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Abstract

The effect of deformation induced martensite on the HCF and VHCF properties of austenitic stainless steel sheets in different
conditions was studied. In the undeformed condition true VHCF fatigue limit exists even though microplasticity (slip markings)
could already be found at a stress amplitude of less than a third of the VHCF fatigue limit and global plastic behavior at less than
a half of the VHCF fatigue limit. Fatigue tests with monotonically predeformed specimens in one direction containing different
martensite volume fractions showed that the martensite content enhances the HCF and VHCF properties and the fatigue limit
remains independent of the cycle number up to 27 vol-%. At 54 vol-% martensite the more brittle behavior and the high notch
sensitivity of the martensite phase becomes predominant. This leads to crack initiation at inclusions and a fatigue limit decreasing
with the number of cycles in the VHCF regime. By comparing these tests with the behavior of specimens that were
monotonically predeformed in two directions, it could be concluded that the VHCF properties are not determined predominantly
by the dislocation density, direction of predeformation or amount of predeformation, but by the martensite content, notch
sensitivity and the purity of the material. The results lead to the recommendation that automotive stainless steel structures
undergoing cyclic loads beyond 2-10° cycles should not exceed a deformation-induced martensite content of 27 vol-%.

(© 2010 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.

Keywords: Very High Cycle Fatigue; austenitic stainless steel; deformation-induced martensite; fatigue limit; damage mechanism;
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1. Introduction

Due to their beneficial combination of strength and ductility, metastable austenitic stainless steels are widespread
for the use in sheet metal forming processes. Plastic deformation during forming can lead to a deformation-induced
transformation from the fcc austenite phase to the hcp € martensite or bec o’ martensite phase [1]. The study
presented is concerned with the question, which damage mechanisms are relevant for the HCF (High Cycle Fatigue)
and VHCF (Very High Cycle Fatigue) behavior of metastable austenitic stainless steel in the austenitic
(undeformed) and austenitic-martensitic (monotonically predeformed) condition. The results are to be used to
optimize the HCF and VHCEF properties of an automotive part made of austenitic stainless steel sheet by adjusting
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the o’ martensite content. The automotive part which this study relates to, is the cross bar of a trailer coupling and is
formed by a two-step forming process, with the loading directions of the two process steps beeing perpendicular to
each other. More details concerning the process can be found in [2]. To characterize the influence of a two-step
predeformation on the fatigue properties of austenitic stainless steels, some fatigue specimens were monotonically
predeformed in one and some in two directions, both resulting in identical contents of martensite after
predeformation.

Martensite can be transformed by a monotonic predeformation as well as under cyclic loading. The rate of
transformation strongly depends on the amount of deformation and the temperature of the specimen (Fig. 1). The
effect of deformation-induced martensite formation on the VHCF properties is not known so far.
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Fig. 1. Martensite formation and stress strain curves at different temperatures (strain rate: 0.5%/s)

Some authors have found that a martensitic phase transformation prior to the fatigue testing is beneficial to the
LCF [1] and HCF [3,4] properties of austenitic stainless steel. This effect is mainly attributed to the higher strength
of the martensite phase.

In the literature, the VHCF behavior of metallic materials is often classified in type I materials (ductile, without
intrinsic defects) and type II materials (materials with intrinsic defects) [5]. Surface roughening caused by local
plastic deformation in favorably oriented grains is seen as the predominant damage mechanism in VHCF regime for
type I materials (e.g. copper, nickel). Slip markings on the surface can lead to the formation of microcracks [6, 7]
that need not necessarily result in crack growth, however. In contrast, type II materials often show local plastic
deformation at inclusions that can lead to crack initiation due to debonding of the inclusion-matrix interface or
breaking of the non-metallic inclusion. This damage mechanism often leads to the fish-eye fracture surface and was
studied by numerous authors for a number of high strength steels, e.g. [8-11]. For both types of materials a
decreasing fatigue limit in the VHCF regime can occur [12].

The VHCEF behavior of metastable austenitic stainless steel has rarely been investigated yet. Carstensen et al. [13]
showed for tubes made of the stable austenitic stainless steel AISI904L that specimens fail beyond 10* cycles and
the fatigue limit decreases in the VHCF regime. Crack initiation was found only at the outer surface of the tubes
without any influence of internal defects. Takahashi and Ogawa [14] found for pre-deformed stable SUS316NG
specimens fatigue failure beyond 107 cycles. They observed internal crack initiation only in one case without any
influence of inclusions. In both papers [13,14] no microstructural reasons for crack initiation were discussed. Chai
[15] assumed for an austenitic-martensitic stainless steel, where the martensite was thermally induced, that strain
localization in the softer phase or at phase or grain boundaries can lead to a subsurface crack initiation without any
influence of inclusions.

The material surveyed in this study is very ductile, in the partially martensitic (predeformed) condition it can
exhibit high flow stresses (Fig. 1). Although austenitic stainless steel is known to be of high purity, it can contain
numerous types of inclusions [16], which may influence the VHCF behavior.
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2. Experimental Details

For all experiments solution annealed metastable austenitic stainless steel sheet (AISI304) with a thickness of
2mm (before predeformation) and a grain size (mean linear intercept) of 25 um was used. The chemical
composition is given in table 1. For the one-step predeformation a servohydraulic testing machine with a liquid
nitrogen-cooled chamber was used. Specimens were strained up to a true plastic strain of @,=0.14 at starting
temperatures of -20°C and -70°C resulting in o’ martensite contents of 27 vol-% and 54 vol-%, respectively. The
two-step predeformed specimens were deformed at an electromechanical testing machine. First the sheets were
strained in one direction, than tensile test specimens were cut out of the sheet perpendicular to the first loading
direction (Fig. 2) and strained again. In both cases (one- and two-step deformation) fatigue specimens were cut out
of the strained sheets. An overview of he five tested predeformation states, the true strains in x- and y-direction and
the related flow stresses can be found in table 2. It can be seen that the flow stresses differ very much depending on
the predeformation state. Before fatigue testing, all specimens were mechanically and subsequently electro-
chemically polished. For the fatigue experiments two testing systems were used: a resonance pulsation system
(Rumul Testronic) operating at ~90 Hz and an ultrasonic test system (BOKU, Vienna) working at a frequency of
~20 kHz. All fatigue experiments were executed in a fully reversed mode under load control. The specimens’
geometries used for the two testing systems can be found in Fig. 3. Because of the low thermal conductivity of
AISI304 and the relatively high plastic strain amplitudes even in VHCF tests the specimens showed strong self
heating and in order to exclude this effect they were actively cooled with compressed air. Temperature was
measured at three points Ty, T, and Ts (Fig. 3) with an infrared camera (Flir A-20) or type-K thermocouples. A
value for the change in temperature AT while fatigue testing was calculated using the equation

AT =T;-0.5(T, + T3) (1)

It was shown by numerous authors that AT correlates directly to the plastic strain amplitude [17, 18], because the
plastic work is mainly dissipated as heat. AT will be used here instead of the plastic strain amplitude to illustrate
cyclic softening and hardening effects in AT-N-curves. For some specimens strain was measured by strain gauges as
well.

The o’ martensite volume fraction was measured by means of a magneto-inductive testing device (Fischer
feritscope). X-ray phase analysis showed that the magneto-inductive measurements need to be corrected because the
device was originally calibrated to measure the ferrite and not the martensite content. Therefore all martensite
fraction values in this study are the feritscope readings corrected with the factor 1.58 to get the true martensite
fraction.
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Fig. 2. Two-step deformation of specimens Fig. 3. Specimens’ geometries for (a) resonance pulsating system; (b)
ultrasonic fatigue system
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Table 1. Chemical composition in mass-% Table 2. True strains in x- and y-direction (¢ @,) and flow stresses of the

specimens in different testing conditions

flow stress
martensite P« [ON [MPa]
C Cu Cr Mo Ni Mn N not predeformed 0 vol-% 0 - 284
0.024 0.14 183 0.04 811 143 0.067 one-step predeformed 27 vol-% 0.14 - 652
54 vol-% 0.14 - 752
two-step predeformed 27 vol-% 0.27* 0.15 996
54 vol-% 0.27* 022 1063
* ¢y in the two-step deformed condition is higher than in the one-step case to
reach the same martensite fraction without cooling, cp. subsection 3.2.2.
3. Results

3.1. Fatigue behavior in the fully austenitic condition

In the fully austenitic condition, the metastable austenitic stainless steel studied exhibits a constant fatigue limit
in the VHCF regime of 250 MPa (Fig. 4). Even below this fatigue limit, at 240 MPa, the specimens show strong
softening at the beginning of the test (Fig. 5 — increasing AT and strain amplitude up to 6-10* cycles), and hardening
afterwards (Fig. 5 — decreasing AT and strain amplitude beyond 6:10* cycles). No specimen in Fig. 4 showed
evidence of subsurface crack initiation. No specimen failed beyond 10° cycles, even though remarkable surface
roughening (slip markings, extrusions) and martensite lamellae could be observed on the surface of run-out
specimens, see ref. [19] for details. The stress-strain hysteresises in Fig. 6 prove that the assumption the global
cyclic behavior in the VHCF regime being solely elastic is not met for the material studied. Even though the plastic
work (e.g. the area of hysteresis) at 107 cycles is a lot smaller than at 6-10°, the deformation behavior of the material
is not purely elastic.
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Fig. 4. S-N curve of electro-chemically polished specimens fatigued by
resonance pulsation and ultrasonic testing (arrows indicate run-out
specimens).

Fig. 5. Comparison of €,-N and AT-N at 240 MPa.

In order to determine at which load amplitude irreversible plastic deformation starts, a load-increase test at 20kHz
was executed with the ultrasonic test system. Due to the very high frequency, the time to conduct the dissipated heat
energy is short. Therefore even a small amount of local plastic deformation per load cycle can lead to a measurable
increase in the temperature of the specimen. Consequently, to identify the stress amplitude where local plastic
deformation starts, the increase in temperature was measured by means of a thermocouple and the strain amplitude
by means of a strain gauge. For this test no active cooling was used. Stress values were calculated from the strain
amplitude measurements using Hook’s law and a Young’s Modulus of 190 GPa. Starting from 54 MPa, the stress
amplitude was raised every 10° cycles for 16 MPa. At the end of every load step the originally electro-chemically
polished surface of the specimen was analyzed by optical microscopy. Fig. 7 shows the increase in the temperature
AT for every load step. In the first two load steps the increase in temperature is negligible. Here the increase in
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temperature is below 1°C, what might be due to internal friction processes [20,21]. Then, at a load of 86 MPa, the
temperature starts to increase significantly up to a AT of 6°C. This increase in temperature represents the beginning
of (local) plastic deformation at this stress amplitude. Since the global elastic limit is remarkably higher (0.2% proof
stress is 284 MPa), plastic deformation was not expected at this stress amplitude that is not even one third of the
proof stress and about one third of the 10°-fatigue limit.

Optical microscopy observations affirm the beginning of plastic deformation at 86 MPa. In Fig. 8a)-f)
micrographs of the surface of the specimen after the first four load steps are shown. Before cycling and after the first
load step no changes are observable on the surface (Fig. 8at+b). After the 70 MPa load step one slip markings can be
observed (Fig. 9c). Then, it can clearly be seen that at 86 MPa many slip markings were formed on the surface (Fig.
8d), some are indicated by arrows. To visualize the grain boundaries, an SEM image was combined with an optical
microscopy picture after the 102 MPa load step (Fig. 8¢). Slip markings are only visible in some grains, with the slip
markings covering the full length of the grain. By comparing the grains with slip markings with Schmid factors
calculated from EBSD-data (Fig. 8f), it becomes clear that not only grains with maximum Schmid factor show slip
band formation. Magneto-inductive measurements and microscopic observations give evidence that no formation of
martensite in the load-increase test has occured.
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Fig. 6. Stress strain hysteresis at different number of cycles, Fig. 7. Temperature increase in a load-increase test at 20 kHz
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Fig. 8. Micrographs of a specimen’s surface after different load steps; a)-d) are perceived by means of optical microscope, ¢) is a combination of
an SEM and an optical microscope picture; f) shows the Schmid factors derived from EBSD data.
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3.2. Fatigue behavior in the predeformed condition

In order to develop a quantitative relationship between the volume fraction of martensite and the VHCF behavior
specimens were monotonically prestrained in two different ways, as described in section 2. The subsequent fatigue
results will be described in the two following subsections.

3.2.1. Fatigue behavior in the one-step predeformed condition

Specimens with the same amount of monotonic plastic deformation (¢,=0.14) but different volume fractions of
martensite (because of different predeformation temperatures) were fatigued in order to find a quantitative
relationship between martensite fraction and VHCEF lifetime. Two kinds of specimens were tested: specimens with
an o martensite content of 27+2 vol-% and specimens with an o’ martensite content of 54+2 vol-%. The results are
given in Fig. 9. Open symbols indicate samples fatigued with the a resonance pulsation system up to 10° cycles.
Crossed symbols represent samples fatigued firstly with the resonance pulsation system up to cyclic saturation
(2:10° cycles) and subsequently cycled up to 10° cycles in the ultrasonic test system. Fig. 9 shows that for the 27
vol-% martensite specimens there is a constant fatigue limit (475 MPa) in the VHCF regime that is equal to that in
the HCF regime. In this condition no specimen failed beyond 2-10° cycles. In the 54 vol-% martensite condition the
VHCEF behavior is different: There are failures up to 6.84-10° cycles and the fatigue limit is decreasing in the VHCF
regime. All specimens that failed above 3-10° cycles failed because of internal crack initiation at an inclusion. EDX
analysis of the inclusions showed high contents of Cr, Ti, Al and O, indicating that the inclusions are oxidic particles
originating from impurities in the melt. The inclusions geometry appears to be mostly circular or oval with an
average area of 150 um?. The subsurface crack initiation leads to a typical appearance of the fracture surface mainly
observed for type Il materials, the fisheye fracture, as can be seen in Fig. 10. All specimens with subsurface crack
initiation showed this typical fractographic feature.
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Fig. 9. S-N curves for one-step deformed specimens with different martensite contents. Fig. 10. Subsurface crack initiation for a specimen

with 54 vol-% martensite that failed at N=1.49-10°,

3.2.2. Fatigue behavior in the two-step predeformed condition

Two-step predeformed specimens with the same volume percent of martensite as the one-step predeformed
specimens (27 and 54 vol-%) were fatigued. No cooling was applied here during predeformation. Therefore, to get
the same amount of martensite as in the (cooled) one-step tests, higher amounts of deformation were necessary that
resulted in a distinctly higher flow stress (e.g. 1063 MPa vs. 752 MPa for 54 vol-% martensite, table 2). The values
for the true strains in the two directions are given in table 2. Comparing the fatigue properties of the material in both
conditions (one and two-step deformed) aims to answer the question, which microstructural properties are vital for
the VHCEF properties: dislocation-induced hardening, martensite content or notch sensitivity (regarding inclusions or
surface defects). Fig. 11 shows, that the VHCF fatigue limit of the two-step predeformed specimens has the same
gradient as the one-step one for 54 vol-%. Interestingly, although the two-step specimens that failed above 2-10°
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cycles, also failed because of cracks starting at inclusions, crack initiation shifted from the inside of the specimens to
the surface or near-surface region (Fig. 12). The two-step deformed specimens with 27 vol-% martensite showed
behavior similar to the one-step deformed specimens with 27 vol-% martensite. Again, at 27 vol-% the fatigue limit
is constant in the VHCF regime and there is no specimen failure above 10 cycles
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Fig. 11. S-N curves for two-step deformed specimens with different Fig. 12. Crack initiation at a near-surface inclusion at a two-
martensite contents. step deformed specimen (N=1,27-10).

4. Discussion

In the undeformed condition, the tested material shows plastic deformation (connected with a pronounced
temperature increase) during cyclic loading well below the VHCF fatigue limit (Fig. 6-8). Even at 86 MPa strain
localization in slip bands can be observed microscopically. This supports the assumption, that a significant rise in
the specimen temperature is always connected to microplasticity. Internal friction, the other conceivable reason for
an increase in temperature, is far less pronounced (~1°C for 70 MPa) and even in this load step evidence of
microplasticity was found in one grain (Fig. 7c).

At the end of the last load step (as shown in Fig. 7) the beginning of cyclic softening can be observed, indicated
by an increasing value for the stress amplitude (the test is displacement controlled). The increase in temperature at
86 and 102 MPa converges to a horizontal asymptote and is therefore not due to cyclic softening. At the last load
step, the increase in stress amplitude was 18 MPa instead of 16 MPa, because due to cyclic softening there is no
linear relationship between displacement and stress amplitude anymore. Hence, above 102 MPa not only global
plastic deformation, but also transient behavior must be considered regarding the VHCF behavior of austenitic
stainless steel. Interestingly, the plastic deformation, that has at least at 240 MPa (Fig. 4) a strong global character,
does not lead to a failure at very high number of cycles. It is most likely that this is due to the cyclic hardening that
reduces the plastic strain amplitude to a level that is smaller than the critical strain amplitude for crack growth.
According to TEM observations by Nebel [22] and in situ martensite measurements by Nikitin and Besel [23] the
cyclic hardening is caused by the formation of martensite and an increase in the dislocation density, what is
consistent with the experiments in this study, where martensite volume fractions of 3% to 5% were found in
specimens cycled below the fatigue limit. SEM examination of cycled specimens proved that martensite needles are
formed in grains with strong slip band formation, thus indicating that hardening due to martensite formation takes
place in grains with high plastic activity on active slip planes. Some more details concerning these observations can
be found in [19,24]. Without these hardening mechanisms, the VHCF fatigue limit would most likely be less than
half of the actual value. The finding that the local formation of martensite is a major reason for the infinite fatigue
life is supported by the fact that in a stable austenitic stainless steel a decreasing fatigue limit was found in [13]. The
strong affinity of this material to local and global plastic activity under extremely small loads (Fig. 7+8) and the
significant strain amplitudes in the range of the VHCF fatigue limit (Fig. 6) must be taken into consideration, if this
material is used for high-precision or safety-relevant parts subjected to cyclic loads. Besides, it has to be considered
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that the positive effect of martensite—assisted cyclic hardening decreases with increasing temperature, if parts are
cyclically loaded at elevated temperatures. The VHCF fatigue limit then might be well below the values in this
study.

In the one-step predeformed condition, the HCF properties can clearly be improved by increasing the martensite
content from 27 to 54 vol-%. However, the VHCF fatigue limit starts to decrease at the higher martensite fraction
because of an increased affinity to subsurface crack initiation at inclusions that can be seen as micro-notches. An
increasing notch sensitivity with increasing martensite contents could already be observed by the authors in HCF
tests with micro-notched specimens [19]. A likely reason for the increasing notch sensitivity is illustrated in Fig. 13.
It shows the phase distribution of austenite and martensite on the surface of two specimens with 25 and 54 vol-% of
martensite. The martensite is colored black.

.

Fig. 13. EBSD images of the surface of specimens with martensite contents of a) 25.3 Vol-% and b) 54 Vol-%. Martensite appears black.

In Fig. 13a, it can be seen that isolated martensite needles appear in austenitic grains. At the higher martensite
content (Fig. 13b), some austenite grains are completely transformed into martensite and the martensitic areas are
mostly connected to each other so that they build a continuous network. Considering the microstructure of the bulk
material this effect is even more significant than can be observed at the surface, because the martensite content
increases with increasing distance from the surface. By means of in situ X-ray stress measurements in tensile tests,
Talonen [25] found that above 30 vol-% of martensite the macroscopic stress is increasingly influenced by the
martensite phase, whereas below 30 vol-% it is mainly equal to the austenite stress. This is consistent with the
results in this study. The higher strength and brittleness of the martensite phase and therefore higher notch
sensitivity becomes predominant at martensite contents higher than 30 vol-%. A reason for the crack initiation at
inclusions only at high martensite contents may be concluded from Fig. 13: at 25 vol-% the typically needle shaped
martensitic areas are mostly smaller than the inclusions that have an average diameter of about 14 pm (calculated
from their average area under the assumption of a globular shape). As a consequence, no (or at least very few)
inclusions will be surrounded only by martensite. Hence, the high local stresses at the inclusion-matrix interface can
be compensated by slip activity in the softer austenite phase. If nevertheless a crack is initiated, phase
transformation at the crack tip may cause compressive stresses due to the higher volume of the martensite phase
[1,24,26] and hinder crack growth. Looking at the microstructure in Fig. 13b, martensite network areas are much
larger than the average inclusion size, implying that at least some inclusions will most likely be completely encircled
by the martensite phase. The combination of a higher notch sensitivity of the martensite phase and the lack of
compensatory slip activities outbalancing the incompatability stresses between inclusion and matrix can lead to
crack initiation in the hard martensite phase. Then no phase transformation at the crack tip can take place and hinder
crack growth.

The fatigue tests with the two-step predeformed specimens (Fig. 11) showed that not the strength or the
dislocation density of the austenite phase determines the VHCF properties, but the volume fraction of martensite.
Although the flow stress is more then 300 MPa higher for the two-step deformed specimens (table 2), the VHCF
strength is similar to that of the one-step deformed specimens with the same martensite fraction. In both 27 vol-%
martensite conditions there is no failure of specimen above 2-10°, despite the fact, that the strengths (and therefore
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the dislocation densities) are very different. This supports the assumption that the combination of martensite content
and inclusion size plays a decisive role for the VHCF behavior and not the yield stress, dislocation density or
direction of predeformation.

Regarding the question, if the metastable austenitic stainless steel studied can be classified as type I or type 11
material (cp. section 1), one must conclude that this material shows typical characteristics for both types, depending
predominantly on the volume fraction of martensite. In the fully austenitic condition, austenitic stainless steel shows
clear type I behavior with inhomogeneous surface roughening due to local plastic deformation (Fig. 7) and local
surface roughening due to martensite formation [19]. But as a consequence of the strong softening and hardening
mechanisms, only non-propagating microcracks are initiated, so no specimen failure takes place in the VHCF
regime. The inclusions have no influence on the damage mechanism in this condition. In the 27 vol-% martensite
condition still surface roughening takes place and there is no subsurface crack initiation at inclusions. At 54 vol-%
the material shows typical type Il damage behavior, with cracks initiating around subsurface inclusions, showing
fisheye-type fracture surfaces and a therefore decreasing fatigue limit.

These results show that the VHCF damage mechanisms for the same material can be very different for different
conditions of deformation and cannot be derived from the classical fatigue behavior in the HCF regime, what should
be considered while planning an optimal sheet metal forming process. Hence, based on the findings of the study
presented, automotive stainless steel structures that undergo cyclic loads beyond 2-10° cycles should not exceed a
martensite content of 27 vol-%.

5. Conclusions

e Local plastic deformation starts at very small load amplitudes (about one third of the VHCF fatigue limit) in
metastable austenitic stainless steel and can be identified due to slip markings at the surface. The strong self-
heating of austenitic stainless steel is mostly due to microplasticity and only to a small amount induced by
internal friction.

o In the fully austenitic condition a true VHCF fatigue limit exists, even though remarkable plastic strain
amplitudes occur. The constant fatigue limit is caused by a martensite-assisted cyclic hardening process.

e The martensite content enhances the HCF properties and the VHCF fatigue limit remains independent of the
cycle number in the VHCF regime up to 27 vol-% martensite.

e At 54 vol-% martensite the more brittle behavior and higher notch sensitivity of the martensite phase becomes
predominant and leads to crack initiation at inclusions in the VHCF regime. This effect is attributed to the fact
that the dimensions of the martensitic domains exceed the dimensions of the average inclusion size by forming
martensitic networks thus preventing a compensation of local incompatability stresses between inclusions and
matrix.

e The VHCEF properties are not determined predominantly by the dislocation density, direction of predeformation
or amount of predeformation, but by the martensite content, notch sensitivity and the purity of the material.

e Automotive stainless steel structures that undergo cyclic loads beyond 2-10° cycles should not exceed a
deformation-induced martensite content of 27 vol-%.
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