence exists with the pure fatigue test in the variation of the
stress range, whatever the position (1st or 500th cycle) of the 15 days of relax-
ation.

[Fig. 8 about here.]

3.2.2 Variation of the isotropic stress (R)

Absolutely no in�uence of relaxation, either in cyclic or sequential tests, was
observed on the isotropic stress which is approximately the same than in pure
fatigue tests.

3.2.3 Variation of the kinematic stress (X)

[Fig. 9 about here.]
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Figure 9 presents the variation of the kinematic stress for the cyclic RF tests.
Contrary to the isotropic stress, relaxation signi�cantly lowers the value of
the kinematic stress, which is visible already at the �rst cycle. Here again
no matter the duration of the hold (no di�erence is visible between 10 and
30 minutes). The di�erence of X between RF and pure fatigue vanishes for
high cumulated viscoplastic strains. Such a decrease of the backstress during
constant-strain hold periods has already been measured in 2.25%Cr-1Mo steel
by Challenger & Vining [58] who linked it to the e�ective dislocation barrier
strength of the carbides that changes during asymmetric loadings.
For the sequential relaxation tests, when the �fteen days relaxation period oc-
curs at the end of the �rst load, no di�erence with the pure fatigue X exists,
except just after the relaxation. Indeed, the cross in �gure 9 represents the
kinematic stress measured at the end of the relaxation period. Surprinsingly
enough the obtained value is negative (−18MPa). When the relaxation period
occurs after 500 fatigue cycles, the kinematic stress is also negative (−30MPa)
just after the relaxation phase. These unexpected and rather unrealistic neg-
ative values may be interpreted in two ways. On the one hand, these values
should be considered as null, the low number of points available and the pre-
cision of the stress partitioning method (evaluated as close to ±15MPa in the
�rst article) leading to slightly negative values, whereas the �true� backstress
is negligible. On the other hand, the direct use of the Cottrell partition scheme
[59�62] should be discussed in the case of hysteresis loops with hold periods.
Indeed, the calculation of X, R and σv with the following equations :

X =
σmax

e + σmin
e

2
(5)

σv = σmax − σmax
e (6)

R =
σmax

e − σmin
e

2
(7)

is based on the assumption that σmax
e and σmin

e are respectively the tensile
and compressive yield stress and σmax ≥ σmax

e . Under pure-fatigue loadings
this hypothesis is usually veri�ed. Nevertheless, when a hold time (either a
creep or relaxation one) is applied the viscoplastic strain rates at the end of
this hold period are severely lower than during cycling. Therefore, the fact
that the stress at the end of the hold period (noted σunloading

e at point B in
�gure 10) actually corresponds to the tensile yield stress of the material may be
questioned. In order to investigate this point two additional sequential RF tests
were carried out. Here again, a �fteen days relaxation period is applied either
after the �rst loading or after the 500th cycle. However, after the relaxation
period (point B), instead of simply continuing the cyclic loading, the stress
is brought back to zero (point C) and a new pure fatigue test is carried out
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(towards point D). This procedure illustrated in �gure 10 enables to evaluate
the tensile yield stress after relaxation (noted σreloading

e ).

[Fig. 10 about here.]

The results obtained are gathered in table 3. In both cases the tensile yield
stress obtained after reloading is higher than the stress reached at the end
of the relaxation time. This leads to higher (and positive) values of both X
and R. Such a di�erence between the actual tensile yield stress and the stress
reached at the end of the relaxation may, at least partly, be explained by a
pronounced strain rate e�ect observed at high temperature on these steels. It
is illustrated in �gure 11, where monotonic tensile tests were carried at various
strain rates.

[Table 3 about here.]

[Fig. 11 about here.]

These results imply that, especially for RF tests, but also for CF tests, the
values of X and R obtained by the direct application of the Cottrell partition
scheme should be considered as underestimated due to the di�erences in strain
rate between the hold period and the cycling one. These underestimates are
up to 100MPa in RF, whereas for creep fatigue tests, where the creep rate is
generally higher (the same order of magnitude as in �gure 11), the underesti-
mate is thought to be less pronounced (≤ 50MPa).

The results of �gure 9 suggest that, even a very long relaxation does not
durably modify the microstructural origins of the kinematic stress, since ex-
cept for the �rst cycle after relaxation, the following cycles present the same
kinematic stress as if there had been no relaxation. Nonetheless, when a relax-
ation hold is applied at each cycle, the dislocations rearrangements occurring
during these hold periods tend to lower X. This particular result (also found
in [63]) clearly invalidates one of the usual methods encountered in the litera-
ture to evaluate σv [64]. In this method a relaxation test is carried out and the
viscous stress is measured as the global stress decrease, the stress at the end of
the relaxation (when the stress decrease has stopped) being the internal stress.
However the present results show that during relaxation the kinematic stress
also decreases as already noted by Feaugas [65] and measured by Sauzay [63].
Other methods based on successive short relaxation or creep phases [66�69]
evaluate the viscous stress thanks to the assumption that, during relaxation :
∆X � ∆(R+σv) [69]. The above results show that, for long hold periods this
relationship does not hold anymore, and thus, these methods must be used
carefully (very short hold times must be applied).
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3.2.4 Variation of the viscous stress (σv)

[Fig. 12 about here.]

As far as the viscous stress is concerned, the RF tests lead to its vanishment as
in the CF case. Figure 12 presents the viscous stress values for the cyclic RF
tests and the sequential ones. For cyclic hold times of 10 and 30 minutes the
viscous stress completely vanishes for ∆εfat = 0.7%. For sequential tests, when
the relaxation period is applied at the �rst cycle, the viscous stress is null just
after it, but �nally reaches almost its pure fatigue value (in fact it remains
always 20 MPa lower than it) after a given number of cycles (approximately
100). When the hold period is applied after 500th cycles, the number of cycles
needed to reach a viscous stress close to the pure fatigue one is a little shorter
(approximately 50 cycles).

4 Discussion

The above results supply a large amount of information about the e�ects of
the interactions between hold times and cyclic loadings on the mechanical be-
haviour of 9-12%Cr martensitic steels. The following part tackles the e�ect
of hold times on the e�ective Young modulus, and discusses the variations of
the three stress components (X, R, and σv) before comparing these results to
previous modelings.

4.1 Variations of the e�ective Young modulus.

The enhanced stress partitioning method enables us to evaluate an e�ective
Young modulus during cycling. In pure fatigue it appeared to slightly decrease
until an abrupt fall occurs due to macroscopic crack propagation. Surprisingly
enough, in CF tests, the e�ective Young modulus is found to be always initially
higher 170 ≤ E ≤ 180GPa than that of pure fatigue, and to often increase
during cycling as shown in �gure 13. Whereas the slight cyclic decrease of the
Young modulus might be linked to the coarsening of the subgrains as suggested
in the �rst part [1], no evident microstructural change appears responsible for
this cyclic increase in CF and lath coarsening is also observed. Such Young
modulus increases may arise from the propagation of a crack outside of the
extensometer range, however it was not the case in the results of �gure 13.
Nevertheless the observation of tested samples revealed a strong in�uence of
environment on the cracking behaviour of this steel [3,16,70�74]. The obser-
vation and the modeling of these interactions are still in progress [70,71] and
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numerous studies deal with the speci�c oxidation kinetics of 9%Cr steels [75�
80]. One of the observed features is that, for most CF tests a large number of
widely opened secondary cracks existed and were completely �lled with a thick
oxide layer, whereas in the pure fatigue cases, only very sharp and bifurcated
secondary cracks appeared. When several long cracks are �lled with oxide,
the sample reacts as a kind of lamellar composite material, and the apparent
Young modulus is a mixture of the steel and oxide moduli. As the Young
moduli of oxides are higher (between 190 and 300 GPa at 823K depending on
the nature of the oxide scale formed) than that of the steel [81] the resulting
apparent Young modulus is higher than that of the initial steel. This simple
scenario may be a partial explanation of the increasing Young modulus mea-
sured during CF tests. Finite element calculations will be carried to validate
this hypothesis in future work.

[Fig. 13 about here.]

4.2 E�ect of hold periods on the isotropic stress R.

The isotropic stress R corresponds to the stress required by a dislocation to
move locally [65], and to overcome short range barriers (precipitates, solid so-
lution,...). The previous results showed that the isotropic component R of the
tensile cyclic stress is completely insensitive to the presence or not of a hold pe-
riod in tension. Moreover a qualitative examination of the TEM observations
(see �gure 17) revealed no visible precipitates coarsening even for the longest
test duration (3 months). However, when a tensile creep-hold is applied, the
value of R in compression was found to be slightly lower than that of the
corresponding pure fatigue test. Even though R is an isotropic component, as
the loading is not symmetrical anymore when applying a hold, R has no rea-
son to be equal in tension and compression. Nevertheless it remains surprising
that R decreases in compression whereas the peak compressive stress is larger
(in absolute value) than the tensile one. This unexpected decrease could be
attributed to some recovery process or intergranular stress redistribution, but
further investigations must be carried out to con�rm this assumption.

4.3 E�ect of hold periods on the viscous stress σv.

The viscous stress σv is related to time and temperature dependent processes,
like dislocation climb or cross-slip and intergranular phenomena. It has been
found to drastically decrease when hold times are applied. As expected, the
decrease of the viscoplastic strain rate which is the driving force of viscosity,
led to the vanishing of the viscous stress.
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Moreover the result presented in �gure 7 can be used to evaluate the activation
volume of the viscous glide, using equation 4. When plotting the values of the
viscous stress at the end of the �rst loading (in order to avoid taking into ac-
count the possible e�ect of cycling) in terms of viscoplastic strain rate, one can
�t equation 4 on the data. This is done in �gure 14 for both pure fatigue and
CF loadings (for CF tests, the duration of the creep period is also indicated).
The linear regressions lead to activation volumes of about 230b3 and 26b3 for
creep and fatigue deformation, respectively. These results are in accordance
with literature since bcc materials are known to have low activation volumes
[55] strongly depending on the alloying elements, the temperature and the
strain rate [82]. A brief literature survey of activation volumes and activation
energies of some steels and iron alloys is presented in table 4, and shows that,
depending on the experimental technique used, the temperature and the ma-
terial, the activation volumes for viscous glide, even though always low, can
widely vary. In addition, the activation energies, even though always higher
than the self-di�usion energy that is about 250kJ.mol−1 can also signi�cantly
di�er.

[Table 4 about here.]

Such small values for the activation volume suggest that the corresponding
viscoplasticity is a phenomenon driven by events taking place at a scale much
smaller than the thinnest microstructural scale of these steels [83]. Indeed, the
subgrain scale and the lath thickness of modi�ed 9Cr-1Mo steel are about 0.5
to 0.8 µm [2,9].
Moreover, �gure 7 shows that the value of the viscous stress only slightly varies
during cycling which means that whatever the phenomena responsible for the
softening e�ect they do not in�uence much the viscous glide. This observation
is con�rmed by the fact that, when plotting the viscous stress values obtained
at (e.g.) the 100th and 500th cycles they reasonably fall on the �tted lines of
�gure 14 (for CF tests, all the points are situated in the shaded region). This
highlights the fact that microstructural variations due to cycling do not a�ect
viscous glide that occurs at a much �nner scale.

[Fig. 14 about here.]

In order to complete the study of the phenomena involved in the viscous stress
decrease during hold time and to evaluate more precisely their activation en-
ergy, temperatures around 823K should be explored. As reported in the �rst
article, temperature has a strong e�ect on the viscous stress magnitude since
pure fatigue tests carried out at 673K exhibited a very low viscous stress
(≤ 40MPa), even for the highest applied strain level. This rapid build up of
the viscous stress between 673K and 823K can be related to the deformation-
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mechanism maps edited by Frost and Ashby [84]. Indeed, creep deformation
and viscous phenomena at 823K can occur easily for bcc materials, whereas for
fcc materials (e.g. 316 stainless steel) they only take place for temperature ap-
proximately 100◦C higher. This observation is compatible with viscous stress
measurements carried out by Delobelle [85] and Catalao [86] who showed that
σv was almost negligible at 823K whereas at 873K it already reached approx-
imately 80MPa for a 316 austenitic steel.

4.4 E�ect of hold periods on the kinematic stress X.

Generally speaking the backstress is the directional component of the stress
which corresponds to long range interactions with dislocations. It can, for
instance, result from microstructural barriers [87] or strain incompatibilities.
The present results showed that the kinematic stress X turned out to be, both
in pure fatigue and in fatigue with hold period either in creep or relaxation,
the main stress component to carry the global cyclic softening e�ect. What-
ever the loading, X decreases cyclically as the cumulated viscoplastic strain
increases. Nonetheless, the in�uence of a hold time on the magnitude of the
kinematic stress is not commonplace. Indeed, �gures 5 a) to f) showed that,
depending the fatigue strain range, the CF kinematic stress measured at the
end of the �rst hold period can be either higher, almost equal or lower than
the pure fatigue one. Additionaly, in the case of relaxation tests, the kinematic
stress was found to be lower than the pure fatigue one for both ∆εfat = 0.6%
and 0.7% (whereas for these strain ranges, the CF tests lead to higher kine-
matic stresses). This rather complex dependency can be correlated to another
parameter linked to the strain range and to the hold time: the viscoplastic
strain rate ε̇vp. Figure 15.a presents the values of X measured at the �rst
cycle for fatigue and CF tests for various strain ranges and creep amounts
per cycle. In �gure 16 the same values are plotted in terms of the viscoplastic
strain reached at the end of the �rst hold period.

[Fig. 15 about here.]

[Fig. 16 about here.]

These plots highlight a rather complex dependency of the backstress X to the
strain and the strain rate, and the presence of a maximum of the kinematic
stress for ε̇vp ' 10−2%.s−1 suggests that at least two competing mechanisms
control the value of X. The pure fatigue tests correspond to the highest values
of ε̇vp (≥ 10−1%.s−1), and for high fatigue strain amplitudes ∆εfat = 1% and
0.7% the creep rate lies between 2.10−3 and 5.10−2%.s−1. For these relatively
high creep rates, the kinematic stress is found to be higher than the pure
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fatigue one, whereas for lower creep rates, the kinematic stress is similar to
the pure fatigue one (it can be noticed that for all CF tests, except that at
∆εfat = 0.4% and εcreep = 0.3%, the �rst hold period corresponds to primary
creep). Extremely low viscoplastic strain rates are reached in RF tests and
X is found to be as small as 45MPa. The previous remarks concerning the
underestimation of X for RF and CF tests do not modify these trends but
would simply shift X towards higher values.
CF and RF tests di�er, on the one hand, by the viscoplastic strain rate during
the hold period and, on the other hand, by the nature of the stress/strain re-
distribution between crystallographic orientations. The following exploratory
explanation could be put forward: when a creep hold is applied at high fatigue
strain range, ε̇vp is high and an increase of intergranular kinematic stress takes
place (the grains deform quickly and accommodation processes have no time
to take place). When the viscoplastic strain rate decreases, even though strain
incompatibilities may still exist, the sources of intergranular backstress can be
partly accommodated by viscoplastic or time-assisted processes. Additionally,
at these low strain rates, intragranular sources of backstress may also be more
seldom. Indeed, dislocation pile-ups at the boundaries can vanish due to climb
or cross-slip processes. These competing mechanisms highlights the di�culties
inherent to the comparison of relaxation and creep tests. Whereas relaxation
tests are often used to reach very low strain rates and extrapolate creep re-
sults [88], it appears that the various mechanisms responsible for backstresses
may in�uence it in di�erent proportions depending the type of loading. Such
a complex dependency of the backstress to strain rates may be one possible
reason for the unusual secondary increase of the creep rate observed [28,89].
In addition �gures 15.b and .c present the same plot for εvp

cum = 1 and εvp
cum = 10

respectively. As mentionned above, whatever the testing conditions, the back-
stress X is found to decrease due to cyclic loading. For εvp

cum = 1, the decrease
of X is already measurable for all tests; however, the curve still presents a
maximum for CF tests with high strain rates. For εvp

cum = 10 the previous
maximum is not visible anymore and all the X values are very low. These re-
sults show that, after cycling, the intergranular processes, evoked previously as
possibly responsible for the X increase at high creep strain rates, play a very
minor role, since no increase of X is measurable anymore. This is compatible
with the TEM observations. As evoked in the �rst part [1], these examina-
tions showed that the decrease of the kinematic stress can be related to the
microstructural coarsening [2�5,46](annihilation of numerous subboundaries
of the initial very �ne martensitic structure [9]) observed after fatigue or RF
tests. Figure 17 presents the as-received microstructure, the one observed after
a pure-fatigue test and the one resulting from a RF test. It can be noticed
that the numerous laths and subgrains of the as-received microstructure dis-
appeared after cycling and led to coarse and rather equiaxed blocks. Detailed
in [46,47], the mechanism proposed to account for this subboundaries van-
ishing is based on the annihilation of subboundary dislocations and mobile
dislocations gliding thanks to the imposed plastic strain. Generally speaking,
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boundary annihilation or recombination are often discussed for creep loadings
[89�95]. In the present case this simple microstructural mechanism was intro-
duced in a Hall-Petch formulation of the kinematic stress using very simple
homogeneization schemes (namely Sachs and Taylor ones [96�101]). This very
simple model gave encouraging results but was unable to account for the strain
rate sensitivity, the viscous behaviour, the intergranular stresses variation or
the slight decrease of the isotropic stress noticed in the present study.
Henceforth, a more elaborated self-consistent homogenization scheme [51,100,102]
is under development to better take into account intergranular phenomena,
crystalline orientation, viscosity and microstructural heterogeneities. Never-
theless, even the use of a more elaborated scale transition scheme is not suf-
�cient to account for phenomena such as the initial latency observed in pure
fatigue tests (the stress does not decrease during the �rst cycles, and even
sometimes increases). Additional mechanisms competing with the proposed
subboundaries vanishing should be taken into account. Some possibilities could
be, for example, an initial hardening due to dislocation multiplication during
the �rst cycles (numerous sources, like Scolopendra sources [103], grain bound-
aries ledges..., could be responsible for such a phenomenon). Or, as noticed
by Meyers [55], for very �ne microstructures, the �rst straining stages may
result in the formation of a hard layer (very concentrated dislocations trapped
together) around the boundaries, that may compete with the softening mech-
anism of microstructural coarsening. Additionally, for very long hold times,
the possible coarsening of precipitates should be taken into account [42,43].

[Fig. 17 about here.]

5 Conclusions

The present paper was concerned with the cyclic viscoplastic behaviour of
martensitic steels and particularly studied the in�uence of hold times either
in creep or relaxation around 823K. The hold of either stress or strain at peak
tensile stress enabled to reach large ranges of viscoplastic strains and strain
rates, and to highlight the existence of a non negligible negative mean stress
in CF tests. The enhanced partitioning method proposed in the �rst part is
used to study the variations of the kinematic, isotropic and viscous parts of
the cyclic stress. The following conclusions can be drawn from the previous
results :

(1) For high fatigue strain ranges, the stress range lies on a single �master
curve� whatever the applied creep strain, which is not true for lower
fatigue strains.

(2) The isotropic stress is found to be generally insensitive to the presence
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of a hold time.
(3) Whereas for pure fatigue loadings, the viscous stress σv supported up to

one third of the total stress (for the high strain ranges, the partition was
approximately X = R = σv = 1

3
∆σ
2
), it decreases drastically (it decreases

by up to 130MPa in 20s) when a hold either in creep or relaxation
is applied. This expected e�ect is due to the low strain rates observed
during these hold periods. Activation volumes of primary creep and fa-
tigue straining respectively close to 230b3 and 26b3 were obtained, which
con�rms the fact that viscous phenomena occur at a very small scale.
Additionally these activation volumes were found to be independent on
the microstructural changes occurring during cycling.

(4) As in the pure fatigue case, the cyclic softening e�ect is mainly carried
by the decrease of the kinematic stress X. Nevertheless a non trivial ef-
fect of the hold periods on the magnitude of X (measured at the end
of the �rst hold) was found. It turned out that, for high fatigue strains
ranges (∆εfat ≥ 0.7%), when a creep hold is applied, X is initially higher
than the corresponding pure fatigue value, whereas, for low fatigue strain
ranges (∆εfat < 0.5%) an opposite e�ect is found. This behaviour has
been correlated to the viscoplastic strain rates, and the value of the kine-
matic stress seems to be driven by two competing mechanisms. On the
one hand, the increase of the viscoplastic strain due to hold times leads
to higher intergranular backstresses (mainly for CF tests). And on the
other hand, when the viscoplastic strain rate decreases, accommodation
mechanisms (climb, cross-slip,...) may reduce both inter and intragranular
backstresses (mainly for RF tests). Therefore, the di�culty to extrapolate
creep tests by the use of relaxation tests may come from the di�erence in
the relative importance of the driving mechanisms linked to a strain rate
e�ect.

(5) Another noticeable point concerns the fact that, during relaxation holds,
both the kinematic and the viscous stresses decrease largely, which clearly
invalidates the use of pure relaxation tests in order to evaluate the viscous
stress. Additionally complementary sequential RF tests revealed that, due
to a pronounced sensitivity to strain rate of the yield stress, the kinematic
and isotropic stresses are generally underestimated by the direct use of
the Cottrell partition scheme on RF (and also, to a lesser extent CF)
hysteresis loops.

(6) Finally, widely opened cracks �lled by oxide were identi�ed as a possible
cause of the strong Young's modulus increase measured in CF tests.
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εcreep(%)

∆εfat(%) 0 0.1 0.2 0.3 0.4 0.5

0.4 4 1 0 1 0 0

0.5 3 2 1 1 0 0

0.6 4 0 0 1 0 1

0.7 3 1 1 1 1 1

1 5 2 1 1 0 1

Table 1
Number of CF tests carried at 823K for each testing condition
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hold time(min)

∆εfat(%) 10 30 90

0.6 0 86 97

0.7 99 103 0

1 0 120 0

Table 2
Relaxed stress measured at

Nf

2 of RF tests carried at 823K for each testing condition
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Relaxation position σu
e (MPa) Xu (MPa) Ru (MPa) σr

e (MPa) Xr (MPa) Rr (MPa)

1st cycle 107 -18 89 296 76.5 220

500th cycle 121 -30 151 262 40.5 222

Table 3
Comparison of the stresses obtained for the sequential RF tests either with a tensile
reloading (noted r) or without (noted u).
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Material T (K) experimental Activation Activation ref

technique Energy (kJ.mol−1) Volume (b3)

1CrMoV steel 823 relaxation 12-245 10-102 [64]
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α−iron 293 double strain - 40-250 [82]

rate change
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P91 steel 823-923 creep 350-850 - [39]

A286 steel 873-973 creep - 3.5-4 [104]

α−iron 644-866 creep indentation - 38-115 [105]

microhardness

Table 4
Some values of activation energy and activation volumes for viscous glide in 9%Cr
steels and associated materials at various temperatures.
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