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Abstract

This study focuses on the low cycle fatigue mechanism of the quenched 9Ni martensitic steel
containing retained austenite films at martensite laths. HRTEM and EBSD suggested that
extrusions developed along Low Angle Boundaries or along High Angle Boundaries at low
and high strain respectively. Short cracks grew along LAB at low strain while they used any
kind of boundary as well as crossed the martensite laths at high strain. Retained austenite
allowed a flowing of matter along interfaces by acting as a lubricant. Consequently, the Coffin-

Manson relation exhibited a bilinearity with a change in curve slope at A& = 1%.

Keywords: crack nucleation — martensite — cyclic softening — microstructures -

extrusion/intrusions

1. Introduction

Due to the simple form of the Coffin-Manson relation, it is frequently employed by engineers
to estimate the performance of a material in terms of resistance to crack initiation by low cycle
fatigue (LCF). Indeed, the linear relation in a log-log diagram is very convenient to estimate
the fatigue life as a material is subjected to a cyclic plastic strain range [1]. Though most of

pure and engineering materials obey this relation and can be described with a simple equation,
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some exceptions may exist where two equations in a range of plastic strain are needed. The
reason for that is not related to data scattering but is connected with the microstructure which

controls the crack initiation mechanism.

Different explanations linked to the bi-linearity of the Coffin-Manson relation are based on the
way by which the mechanism of cyclic plasticity is accommodated. This is frequently observed
in LCF of base nickel alloys, from room to high temperature. The change in slope is explained
by the micro-twinning competing with dislocation slip in the nickel base alloy IN 718[2] or by
the change in the number of operating slip systems [3]. Many different ferritic matrix alloys
also exhibit the bi-linearity of the Coffin-Manson relation. In interstitial free steel [4], the
formation of fine subgrains at high strain range was caused by dislocation—dislocation, and
dislocation—precipitation interaction at low strain range. The accommodation of the
deformation by ferritic islands in weak quantity in a 12Cr martensitic steel at low strain, and by
both ferritic islands and the martensitic matrix was the reason for the observed bi-linearity.
Recently, Marinelli et al showed out the bi-linearity of the Coffin Manson curve in a
16CrMnV7-7 bainitic steel and the role of the complex microstructure of this steel [S]. They
pointed out the need to consider the different constituents (lath, block, and packet) of the
bainitic grain in the crack initiation and propagation stages to interpret the presence of the

double slope.

The present paper is concerned with a 9Ni martensitic steel, which LCF resistance curve could
not be fitted with a single equation. As bainite, martensite exhibits a hierarchical structure. The
finer martensitic structure is composed of light misoriented laths. During the martensitic
transformation, the prior austenite grains are nucleation sites for the martensite variants (sub-
blocks or laths) [6]. The groups of laths with the same variant disoriented by less than 10° are
denominated as martensitic blocks. A martensitic packet is a group of parallel blocks that

contains the laths with the same habit plane.



The 9Ni martensitic steel has also the particularity to contain an austenitic phase likely to form
at interfaces, either retained austenite or reversed austenite, depending on the heat treatment
[7-10]. This steel is widely used in the oil and gas sector due to the excellent cryogenic
properties. It is normally commercialized in a tempered condition, with a certain amount of
reversed austenite [11-13]. The conditions of the use of the components made of this material
entail inevitably thermal cyclic stresses, which are one of the several types of LCF damage. To
explain the presence of the two slopes in the Coffin Manson curve, it is necessary to
understand the mechanism of cyclic plasticity and how it affects the initiation of short cracks.
However, the number of studies on short crack initiation is more restricted when it comes to
complex microstructure such as martensite found in steels. The crack embryo or intrusion is
the very first stage of crack initiation and occurs at the surface. When dislocation glide is
responsible for cyclic deformation accommodation, the formation of intrusion is soundly
explained by Polak and Man’s concepts especially for monocrystals or rather simple
microstructure engineering materials such as austenitic stainless steels [14]. This implies first
the formation of an extrusion resulting from active localized plasticity in persistent slip band
(PSB) e.g., and then matter displacements and vacancies accumulation at the interface between
the PSB and the other dislocation structure phase such as the matrix (vein-channel dislocation
phase). Tough these dislocation structures were not encountered in a fatigued 12Cr martensitic
steel, the Polak and Man’s concept could be applied to this material by considering the lath
interface as the PSB/ matrix interface [15]. It is therefore questionable if a very small interface
modification, such as the presence of a secondary phase, can play a role in the nucleation of the

persistent slip marks and of intrusions.

The objective of the paper is to investigate the LCF behavior of a 9Ni steel in the quenched
condition. The mechanical response, stress response to strain cycling as well fatigue resistance

will be presented. Then a deep analysis of the microstructure will be carried out to explain the



specific observed behavior. This will rely on the analysis of the microstructure after fatigue by
considering the different scales from the laths to the prior austenitic grain boundaries.
Attention will be paid to the role of the retained austenite present along the martensite laths.
Especially, it will be examined if any TRIP effect governs or not the fatigue behavior of the

considered 9Ni steel.

2. Material and Experimental Procedures
The investigated material is a low carbon martensitic steel for which the main elements of the
chemical composition in weight % were provided by the supplier: 0.04 C, 8.99Ni, 0.53 Mn,

0.23 Si. The sample was austenitized at 900 °C followed by water-cooling.

To get a general idea of the microstructure, the bulk sample was mechanically polished and
finished with 1 um diamond paste, chemically etched with Nital 3% solution, and analyzed by
Light Optical Microscopy (LOM) and Scanning Electron Microscopy (SEM). Additionally,

Vickers hardness measurements were performed.

An estimation of the phases present in the steel prior and after fatigue was performed by X-ray
diffraction (XRD) with a Rigaku Smartlab Diffractometer in a 38-120° 20 range by using Cu-
ko radiation (A = 1.54056 A). The Cullity method [16] was used to calculate the austenite

content.

Transmission electron microscopy (TEM) allowed the examination of the dislocation structure
in the initial state. Thin foils were cut from the rolling direction, mechanically ground, and
thinned up to 80 um. The 3 mm thin disks were subsequently thinned by Struers Tenupol
double jet polisher using a solution of 90% acetic acid and 10% perchloric acid at 12 °C and
20.5 V of applied tension. Finally, the disks were afterward cleaned using Precision Ion Beam
Polishing (PIPS). The thin foils were analyzed by FEI Tecnai Transmission electron

microscope G2-20 twin operated at 200 kV.



Flat LCF specimens were cut according to ASTM E606 by spark erosion. The specimens with
a gauge length of 12 mm and a cross-section of 6 mm x 3 mm were prepared by mechanical
polishing and finished with a ¥4 um diamond paste. Additionally, a fine-polishing step with
Struers OP-U 0.04 um colloidal silica suspension was done to obtain a proper smooth surface
for post-deformation analysis. Interrupted LCF tests and tests up to failure were undertaken at
room temperature at several constant strain ranges (Ag; = 0.8%, 0.9%, 1%, 1.2%, and 1.6%)
using a reversal triangular waveform with a constant strain rate of 4x10~ s™! and a strain ratio

Re=-1.

The bulk specimen and its surface prior and after cyclic straining were investigated by Electron
Backscatter Diffraction (EBSD-SEM) in a Hitachi SU-5000 FEG-SEM system operated at 20
kV with an Oxford Instruments® EBSD system having a minimum angular resolution of 0.5°.
The post-processing of the data was perfomed using the EDAX/TSL OIM 7.3 software. For
each considered conditions, two EBSD acquisitions of at least an approximate area of 60 um x
40 pum in order to cover about 100 blocks and 47 packets The scan step size of 100 nm was
adopted focusing on optimization of the acquisition data according to the methods proposed by
Chen et al. and Kamaya et al. [17-19], where a small step size can collect background data
inducing errors, and higher values lead to loss of information. Grain dilation with a tolerance
angle of 15° was applied to clean up the artifacts present on the material surface [5]. To
achieve a better understanding of the relationship between crystallography character and the
susceptibility to fracture, Martensite Parent Grain Reconstruction based on the 24 Kurdjumov-
Sachs variant orientation relationship was accomplished by an algorithm developed for MTEX

analysis toolbox in MATLAB [21].

To observe the dislocation structures in a wider area, EBSD-based controlled Electron
Channeling Contrast Image (c-ECCI) was carried out in the same microscope. The two-beam

diffraction condition for a well-oriented crystal was obtained with the aid of the TOCA



software using the c-ECCI methodology developed by Zaefferer and Elhami [20].
Microstructural evolution at different life fractions was accomplished by the SEM-EBSD

technique.

To complete the analysis, cross-sectional lamellas were extracted by the Focused-ion beam
technique (FIB). Selected zones with pairs of extrusions-intrusions were chosen based on the
EBSD scans. High-resolution transmission electron microscopy (HRTEM) in a FEI TITAN
Themis 300 microscope allowed the observations of the deformed sample structure and the

PSM's location.

3. Results and Discussion

3.1 Microstructure characterization before deformation
The 9Ni steel with the adopted processing route exhibits a martensitic structure as shown in

Figure 1a.

Figure 1 — Light optical micrograph (a) and IPF image (b) of the 9Ni steel austenitized at

900°C and water quenched

By using the mean linear intercept method of ASTM E112 standard, the martensitic

microstructure was characterized with an average grain size is 14 um (standard deviation of



6.55 um), a packet size of 5 um, and a block size of 3 um. The material presented a Vickers

Hardness of 362 HV10.

At this scale, the substructure in terms of blocks and packets inside the primary austenitic grain
boundaries is evidenced. Moreover, the EBSD IPF map shows that the material does not have a
preferential texture (Figure 1b). However, for the considered acquisition parameters, the
expected austenitic phase was not revealed by this technique even though some individual
pixels were assigned as the austenite. Yet, the volume fraction has been estimated in an amount

of 8% from the XRD diffractogram and by using the Cullity relation.

TEM in the imaging mode and in the Selected Area Diffraction (SAED) mode was successful
to unambiguously image the retained austenite. This has been found in the form of very thin
films, as reported in the literature [22,23] but in sufficient amount to provide enough intense
diffraction spot. By selecting the right diffraction spot (Figure 2b), the dark-field images

highlighted the austenite along the lath boundaries (Figure 2a).

Figure 2 — a) Dark field image obtained by the selected 220 spot of FCC austenite, b) Selected

area electron diffraction (SAED) pattern obtained from the same bright field image in 2a. c) c-

ECCI image showing a lath interface with a probable austenite film highlighted by the arrows.



By analogy, considering the different contrast and morphology at the boundaries, it is
reasonable to assign the narrow trims between the martensite laths as austenitic films as the
arrows point in the corresponding c-ECCI image of Figure 2c. TEM and c-ECCI showed that
the martensite laths have a width of several hundreds of nanometers fulfilled by a high density

of dislocations (Figure 3).

fatigue

At a more mesoscopic scale, the EBSD-LSM (Line Segment Method) presents the spatial
distribution of the boundary traces associated with a specific misorientation. High Angle
Boundaries (HAB) corresponds to 15° misorientation between the measured points; usually,
they are equivalent to the grain boundaries highlighted by LOM. Although this is not the case
of the martensite, where those misorientations can also correspond to packets or sometimes
blocks, a parent grain reconstruction is necessary to differentiate the martensitic structure
based on the variant orientation; this topic will be further discussed. In LSM maps, the Low
Angle Boundaries (LAB) comprised between 1-15° can be correlated to laths, subgrains, or
dislocations structures. The LAB were subdivided into groups of misorientations between 1-5°,
corresponding to dislocation tangles, and misorientations between 5-15° were classified as
microstructural substructures such as subgrains or dislocation cells.

Figure 4 superposes the image quality map (IQ map) and the LSM map of the 9Ni steel prior to



deformation. It already shows that such an initial complex structure exhibits intrinsic

substructures. Such arrangements can be assigned to laths and blocks interfaces and even

dislocations cells if they have formed.

Load Axis
>
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Figure 4 — Image Quality + LSM EBSD maps for the water quenched 9Ni steel at the initial

state. High Angle Boundaries (HAB): black lines; Low Angles Boundaries (LAB) yellow and

red lines

3.2 Cyclic stress-strain response and fatigue resistance
The curves of cyclic accommodation for the tests performed at the different total strain ranges
are displayed in Figure 5. The graphs represent the evolution of the stress amplitude versus

the number of cycles (Fig. 5a) as well as a function of the fraction of fatigue life (Fig. 5b).
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Figure 5 — Evolution of the stress amplitude versus (a) the number of cycles and (b) the fatigue

life fraction for the different total strain tests



All curves indicate that the response of the material consists of an initial cyclic hardening
followed by a cyclic softening and then nearly quasi stabilization of the stress. The hardening
period is shorter as the total applied strain increases and represents a very small part of the
fatigue life (less than 2 %). By contrast, the softening period is more pronounced when the

applied deformation is greater.

The cyclic stress-strain curve obtained from the quasi stabilized hysteresis loop is shown in
Figure 6, together with the curve obtained from the peak stress of cyclic accommodation and
the monotonic hardening curve. In the stabilized part of the cycling, the stress softening is
more pronounced at higher strain levels. It can be seen that the initial hardening is very
moderate in comparison with the cyclic softening. This suggests that the application of external
stress allowed releasing the numerous entangled dislocations in the martensite laths as soon as
the material is under cycling. High strain loading results in high stress and in a higher amount
of unlocked dislocations, which can glide and recover the laths leading to pronounced
softening. A dislocation rearrangement leading to a more stable configuration is also expected,

which needs to be shown.
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Figure 6 — Cyclic and monotonic stress-strain curves

The plot of the different components of the strain range versus the number of cycles to failure

is shown in Figure 7. The plastic strain range was measured on the loop recorded at mid-life

10



by the wideness of the loop at zero stress. The elastic strain range was measured by the

difference between the total strain range and the plastic strain range.

Total, plastic and elastic strain range (%)

100 1000 10*

Number of cycles to failure (N')

Figure 7 — Manson-Coffin diagram showing a change in slope at Ag, =0.2% (A& =1%)

Under all of the experimental strain ranges, the elastic strain range was nearly constant and the
associated line (the Basquin curve) stays above the plastic strain range data. This is
encountered for some martensitic steels [24]. However, fitting the plastic strain range data
according to the number of cycles to failure with a single line (the Manson-Coffin curve) was
not possible. Indeed, a bilinear behavior of the quenched microstructure with a transition state

at Ag, =0.2% (Ag. =1%) is observed.

To provide an explanation of this change in slope of the fatigue resistance curve, it was
decided to investigate the microstructure after fatigue at low and high strain tests (Ag; = 0.9%
and 1.2%). The evolution of the microstructure and of the damage was also considered at three

stages of cycling: at the peak stress in the cyclic accommodation curve (Gmax), 5%, and 50% of

the fatigue life

11



3.3 Metallurgical investigation of the relief developed during low cycle fatigue tests
33.1 A&=09%

Figure 8 shows the evolution of the same zone of the external surface analyzed by c-ECCI for
several stages of the fatigue life. This zone was not imaged before cycling because it could not

be predicted if it would have been activated later on.

load axis

Figure 8 — c-ECCI images showing the dislocations and the topography of the water quenched

ON:i steel at (a) the cyclic hardening peak, (b) 5% and (c) 50 % of the fatigue life (A& = 0.9%)

For the test performed at Ag; = 0.9%, at Omax (A€, = 0.16), the slip steps are already present but
not abundant and not easily seen either, as can be observed in Figure 8a. A small surface relief
was identified in few zones but they were sometimes related to the martensitic structure, not
the slip steps. The slip steps confirmed the ability of the quenched steel to accommodate the
plastic deformation and they are the first evidence of the rising of an incipient extrusion. The
latter is indeed easily developed as can be seen in Figure 8b after 5 % of the fatigue life (Ag, =
0.19). With the increased number of cycles, the former extrusions grew and new ones formed.

As well, intrusions in the vicinity of the extrusion are visible (Figure 8c). Extrusion and

12



intrusion both presented difficulty to determine their exact location, interface ( lath boundary,

block boundary... ) or inside a martensite lath.

Figure 9 gives a closer observation at the vicinity of an extrusion at 50% of fatigue life (A€, =
0.22) by means of the c-ECCI technique. By considering the evolution of the microstructure at
different fatigue lives, it was globally observed that the dislocations had a tendency to be swept
and to concentrate towards the deformed zones (extrusions-intrusions), creating new very
small cells and subgrains, cleaning the interior of these structures. Moreover, a very thin

fragmented wall dislocation arrangement was also evidenced

load axis

Figure 9 — Planar dislocation structure localized within the laths next to the persistent slip

marks at 50% of the fatigue life for the test at Ag= 0.9%

Since the slip activity appears concentrated near the extrusion, LSM maps were considered to
check if dislocation arrangements and restructuration near the extrusions have occurred
(Figure 10). But as well, no difference was visible between the various regions scanned after
the fraction lives. Some zones pointed by blue arrows show changing of disorientation levels,
passing from 1-5° to 5-15°, and some evolving to 15° of misorientation, all comprised inside

a probable prior grain.

13



Since metallurgical interfaces such as grain boundaries or twin boundaries can result in strain
incompatibility, they are a potential site for crack initiation. But, this question arises more
intensively since martensitic steel contains a lot of different interfaces The description of the
martensitic structure only with the elements of the hierarchical feature is not sufficient and
must include the determination of the orientation relation of blocks and laths with the parent
austenite. According to recent studies in dual-phase ferritic-martensitic steels, the prior
austenite grains boundaries were identified as crack nucleation sites [25]. On the other hand,

it has been also reported that the martensite properties are presumably linked to the block size

and their misorientation [26].

« Load Axis
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Figure 10 — EBSD grain boundary maps and misorientation partition for the 9Ni steel at A& =
0.9%. The darker zones indicate the regions with the presence of extrusions. Blue arrows

indicate the changing of misorientation level.
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The major drawback regarding the preliminary EBSD results is that IPF maps nor LSM maps
can make a good distinction of the different martensitic units, especially in the case of
austenite parent grain. To resolve this issue, a parent austenitic grain reconstruction turns out to
be essential, differentiating the several martensitic features such as packets, blocks, and grain
boundaries, allowing the correlation with mechanical properties and fatigue response. As the
orientations relationships (OR) such as Greninger-Troiano, Nishiyama- Wassermann, and
Kurdjumov-Sachs are approximations and differ from each other by a small degree [27], the 24
Kurdjumov-Sachs variant orientation relationship was adopted for the martensite parent grain
reconstruction in this study. The martensitic transformation involves a restricted set of 24
possible Kurdjumov-Sachs variants, in which the same closed packet plane in austenite is
parallel to the transformed martensitic closed packet plane: {111}y//{110}a, as well as the
directions: [110]y //[111]a, where a small deviation from 1.5 to 3° is inherent to metallurgical
inhomogeneities related to the martensitic transformation. In this experiment, the average
angular deviation-error obtained from the reconstruction ranged between 2° to 4°, showing as
an acceptable fit. The grain reconstruction allowed the differentiation of the variants,
denominated as sub-blocks or laths, by means of different shades. A packet contains a small
gradient of a specific color comprising a set of three parallel blocks, each of them with a very
slight color change. The gradient bar present in Figure 11 will clarify this concept. Figure
11exhibits the martensite parent grain reconstruction based on the Kurdjumov-Sachs
orientation relationship for the deformed zone, the parent grain is delimited by the dark line, an
equivalent IPF map was also added to contrast the results. The two scanned zones by EBSD
containing extrusions were reconstructed to get a general idea of the behavior of the material.
It was observed that the extrusion development is restricted exclusively to the structures which
have nearly the same orientation (lath/lath and lath/block) belonging to the martensitic grain,

those less disoriented structures are indicated as a singular color in the reconstructed image,
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representing the laths and blocks. With the support of the c-ECCI findings, the conclusion is
that the dislocations are limited to move only across the LAB corresponding to block and laths

interfaces. In this case, the strain is accommodated within such martensite units.

i"‘ ..\. *.
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Figure 11 — (a) Martensite parent grain reconstruction based on the Kurdjumov-Sachs

orientation relation for the 9Ni steel deformed at A& 0.9%. (b) Corresponding IPF map.

The white dashed lines indicate the extrusions.

332 Ae=12%

For the test performed at Ag = 1.2% and after the number of cycles where the peak stress
value was obtained (Omax stage-Ag, = 0.31), few extrusions have already developed at the
surface (Figure 12a). With further cycling, the first formed extrusions grew and additional new
other ones emerged (Figures 12b and 12b). During the softening stage (A€, = 0.36), arrays of
dislocations were found next to extrusion at the selected crystallographic plane, cell
configuration was also observed (Figure 13). These arrays of dislocations could be very thin
highly dense dislocation walls (HDDW) as already identified in TWIP steels, CrMn steels,

Fe3Si, and austenitic stainless steels. The HDDW's can impede the dislocation glide [28-35].

16



load axis

Figure 12 — ¢c-ECCI images showing the dislocations and the topography of the water quenched

9Ni steel at (a) the cyclic hardening peak, (b) 5% and (c) 50 % of the fatigue life (A& =1.2%)

HDDW is a terminology adopted for fine linear structures originated from coplanar slip
oriented in most favorable slip directions. It was also observed in our material that the zones
previously fulfilled by dislocations were replaced by more organized structures such as cells

and subgrains, those dislocations arrangement restricts the mean dislocation free path.

load axis

Figure 13 - Highly dense dislocation walls (HDDW) aligned to a persistent slip mark which

crosses a block boundary. One intrusion in the process of forming at the interface (A& = 1.2%).

17



LSM maps (Figure 14) indicate that strain is mostly related to the evolution of the LAB. It was
remarked an increase in 1°-type LAB, as well as their evolution into 5° of misorientation,
while no change in terms of HAB was observed. Some preexisting HAB were however sites

for extrusion development.

Figure 14 — Image Quality + LSM EBSD maps for the 9Ni steel at Ag; = 1.2%. The darker

zones indicate the regions with the presence of extrusions. Blue arrows point to the new LAB.

Martensite parent grain reconstruction based on the Kurdjumov-Sachs orientation relationship
(Figurel5) indicates that, differently from the lower level of applied deformation, the
extrusions develop more frequently at HAB, crossing all types of LAB and low angle
misoriented structures. The main extrusions are present in HAB (comprising packets and
PAGB). As the cycling continues, the extrusions may coalesce or even propagate trespassing
all kinds of interfaces present in the material. Those findings indicate that at high levels of

deformation, the boundaries could not hinder the development of the extrusions anymore.

18



Those observations of the crack formation and their relation to the level of disorientation in
microstructure were also noticed in macro tensile tests of lath martensite [36]. At small strains,
the deformation due to crystallographic slip parallel to lath boundaries prevails, although, at
high strains, the deformation is governed by crystallographic slip at HAB. A certain amount of
energy must be provided to trigger the movement of dislocations in a long-distance range. At
very small strains, the slip activity tends to concentrate within the laths, however, at higher
strains, the dislocations are able to surpass the LAB but then they tend to pile up at the HAB,

raising the stress levels at those zones.
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Figure 15 — (a) Martensite parent grain reconstruction based on the Kurdjumov-Sachs
orientation relation for the 9Ni steel deformed at Ag; = 1.2%. (b) Corresponding IPF map.

The white dashed lines indicate the extrusions.

34 Accurate determination of extrusion/intrusion location
A typical SEM image of the surface relief formed by fatigue is displayed in Figure 16 for a test
performed up to failure at Ag; = 1.2%. The picture has been taken far from the main crack.

Isolated extrusions with significant extruded mass are clearly identified and coalescence of

19



intrusions (microcracks) is also noticed. A similar pattern of extrusions/intrusions was also
observed for low strain tests except that the extrusions were much less numerous and much
less developed. The precise determination of the extrusion and intrusion in regards to the
microstructure is very difficult from direct observation of the specimen surface. Besides the
question of resolution, the extrusion has its own thickness and shape. As pointed out by Polak
[37], even by using atomic force microscopy (AFM), the inclination of the extrusion or its

curved aspect can screen the material below.

Figure 16 — SEM image of typical persistent slip marks found at the end of fatigue life
(A& =1.2%)

To have a real view of the shape of the extrusion and its exact location, TEM observation was
performed on FIB lamellae extracted from identified extrusions. Cross-sectional cuts were
performed on the specimen surface, the lamellae were parallel to the load axis. The sample
fatigued at Ag; = 1.2% was chosen for this investigation because it presented more prominent

and numerous sets of PSMs at several stages of fatigue life.

At 5% of life, single extrusions were already voluminous and evident (Figure 17a). The surface
was composed predominantly of extrusions, no developed intrusion was found beside a timid

formation next to extrusion. It can be seen that the extrusion is located at the border of a lath

20



interface while the intrusion is in the middle of the lath. Finally, on the sample taken at the end
of life, short cracks stemming from the intrusion were identified and a transition in the
behavior from an intrusion to a short crack is evident (Figure 17b). The central intrusion
present in Figure 17b starts in the middle of the lath changing its path towards the HAB

boundary, where it will finally meet the requirements to grow and propagate.

Figure 17 — HRTEM images of thin lamellas showing accurately the sites of extrusions and

intrusions at (a) 5% and (b) 50% of the fatigue life of the test performed at Ag=1.2%

Those visualizations corroborate with the statement done by Pélak and Man [14] that the pair
of extrusions-intrusions are the precursors of a crack. But the main difference between the
present observation with those on copper, austenitic stainless steels, or even with 12Cr

martensitic steel is that the intrusion is not located exactly at the interface.

The TEM images did not show any specific dislocation structure such as PSB that would
express cyclic strain localization inside a martensitic lath. Nevertheless, the volume of the
extrusion suggests a high activity of plastic deformation, which is confirmed by the very small
dislocation cells inside the lath. Note that the retained austenite could not be seen as a
detrimental effect of the FIB lamellae preparation which tends to transform it due to the high
amount of energy applied during the machining. It turns out that the lath/lath interface plays a

major role in the cyclic accommodation of the deformation.
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3.5 Mechanism of cyclic plasticity and of cracking of the quenched 9Ni steel

As mentioned in the introduction, the bilinear Coffin-Manson behavior is finally observed in a
lot of situations. The origin is however different and depends on the microstructure of the
material which governs the homogeneity of plastic deformation partition and the process of
short crack initiation. The retained austenite sandwiched between martensite laths is suspected
to take part in the accommodation of the cyclic plasticity but not as this occurs in TRIP steels
where the austenite transforms into o’ martensite. XRD analysis performed after the LCF test
in this study indicated a small decrease in the austenite content, from 8% to 5%, meaning that
the retained austenite is quite stable upon cycling. Therefore no TRIP effect has to be
considered here. The role of the retained austenite in the present quenched 9Ni is likely to
allow the matter to flow along the interface and to act as an interlath lubricant for boundary
sliding. Such a mechanism of boundary sliding has been suggested by Du et al on water
quenched martensite deformed by micro tensile test who indicated a prevalent boundary

sliding mechanism unlike crystallographic slip [38].

For the quenched 9Ni steel considered in this study, the bilinear Coffin-Manson is related to
the interactions of moving dislocations and their interactions with LAB interfaces, the latter

being coated by the lubricant retained austenite.

At lower strains, the entangled dislocations produced during the quench become released and
move inside the martensite laths with difficulty and for a short distance. As a result, they meet
the first LAB (lath/lath and lath/block) which acting as a structural barrier do not allow the
overcoming. Instead of establishing a pile-up of dislocations that would have generated
increasing stress at the interface, a localized displacement of matter along the martensitic lath
is possible thanks to the presence of retained austenite which acts as a lubricant. A highly
localized plastic slip occurs in the zone giving rise to an extrusion along the LAB interface,
and then the nucleation of the intrusion inside the lath.
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However, at high strain levels, the moving dislocations in the martensite laths also encounter
the LAB interface but being under higher stress can overcome this barrier. They do not stop
and the matter displacement along the LAB interface does not occur. Instead, these
dislocations pass over these LAB barriers until they reach the HAB interface. Now, as for low
strain loading, the matter will flow along the interface aided by the presence of the lubricant
film of austenite. An extrusion forms along the HAB boundary while an intrusion nucleates

later on inside a martensite lath next to this HAG interface.

Though crack embryos do not nucleate along a LAB or HAB interface but inside a lath, their
evolution into short crack occurs the nature of interface where the extrusion formed previously.
In that sense, our results go in the same direction as those reported by Zhang et al [39] and
Marinelli et al [5] who correlated the microstructure stability and boundaries compatibility to

the crack initiation mode.

Figure 18 summarizes the process of extrusions/intrusions nucleation and growth during the

fatigue life of the quenched 9Ni steel loading according to the strain level.

LOW STRAIN

_Btrusion
! » —
/ Al -

HIGH STRAIN

Retained {: . .
Austenite |2 . .

Figure 18 — Representation of extrusions and intrusions nucleation sites for the quenched 9Ni

steel during fatigue at low and high strain
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4. Conclusion
The low cycle fatigue behavior of a quenched 9Ni steel has been investigated with special

attention on the mechanism of cyclic plasticity and crack initiation.

The mains results are as follows:

- The microstructure of the material comprises a martensitic matrix with nanofilms of retained
austenite in a volumic fraction of 8%

- The cyclic accommodation consists of a short primary hardening followed by softening

- The Manson-Coffin relation exhibits a bilinearity and the change in the curve slope is at Ag =
1%

- HRTM images proved that extrusions develop along interfaces; intrusion nucleates beside in
the middle of the lath and then deviates towards the high angle boundaries (HAB)

- Nanofilms of austenite allows the flowing of matter along interfaces by a lubrication effect

- At low strain ranges, low angle boundaries LAB (laths and blocks) act as a microstructural
barrier to dislocation displacement and extrusion forms at their interfaces by a boundary
sliding mechanism aided by interfacial austenitic films

- At high strain ranges LAB barriers can be overcome by moving dislocations which however
meet another type of barrier, the high angle boundaries HAB (packets and prior grain
boundaries) along which plasticity occurs also by a boundary sliding mechanism aided by
interfacial austenitic films

- Short cracks grow along LAB at low strain while they use any kind of boundary as well as

cross the martensite lath at high strain
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