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Electron back-scattered diffraction together with scanning and transmission electron microscopy were
used to study nucleation of microstructural fatigue cracks in reduced-activation ferritic-martensitic steel,
EUROFER 97. Cylindrical specimens were cycled over different plastic-strain ranges in order to evaluate
the evolution of the dislocation structure. Surface-damage evolution was studied in smooth notched

specimens by an optical in situ system equipped with a high-resolution camera. In order to understand

the crack-initiation mechanism, the dislocation microstructure that develops in the near-surface regions

Key V.V‘.)rds" . of the notch was compared with that of the bulk. The results demonstrate a strong influence of lath-
Ferritic-martensitic steel . . . .

LCF martensite boundaries on fatigue-crack nucleation.

Microstructure © 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Microcrack initiation, microcrack growth and coalescence and
final failure comprise damage accumulation under fatigue loading.
The microstructure and mechanical properties of the materials
strongly affect crack initiation and its subsequent propagation.
Small cracks nucleate mainly at the surface in higher plastic-strain
concentration areas. Slip bands, inclusions, grain boundaries, and
twin boundaries can produce local plastic-strain concentrations
[1]. The formation of persistent slip bands (PSBs) [2] is a well-
known small-crack initiation mechanism. In areas where PSBs
intersect the surface, extrusions and intrusions, surface relief fea-
tures, arise leading to fatigue crack nucleation [3]. Recently, Polak
and Man proposed a mechanism which explains the formation of
extrusions and especially of intrusions based on the plastic relaxa-
tion of internal compression stresses in PSBs and internal tensile
stresses in the matrix [4].

The nuclear industry uses 9-12%Cr ferritic-martensitic steels
and in particular reduced-activation, ferritic-martensitic (RAFM)
steels with 9%Cr due to their excellent thermal properties and
swelling resistance [5]. Frequently, normalized and tempered ther-
mal treatments are carried out on these steels in order to increase
toughness and ductility [6]. In the normalized condition, martens-
ite laths contain a high dislocation density [7]. When tempered, the
dislocation structure recovers and the former martensite lath
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develops into elongated subgrains, typically with an average width
of 0.25-0.5 pum. Depending on the tempering conditions, laths con-
tained within the prior-austenite grain boundaries have a rela-
tively high dislocation density (10'>-10'*m?). Additionally,
M,3Cs precipitates are observed, mainly on lath boundaries and
prior-austenite grain boundaries causing pinning effects [7,8]. It
is evident that in these kinds of steel, with a pre-established micro-
structure, the process of fatigue damage and in particular of micro-
crack initiation may not follow the steps widely reported in the
literature for other alloys. That is the development of a character-
istic dislocation structure followed by the process of strain locali-
zation and further extrusion formation.

Previous low-cycle fatigue studies on 9-12%Cr ferritic—-mar-
tensitic steels attributed the cyclic softening, which occurs over a
wide range of strains and temperatures, to the microstructural
instability of the high initial dislocation density [9-15]. Nowadays,
the softening stage in 9-12%Cr steels and especially in RAFM steels
is clearly associated with the increase of the subgrain size, regard-
less of the temperature [13]. Moreover, the softening has been at
least partially explained by annihilation of dislocations within sub-
grains [12] and by lath/sub-grain boundary elimination [16].

Although cyclic softening has been extensively studied in the
literature, evidence of a strain concentration structure or struc-
tures associated with crack nucleation is very scarce. Kruml et al.
[17] have studied the low-cycle fatigue (LCF) behavior at room
temperature of two high-chromium, 14%Cr, ferritic steels, which
are still under development for the future fusion reactor.
These steels have ultrafine grains and fine oxide dispersion
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Table 1
Chemical composition in weight percent of EUROFER 97.

C N Si Mn Ni Cr Mo w \ Ta Nb Al Ti Cu Fe

0.12 0.018 0.06 0.47 0.022 8.93 0.0015 1.07 0.2 0.14 - 0.008 0.01 0.004 Bal.
Table 2
Heat treatments of the steels: normalization/air cooling and tempering/air cooling. * 86

)
Steel Normalizati T i %
eels ormalization empering 2 & -
EUROFER 97 980°C/0.5h 760°C/1.5h 3l
o

strengthening. These authors do not discuss the formation of
extrusions and intrusions due to cyclic straining. However, they
have observed that nucleation and early growth of fatigue cracks
are enhanced by the surface relief.

This paper analyzes the effect of the initial tempered-lath
microstructure on the surface relief and crack initiation developed
during cyclic straining of a RAFM EUROFER 97 steel.

2. Experimental procedure

The material considered in this study was the reduced activa-
tion ferritic-martensitic steel EUROFER 97 with a chemical compo-
sition shown in weight percent in Table 1. Before testing, the steel
was normalized and tempered according to the schedule in Table 2
(after each heat treatment the steel was air cooled).

The steel has a tempered martensitic-lath microstructure,
Fig. 1a, composed of small, 0.5 pm average diameter, subgrains
with an appreciable dislocation density in their interiors, Fig. 1b.
M,3Cg carbides, about 60-150 nm in diameter, were distributed
preferentially along lath boundaries and prior-austenite grain
boundaries, forming rows of precipitates. Fig. 1c shows the super-
imposed Inverse Pole Figure and Image Quality maps (IPF +1Q-
map) of an EBSD-scan of the as-received material. From this figure
a statistical map of the lath and subgrain structure of the as-
received EUROFER 97 can be obtained. The micrograph shows
two contrasting structures: (i) small, highly misoriented areas
and (ii) large, slightly misoriented areas.

In order to correlate the cyclic behavior of the steel and the dis-
location structure it develops during cycling, low-cycle fatigue
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Fig. 2. Diagram of the shallow-notched specimen.
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tests were performed on solid specimens with a cylindrical gauge
section. The samples were 77 mm long and 8.8 mm in diameter.
The tests were performed in plastic-strain control using a triangu-
lar wave over a strain range of Ag,=0.2%, 0.3% and 0.6% with a
total strain rate of £ =3 x 103 s~!. Additionally, studies of micro-
crack initiation and growth during fatigue were carried out on very
shallow notched cylindrical specimens over a strain range of
Agp=0.2%, Fig. 2. The notch focuses the fatigue damage in an
observation zone, with a stress concentration factor of 1.06 at
the notch tip. The surface of the shallow notch was mechanically
and electrolytically polished to improve the observation of micro-
crack nucleation and growth. The central part of the notch was
monitored during the test using a powerful in situ optical system
consisting of a CCD camera, JAI model CM-140MCL with a 50X
objective, 1 um FD and 13 mm WD and a 12x ultra zoom. After
300 cycles the specimens were removed from the testing machine
and the shallow-notch areas examined with high-resolution scan-
ning electron microscopy (SEM-FEG). In addition, the surface was
scanned by EBSD to get crystallographic data from the tempered
structure associated with surface damage.

The dislocation structure in the bulk of the cylindrical specimen
was observed by cutting transverse disks from the gauge section
and near the surface by taking slices at different depths from the
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Fig. 1. Microstructure of EUROFER 97: (a) a general TEM view of the as-received material; (b) a detailed image of a subgrain from which the lath structure is composed; (c) IPF
[001] +1Q map showing areas with a very fine and disoriented subgrain structure (left) and other areas composed of larger subgrains with slight misorientations (right).
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Fig. 3. Cyclic deformation behavior of EUROFER 97 for different plastic-strain
ranges.

shallow-notched area parallel to the specimen axis. Thin foils were
prepared by double-jet thinning using a solution of 10% perchloric
acid and ethanol, keeping the current density and temperature at
60 mA and —15 °C, respectively. Observations of dislocation struc-
tures were performed using a Transmission Electron Microscope
(TEM) operated at 100 kV to analyze the evolution of the disloca-
tion structure.

3. Results and discussion

The cyclic behavior of EUROFER 97 at room temperature under
plastic-strain control for different strain ranges is shown in Fig. 3.
Independently of the imposed strain range, after the first few

cycles, the steel shows a cyclic softening that continues up to
failure.

Although Jones and Fernandez Paredes have demonstrated the
stability of a normalized and tempered microstructure for a 9-
12%Cr modified ferritic-martensitic steel during subsequent
annealing [18,5], the tempered lath structure is strongly unstable
under cyclic conditions. The laths are gradually replaced by the
development of a subgrain structure [9,15,19]. Minimizing their
stored energy, the original parallel high dislocation-density mar-
tensitic laths partition into an equiaxed subgrain structure of
large diameter, the exact dimensions of the subgrains depends
on the applied plastic-strain range. In the bulk of the specimen,
dislocation-free areas are frequently observed in regions near
the lath boundaries. These areas are larger at large plastic strain,
Fig. 4a and c. In particular, Fig. 4b and d details the two extreme
strain ranges of the dislocation annihilation and rearrangement
that leads to the low-angle subgrain structure. In fact, the lath
interiors are nearly free of dislocations and the subgrain walls
are well-defined. It is important to remark that dislocation stress
concentrators like pile-ups or arrangements impinging at bound-
aries are rarely observed in the bulk of the cycled specimen.
Nevertheless, observations in the near-surface regions are charac-
terized not only by low-energy stable structures, like those
observed in the bulk, but also by arrangements of dislocations
generating stress concentrations at lath boundaries, Fig. 4e and
f. Moreover, the dislocation activity within subgrains is more pro-
nounced and dislocation pile-ups of different lengths are fre-
quently observed. In fact, pile-up length depends on subgrain
size. It is interesting that the subgrain size near the surface in
the area of the notch is on average smaller than in the bulk. In
the bulk, the average subgrain diameter is about 1.1 pm, while
near the surface areas this value decreases to an average of
0.3 pm.

Fig. 4. (a) Ag, = 0.2%: the original parallel martensitic laths are partitioned into equiaxed subgrains of larger diameter; (b) detail of the cell structure; (c) general structure
developed at Ag, = 0.6%; (d) detail of the cell structure Ag, = 0.6%. Zones of high localized stresses at lath and subgrain boundaries have developed near the surface of the

notched specimen cycled at Ag, = 0.2% (e) and (f).
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Fig. 6. Surface damage of EUROFER 97 observed by SEM-EBSD maps: (a) secondary electron image; (b) IPF[001] +IQ map and (c) distribution of local misorientation along a
line crossing a rough area; (d) IQ maps showing activated slip planes and associated Schmid factors.

The in situ observations during LCF show that before completion
of 100 cycles the first deformation lines appear along lath bound-
aries oriented at about 45° with respect to the tensile axis, Fig. 5a.
After a certain number of cycles, these lines intensify and turn into
slip bands forming a rough surface, from which, finally, the micro-
cracks nucleate, Fig. 5b. These results were corroborated by high
resolution SEM observations. During cycling, microcrack nucle-
ation along lath boundaries has already been reported in another
type of 9-12%Cr ferritic-martensitic steel [20].

Fig. 6 shows the surface topography of the tempered lath-mar-
tensite structure developed during a low-cycle fatigue test at
Agp=0.2%. The observations after 300 cycles were made by: (a)
SEM-secondary electrons; (b) superimposed Inverse Pole and
Image Quality maps (IP + IQ-map) from an EBSD-scan and (c) IQ
map showing the topography, activated slip planes and Schmid
factors. The SEM image, Fig. 6a, shows the intrusions/extrusions
in the area between the dashed lines, and the nucleation of some
microcracks originating from the surface relief (marked by arrows).
Meanwhile, Fig. 6b shows the IP +1Q map of the same area. It is
clear that the surface relief (intrusions/extrusions) is formed
over a large area of slightly misoriented lath structures. The

misorientation profile is plotted in Fig 6d from a slightly rough area
of Fig. 6b. According to Fig. 6¢, the misorientation between neigh-
boring laths is about 0.8° on average and there is a pronounced
peak associated with overcoming an extrusion. Fig. 6d shows the
activated slip planes in the slighted misoriented area, correspond-
ing to {110} and {112} families with a Schmid factor higher than
0.3. At least at this scale, the areas with a definite lath and subgrain
structure do not seem to be affected by cyclic deformation.

This result is surprising when it is compared to the work of
Kruml et al. [17], who were working with 14%Cr ferritic steels.
These authors do not report the development of extrusions/intru-
sions associated with a dislocation structure for subgrain size less
than 1 pm. They explain this based on an incompatibility of the
characteristic dimensions of such structures with the subgrain size.

TEM results document the different dislocation behaviors
whether the observations are taken from the near-surface regions
of the notch, where the strain is highly concentrated, or from the
bulk of the specimen, in which case the strain is homogeneously
distributed over the whole gauge length. It is evident that the
near-surface region has been hardened preferentially due to a
smaller subgrain size. Consequently, a combination of the high
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mechanical stresses and the absence of strain constraint normal to
the surface ease the initiation of microplasticity at the surface. As
well, the existence of dislocation stress concentrations like pile-
ups speaks to the irreversibility of slip during cycling straining.
Irreversible slip is in fact much more pronounced in the near-sur-
face regions than in the bulk. According to Mughrabi [21] local
accumulation of dipole pile-ups caused by this irreversibility is
the origin of crack initiation. Additionally, Tanaka and Mura [22]
proposed a model predicting crack initiation, based on the assump-
tion that dislocation dipole effects on slip bands increase the stored
energy in a stepwise manner until a critical value is reached after a
defined number of cycles. In their work, Briickner-Foit and Huang
[23] used this relation to simulate damage accumulation by con-
tinuous crack initiation in another grade of RAFM steel. They con-
cluded that the overall process of damage accumulation is well
described by the Tanaka-Mura model.

4. Conclusions

In the ferritic-martensitic steel EUROFER 97 studied here, the
correlation between microstructural evolution and microcrack
nucleation showed that lath boundaries are favorable sites for
microcrack nucleation. This result can be understood in terms of
irreversible, cyclic strain due to the formation of pile-ups occurring
preferentially near the surface.
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