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ABSTRACT

Fatigue and creep-fatigue tests were conducted in air at 823K on a modified 9Cr-1Mo martensitic steel. The usual cyclic
softening behaviour of this steel is firstly depicted and two main testing parameters (the cumulated viscoplastic strain and the
cyclic strain amplitude Asg;) are found to be relevant in the description of its evolution. The relation between the number of
cycles to failure of pure fatigue tests and the cyclic strain amplitude is then expressed. Moreover the deleterious effect of cyclic
creep strains and particularly of compressive ones is highlighted. The fatigue lifetime reduction due to hold periods is all the
more pronounced as the cyclic strain amplitude is low. Finally a series of microscopic observations points out the major
influence of oxidation phenomena on both the crack initiation and propagation. On this basis an explanation of the more
damaging effect of compressive holds is expressed in terms of damage interaction between mechanical loading and
environmental effects.

Introduction

The martensitic steels of the 9-12%Cr family are used for many various applications in the energy industry [1-3]. The modified
9Cr-1Mo steel is a candidate for several components of the generation IV nuclear reactors. Typical in-service conditions
require operating temperatures between 673 and 873 K, which means that the creep behaviour of these steels is of primary
interest. In addition, the repeated start- and stop-operations during service lead to loadings of creep-fatigue type, with very
long hold times (typically one month). As complete tests with such long hold periods cannot, of course, be conducted in
laboratory, the actual in-service mechanical behaviour must be extrapolated from the results of short term mechanical tests.
This article presents the results of such fatigue and creep-fatigue mechanical tests with a specific emphasis on the cracking
phenomena. The results of the mechanical tests are firstly presented in terms of cyclic behaviour and fatigue lifetime. Secondly
a series of microscopic observations of the surface, the fracture surface and polished cross-sections of the specimens are
presented and compared. On these basis the main damage phenomena are finally discussed in comparison to those
considered in the usual damage accumulation codes.

Material and experiments

The experiments were conducted using a T-91 steel produced by Usinor (Arcelor, France). The chemical composition is given
in Table 1. The steel sheet was austenitized at 1323K for 30 min, quenched and tempered at 1053K for 1h. At 823K the tensile
properties are Reo24 = 310MPa and Ry, = 370MPa. The as-tempered martensitic microstructure presented in figure 1 is very
fine and presents several scales [4,5]. The thinnest microstructural scale consists in subgrains with diameter close to 0.7um.
The mechanical tests were carried out in air at 823K. Low cycle fatigue (LCF) tests were conducted on MAYES ESM100
servo-mechanical machines with resistance furnace heating. The axial strain was measured by a capacitive extensometer
directly fixed on the calibrated part. The accuracy of this device is better than 0.5 ym that allows to conduct LCF tests with a
strain amplitude as small as 0.1%. The LCF tests were conducted under total strain control conditions. A symmetrical
triangular wave form signal with an axial strain rate of about 2.10% 5" was used for the cyclic part of the tests. In addition to the
pure LCF tests, a series of creep-fatigue tests was conducted, in order to study the interaction between creep and fatigue
loadings. For these hold time tests, the stress was held constant at tensile (or compressive) peak stress as depicted in figure
2.a. Thanks to a numerical system, the tensile and compressive stress peaks were recorded for all cycles. Figure 2.b presents
the evolution of these two peak stresses in addition to those of the mean stress and the stress range. As a general feature,
LCF tests with hold times induce a mean stress of sign opposite to those of the dwell period. Indeed, when the peak stress is
held constant, a creep strain is added to the cyclic strain amplitude (Ae:). This additive strain must be compensated during the
stress reversal, which induces an increased opposite peak stress. Practically speaking in the particular case of the tensile hold
time test presented in figure 2.b, an almost constant compressive mean stress (-50 MPa) exists.



Table 1 — Chemical composition of the T-91 steel under study (Arcelor).

Element C N Cr Mo Mn Si Nb A%
Wt(%) 0.088 0.043 8.776 0.915 0.354 | 0.329 0.078 0.191

Results and discussion

Mechanical behaviour :

As it can be noticed in figure 2.b, the modified 9Cr-1Mo steel softens under cyclic loading. This softening effect largely
reported in the literature [5,7,8] can be, at least partly, correlated to the microstructural coarsening and to the decrease of the
dislocation density occuring during fatigue and creep-fatigue loadings [9,14,47]. In a previous work [10], two relevant testing
parameters were identified to describe this softening effect. These are on the one hand the cumulated plastic strain and on the
other hand the strain amplitude per cycle (As;) which governs the number of activated slip systems). As shown in figure 3.3,
the higher the strain amplitude per cycle is, the stronger and the quicker the softening effect is. These two testing parameters
were taken into account in the micromechanical modelling based on a boundary annihilation mechanism proposed in [9-10]
and gave encouraging results in the prediction of the cyclic behaviour of martensitic steels.

This softening effect is also illustrated in figure 3.b where the monotonic tensile curve is compared to the cyclic stress-strain
curve obtained under pure fatigue loading and creep-fatigue loading (with a creep strain per cycle equals to 0.1% and 0.5%).
While a visible increasing difference between the monotonic and cyclic stress is observed, the addition of a creep strain at
each cycle does not seem to lower the consolidation curve obtained at Ni#/2 (where N is the number of cycles to failure). This
figure suggests that, the “saturated” states obtained for tests at different cyclic creep strains may correspond to comparable
microstructures.

Fatigue and Creep-Fatigue lifetimes :

The relation between fatigue lifetime and the total strain per cycle is plotted in figure 4.a. As the strain amplitude decreases,
the fatigue lifetime and its scatter increase. A usual analysis of the cyclic endurance is given by the Langer description :

g, =6‘O+A.]\7}g (1)

The corresponding parameters of this relation fitted with an acceptable accuracy on the pure fatigue endurance data are given
in table 2.

Table 2 - Value of the parameters of the Langer's equation

eo(%) | A B
0.31 | 107.8 | -0.67

Figure 4.a also presents the tensile hold creep-fatigue endurance data. It can be noticed that these creep-fatigue lifetimes are
strongly reduced compared to the pure fatigue ones, at a given strain amplitude. For a given cyclic strain amplitude (Ast), the
larger the added creep strain, the shorter the fatigue lifetime as noticed in figure 4.b. This tendency is all the more evident as
the strain amplitude decreases (e.g. at Ae;t =0.4% a creep strain of 0.1% reduces the fatigue lifetime up to 71%, while for Ae;
=1% the lifetime is reduced of 34%). This deleterious effect of hold periods seems to depend of course on the material but also
on the testing conditions (atmosphere, temperature,...) since, for example, in the case of a 12%Cr steel in a humid
environment the addition of a dwell time tends on the contrary to increase the fatigue lifetime [11].

Nevertheless, if the lifetimes between tensile and compressive creep-fatigue tests are compared, the compressive hold
appears more damaging since at all tested strain levels, the fatigue lifetime was shorter with respect to the corresponding
tensile hold test. This general feature which is more pronounced for low strain amplitudes is illustrated by figure 4.b. Such a
deleterious effect of compressive holds with respect to tensile holds has already been reported in several studies dedicated to
9%Cr steels [12-16]. However, for other materials (2.25%Cr [17] or 1%CrMoV [18] steels for example) the more damaging
effect of compressive hold has not been observed. Actually, as creep damage accumulation (e.g. grain boundary cavitation)
occurs under tensile hold, the opposite result (tensile hold more damaging than compressive hold) is to be expected when
usual creep-fatigue damage phenomena are considered.



Dealing with creep-fatigue interactions, three usual types of damage are considered [19] : slip-induced grain boundary
cracking, oxidation damage, creep cavitation. The following observations try to identify which kind of damage was predominant
in the present testing conditions.

Microscopic observations :

Figures 5, 6 and 7 present three observations of the sample surfaces, fracture surfaces and ground cross-sections of samples
loaded respectively in pure-fatigue (A&=0.7%), creep-fatigue with tensile hold time (Ag=0.4%, &creep=0.1%), creep-fatigue with
compressive hold time (A&=0.4%, ecreep=0.1%). In all cases the tests were conducted in air at 823K.

The observations of the fracture surfaces were made with the oxide layer etched away. Both the tensile hold creep-fatigue
specimens and the pure fatigue specimen show a low number of secondary cracks visible on the free surface, contrary to the
compressive hold case where a high density of large and wide secondary cracks is visible.

In all cases the fracture surfaces show a mainly transgranular propagation (striations were observed) of the main crack (as
also noticed in [8,20]). Under creep-fatigue loadings the early stages of propagation seem to indicate a mixed mode
propagation (trans and intergranular). The most striking difference lays again in the number of cracks. Indeed, in the case of
pure fatigue and tensile creep-fatigue, a single main crack propagated and led to fracture, whereas for the compressive creep-
fatigue test the fracture surface reveals that nine large cracks propagated and contributed to the final fracture.

No usual creep cavities were observed on cross sections, whatever the loading condition studied. As presented in figures 5
and 6, samples submitted to tensile creep-fatigue and pure fatigue loadings present highly branched and bifurcated cracks,
while in figure 7 the widely opened straight cracks of the compressive creep-fatigue sample are visible. The same branched
shape of the cracks were observed [8] under pure fatigue loading. However, for longer hold times, higher strain levels and
fatigue relaxation tests (1h at Ae=0.5%) typical crack shapes for tensile and compressive holds were found to be oppposite to
the present observations (wide and straight for tensile hold times and branched for compressive ones) [12].

Another interesting result coming from the observation of the cross-sections is related to the interaction with environment.
Under static oxidation, the usual oxide layer formed on modified 9Cr-1Mo steels under various atmospheres is duplex,
consisting of an external layer of an Fe-rich oxide (hematite or magnetite) and of an inner layer of a Cr-rich spinel [21-25]. In
the present case, all the observed cracks (initiated under fatigue and creep-fatigue loadings) present an oxide layer all along
their lips (the wide straight cracks of the compressive hold specimen being completely filled with oxide). This means that the
propagation of the cracks are influenced by the interaction with environment.

Interactions between mechanical loadings and environment :

Evidence of the influence of the environment on the crack initiation has also been found. The higher crack density observed
under creep-fatigue loadings with compressive hold is thought to be related directly to the mechanical behaviour of the oxide
layer. Indeed several studies [16,17] showed that the main part of the fatigue lifetime under vacuum was linked to the crack
initiation stage for high cycles fatigue. Additionally under compressive hold conditions, the usual duplex oxide layer observed
under static oxidation (and for the other mechanical loadings), is replaced by a multilayered morphology, as shown in figure 9.
This multilayered oxide comes from the successive cracking followed by accelerated oxidation steps, as described in the
literature [14-16,31,32]. This oxide cracking process leads to the formation of a thicker and highly damaged (figure 9) oxide
layer and promotes the initiation of cracks in the substrate (due to the stress concentration at the oxide crack tip). This process
does not occur for all loading conditions tested, which can be attested by the oxide thicknesses measured on the tested
samples. Figure 10 shows the comparison between the oxide thicknesses measured under static oxidation in air at 823K and
the thicknesses measured after various mechanical tests. The two multilayered oxide scales correspond to the largest oxide
thicknesses.

In the case of the two creep fatigue tests observed in figure 6 and 7, only the compressive hold one presents this multilayered
morphology resulting from the successive cracking of the oxide scale. To try to explain it, one must first notice that, as the
oxide scale will mainly grow during the hold period, it means that for compressive hold times this oxide layer will mainly form at
the most compressive stress. Thus during almost the whole fatigue cycle, the oxide scale will be loaded in tension as
schematically represented in figure 11. Several cracking mechanisms are discussed in the literature either on empirical or
theoretical bases [33-44]; they seem to indicate that cracking in tension occurs for lower applied strains than in compression
which may explain why the compressive hold specimen presents this multilayered oxide scale. The numerous cracks on the
compressive hold sample substrate are thus supposed to initiate on the oxide layer cracks.

Figure 10 also shows that the multilayered morphology was observed for a tension hold test, but at a higher applied strain.
Nevertheless, even though both the tensile and the compressive hold tests induce oxide cracks initiation, the number of cycles
to failure was found to be slightly lower in the compressive hold case. This might be due to the fact that for the compressive
hold sample (the oxide layer is thus mainly submitted to tension) the oxide preferentially fails by cracking through its thickness,
inducing stress concentration in the substrate. Whereas in the tension hold case (the oxide layer is thus mainly submitted to
compression), the oxide tends to spall or buckle which accelerates the apparent oxidation rate but may induce no cracking in
the substrate. Additionally, in the compressive hold case, a mean tensile stress exists (figure 2b) and may also explain the
reduced fatigue lifetime.



As far as the crack propagation is concerned, various types of mechanisms can result from the oxidation of the material,
several of which being mentioned by King and Cotterill [26] (adsorption phenomena leading to slip irreversibility, alloy
rewelding in the compression stage inhibited by the oxide layer...). In the case of 9%Cr steels, tests in both air and vacuum
conditions showed that the oxidation increases the crack propagation rate [26-29]. Nevertheless, a crack completely filled with
oxide as shown in figure 7 may stop to propagate. Additionally, when the oxide layer is not completely adherent to the
substrate, a layer of internal oxidation [30] is observed as shown in figure 8. This internal oxidation occurs preferentially along
laths boundaries where Cr-rich precipitates lay. This form of oxidation, when it take place at the crack tip (figure 8.b) and
increases the crack propagation rate.

Identification of the main damage mechanisms :

The previous observations showed that, for all the creep levels tested, no usual creep cavitation damage as been observed at
823K. Nevertheless, at higher temperatures (close to 873K), a usual creep-fatigue interaction (intergranular damage, creep
cavities, ...) was observed in several studies [5,16] and a single evidence of very small intergranular cavities is reported at
823K [12]. This may question the applicability of the various calculation methods of the cumulated creep and fatigue damage
[5,12,18,45,46] for these short creep or relaxation times at 823K.

Additionally the present observations and a lot of experimental evidences from the literature seem to indicate a strong
influence of the interactions between mechanical loading and environment. Indeed, it was shown that the propagation of the
fatigue cracks is accelerated by the oxide layer forming on the crack lips and by the damaging effect of the internal oxidation
observed. Moreover, the oxide layer cracking induced during some tests comes from the mechanical loadings. These oxide
cracks favour then the initiation of cracks in the substrate, which strongly reduces the number of cycles necessary to initiate a
macroscopic fatigue crack. Thus, the effect of environment was found to play a major role both in the initiation and propagation
stages, whereas these environmental effects are often not taken into account in usual damage accumulation codes.

Conclusions

A series of pure fatigue and creep fatigue tests was conducted in air at 823K on a modified 9Cr-1Mo martensitic steel. The
usual cyclic softening behaviour of this steel was highlighted and appeared to depend both on the cumulated applied
viscoplastic strain and on the cyclic strain range (Agt).

The number of cycles to failure was found to correctly follow the Langer description for the pure fatigue loadings. The fatigue
lifetime was found to decrease for increasing applied creep strain and compressive hold periods revealed themselves more
damaging than tensile ones. These deleterious effects are all the more pronounced as the fatigue applied strain is low.

In order to identify the main damage mechanisms occuring in these tests, extensive microscopic observations were realized.
No creep cavitation damage has been observed, whatever the testing conditions applied. On the contrary a major influence of
the oxidation was highlighted on both the initiation and the propagation of fatigue cracks. These interactions between
mechanical loadings and environment enable to explain, at least partially, the reduced fatigue lifetime associated to
compressive hold periods.

These results show that, at 823K, in air and for the creep levels tested, the two main damage mechanisms are fatigue and
oxidation, which may question the applicability of the usual damage accumulation strategies that often hardly take into account
the influence of environment and its interactions with mechanical loadings.
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Figure 1 — As-tempered microstructure observed by optical microscopy after etching by Villela’s reagent a) and by TEM b).
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Figure 2 — a) Schematic stress-strain hysteresis loop obtained for a creep fatigue test and b) evolution of the peak stresses,
the mean stress and the stress amplitude for a creep-fatigue test held in tension (A&=0.7%, hold time : 30min) .
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Figur 7 - Observations of a sample tested under creep-fatigue loading with a compressive hold time
(Ae=0.4%, €creep=0.1%) a) on the sample surface, b) on the fracture surface, c) on longitudinal cross-
section.

Grand.= 1000 KX MM EHT =20.00 kV/ WD= 4mm Signal A= QBSD SRMP

—

Figure 8 - observations of the internal oxide layer visible a) on the sample surface and b) at the crack tip,
when the oxide is not adherent to the substrate.
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Figure 10 - Thicknesses of the oxide scale measured under static oxidation (823K in air) and after
various mechanical tests.
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Figure 11 - Schematic representation of the loading cycle experienced by the oxide layer under
compressive hold creep fatigue test.



