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Abstract: Due to pronounced work-hardening induced by the complex interplay of deformation
mechanisms such as dislocation slip, twinning and/or martensitic phase transformation, high-
manganese steels represent a class of materials well-suited for mechanical surface treatment. In
the present study, the fatigue behavior of a high-mangsanese steel showing twinning-induced
plasticity (TWIP) effect at room temperature (RT) was investigated after deep rolling at 550 ◦C.
Results are compared to a former study discussing the behavior after RT deep rolling. Evolution of
the near-surface microstructure was analyzed by scanning electron microscopy (SEM), microhardness
measurements and residual stress depth profiles obtained by X-ray diffraction (XRD). Both uniaxial
tensile tests and uniaxial tension-compression fatigue tests have been conducted in order to rationalize
the macroscopic material behavior. Following deep rolling at 550 ◦C, SEM measurements employing
electron backscatter diffraction (EBSD) revealed a heavily deformed surface layer as well as localized
deformation twinning. Specimens showed inferior hardness and residual stress depth profiles when
compared to RT deep rolled counterparts. Tensile tests indicated no difference between the conditions
considered. Fatigue properties however were improved. Such behavior is rationalized by a more
stable residual stress state induced by dynamic strain aging.

Keywords: high-manganese steel; deep rolling; TWIP; near-surface properties; residual stresses;
residual stress stability; fatigue behavior

1. Introduction

Due to their improved formability and crash performance, advanced high-strength
steels (AHSS) have been in the focus of the mobility sector for more than two decades.
The group of AHSS generally includes steels with yield strengths (YS) and ultimate tensile
strengths (UTS) exceeding 300 and 600 MPa, respectively [1,2]. AHSS can be classified into
several different generations. The first generation of AHSS, mainly steels with a ferritic
structure, include dual-phase (DP) steels and transformation-induced plasticity (TRIP)
steels with retained austenite, as well as complex phase (CP) and martensitic steels [3].
However, steels of the first AHSS generation are characterized by a high strength–high
ductility discrepancy, i.e., a decreasing formability with an increase in strength. With the
ongoing advance of globalization, a steady increase in the requirements being considered
for new materials, material combinations and manufacturing processes can be recognized.
Besides the constantly developing automation technology, light-weight design is often
referred to as the innovation driver of the industry [4]. Current development is therefore
focusing in particular on increasing resource efficiency, thus contributing to sustainabil-
ity of products and processes. As a result, the simultaneous demand for materials with
high strength and sufficiently good formability led to the development of the second
AHSS generation, i.e., austenitic steels with high manganese contents [3]. In addition to
nanoparticle-hardened, martensitic TRIP and twinning-induced plasticity (TWIP) steels,
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as well as the subgroup of density-reduced light-weight steels realized by adding high
aluminum contents, TWIP and TRIP steels in particular have been in focus of scientific
and commercial interest in the group of high-manganese steels (HMnS) due to their out-
standing mechanical properties under monotonic loading [3,5]. TWIP and TRIP HMnS
are characterized by high strengths ranging from 500 to 1200 MPa and a concomitantly
excellent formability of 40–70%, resulting in strength–ductility products between 40,000–
50,000 MPa-% [6,7]. As this value is limited to about 20,000 MPa-% for conventional steels,
it is often used to express the high work-hardening potential of TWIP/TRIP steels as well
as their excellent energy absorption capability [8]. In addition, HMnS TWIP and TRIP steels
are characterized by a lower density of about 6.8–7.3 g/cm3 compared to conventional
steel counterparts [9,10], eventually allowing for the development of weight-reduced crash-
relevant body structures leading to a reduction in fuel consumption and CO2 emissions.
The group of austenitic HMnS, being firstly discovered by the work of Sir Robert Hadfield
in 1888 [11], includes alloys with a manganese content between 10 and 35 wt.% [6,7,12].
The exceptional mechanical properties of these alloys can be attributed to the activation of
multiple deformation mechanisms. Besides planar dislocation slip, deformation-induced
twinning (TWIP-effect) as well as a mechanically driven solid–solid phase transformation
from γ-austenite to either α′-martensite or ε-martensite (TRIP-effect) can prevail [13,14].
The martensitic transformation is strongly affected by the thermodynamic stability of the
phases being present and can therefore take place directly (γ→ ε, γ→ α′) or in multiple
transformation steps (γ→ ε→ α′). The contribution of the partially competing deforma-
tion mechanisms thereby depends on the level of the stacking fault energy (SFE) [13]. Due
to the widely scattered literature data (cf. [14–21]), a clear delimitation of the deformation
mechanisms as a function of the SFE turns out to be difficult. Limits for the activation
of the individual mechanisms can rather be regarded as threshold values of transition
regions, in which several deformation mechanisms can also be activated in parallel [19,22].
Despite significantly differing information, a range of mean SFEs between 20 and 50 mJ/m2

can be deduced from the literature, in which the TWIP effect is the preferred deforma-
tion mechanism [1,23,24]. While deformation-induced twinning is replaced by the TRIP
effect in the range of low SFEs below 20 mJ/m2, dislocation slip represents the domi-
nant deformation mechanism in the range of high SFEs > 50 mJ/m2 [25]. In this area of
high SFEs, another subgroup of HMnS, the aforementioned density-reduced light-weight
steels, have gained significant attention in recent investigations [26]. Following the TWIP
and TRIP effect, new deformation mechanisms, namely the shear-band-induced plasticity
(SIP) [27], the microband-induced plasticity (MBIP) [28], the slip-band refinement-induced
plasticity (SRIP) [29] or the dynamic slip band refinement (DSBR) [30], have been reported.
A detailed summary of these deformation mechanisms is presented in [31]. In HMnS,
the SFE itself is strongly influenced by the alloying concept as well as the deformation
temperature, highlighting the influence of these two parameters on the active deformation
mechanisms [5,13,14,18,32]. According to the literature, the alloying elements can primarily
be divided into elements increasing the SFE (C, Al, Ni and Cu) and elements that cause a
decrease in the SFE (Cr and Si). The main alloying element Mn has a parabolic influence
on the SFE in binary Fe-Mn alloys as well as in the Fe-Mn-C alloy system, i.e., the SFE
decreases with increasing Mn content up to about 13 wt.% and then increases again with
further addition of Mn [32–35]. In addition, the influence of Ni on the SFE shows different
tendencies depending on the chemical composition of the base material as well as the
range of the Ni concentration [32]. Furthermore, the deformation temperature also has a
significant effect on the resulting SFE as it increases with higher temperatures [5]. Using
the thermodynamic approach of Olsen and Cohen [36], Grässel et al. [37] for example were
able to determine the Gibbs free energy and, hence, the SFE as a function of temperature
for an Fe-Mn-Si-Al alloy, demonstrating a proportional increase in the SFE with increasing
temperature. The influence of temperature on the SFE was additionally discussed by
Rüsing et al. [38] for the austenitic X40MnCrAl19-2 TWIP steel, the alloy being in focus of
the present study. Investigating the effect of pre-deformation temperature on the fatigue
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behavior, the authors showed that pre-deformation at room temperature (RT) resulted in
deformation-induced twinning, whereas for a pre-deformation temperature of −196 ◦C,
the TWIP-effect was accompanied by the formation of ε- as well as α′-martensite. An
elevated pre-straining temperature of 400 ◦C led to the suppression of both effects.

Due to their outstanding mechanical properties as well as the possibility to overcome
the strength–ductility trade-off, HMnS exhibit a great potential for the development of
components for the mobility sector, e.g., crash-relevant body structures. As many of
the intended applications of these steels will be subjected to cyclic loadings during their
service life, the fatigue behavior is of utmost importance. As a result, the crack growth
behavior as well as the fatigue properties in different regimes, including low-cycle and
high-cycle fatigue (LCF/HCF) regimes, have been investigated in several studies focusing
on the influences of twinning and martensitic phase transformation, i.e., TWIP- and TRIP-
effect, as well as the influence of grain size, strain rate, deformation temperature and
pre-deformation on the fatigue behavior. A detailed literature survey on these studies is
presented in [39].

Generally, the surface condition of a component has a significant influence on the
fatigue behavior as the surface represents the area being subjected to the highest stresses
during cyclic loading. In addition to the load distribution, geometrically necessary notches
as well as corrosion or wear often lead to crack initiation directly at the surface or within the
near-surface area [40,41]. Thus, the condition of the near-surface layer determines the prop-
erties, i.e., the surface integrity (SI), of a component under cyclic loading or tribological and
corrosive stresses, amongst others. Mechanical surface treatment processes are well-known
for establishing near-surface layers of a component that are characterized by high compres-
sive residual stresses, increased hardness due to strain hardening and a smooth surface
appearance, depending on the respective treatment process used [40,42–44]. Furthermore,
deformation-induced twinning or phase transformation, exemplarily shown in [39,45–47],
can be obtained as a result of high plastic deformation. In particular, residual stresses are
of paramount importance for the service life of structural components. While compressive
residual stresses increase the service life, tensile residual stresses, which are a direct result
of many technological processes such as welding, have a detrimental effect as they promote
crack initiation and accelerate crack growth [48–52]. Therefore, evaluation of residual
stresses by experimental or theoretical analysis is mandatory for the assessment of compo-
nents realized by different machining and manufacturing processes [53,54]. Deep rolling
and shot peening represent the most common mechanical surface treatment processes,
however, a large variety of other techniques such as hammering, grinding, brushing, needle
or water peening have been established [42]. Furthermore, several of these treatments can
be conducted at differing temperatures, eventually promoting additional modifications
of the near-surface layer. As a result of the pronounced work-hardening ability detailed
above, HMnS are suitable candidate materials for mechanical surface treatment processes.
However, only a few studies investigating the effect of mechanical surface treatments and,
thus, the effect of residual stresses, hardness and roughness on the SI of HMnS TWIP
and TRIP steels, can be found in the literature [47,55–57]. In a previous study, the evolu-
tion of residual stresses, microstructure and cyclic performance of the X40MnCrAl19-2
TWIP steel after deep rolling at RT, −196 and 200 ◦C, was investigated by the authors’
group [39]. Following deep rolling at RT and 200 ◦C, twinning in the near-surface area
was detected to a similar extent, indicating that the increase in temperature and, thus, in
the SFE was not high enough to suppress the TWIP-effect. In contrast, cryogenic deep
rolling at −196 ◦C led to a solid–solid phase transformation, promoting the formation of
ε-martensite in the near-surface layer. The highest residual stresses with a maximum of
−800 MPa accompanied by high hardness values up to 475 HV0.1 were reported for the
condition being deep rolled at 200 ◦C. Compared to the initial state, fatigue properties in
the HCF regime were improved irrespective of the deep rolling temperature. However, the
martensitic phase transformation induced by cryogenic deep rolling was shown to have a
negative impact on the fatigue performance, at least at relatively high loading amplitudes.



Appl. Sci. 2021, 11, 10406 4 of 14

This was rationalized by an increased plastic deformation as well as microstructural notch
effects in the two-phase region established in the near-surface area. In line with the similar
microstructures, fatigue properties of the conditions deep rolled at RT and 200 ◦C revealed
only minor differences. Still, data indicated a slightly improved performance at high stress
amplitudes after deep rolling at elevated temperature.

In order to further analyze the consequences of deep rolling at elevated temperature
on near-surface and fatigue properties of the TWIP steel X40MnCrAl19-2, the present
work, a follow-up study to the work of Oevermann et al. [39], was conducted. To tackle
prevailing research gaps, deep rolling was carried out at an elevated temperature of 550 ◦C.
In addition to the analysis of the near-surface microstructure and the residual stress state by
means of electron backscatter diffraction (EBSD) and X-ray diffraction (XRD) respectively,
results of microhardness measurements and uniaxial tensile tests are assessed. The fatigue
performance in the HCF regime was investigated by fully reversed tension-compression
tests. The results are critically discussed based on microstructural evolution as well as
fracture surface analysis. Finally, the residual stress stability at half-life for conditions deep
rolled at room and elevated temperature was studied.

2. Material and Methods

The material in focus is the high-Mn austenitic TWIP steel X40MnCrAl19-2 (precidur®

H-Mn LY) provided by thyssenkrupp Hohenlimburg GmbH (Hagen, Germany). As re-
ported in [39], the initial state is characterized by an average hardness of 250 HV as well
as a homogenous microstructure with an average grain size of about 20 µm and a high
fraction of recrystallization twins. Furthermore, tensile tests disclosed a YS and UTS of
about 400 and 880 MPa respectively, demonstrating the high work-hardening potential of
the material, as well as an elongation at fracture of approximately 52%.

The present work reports a follow-up study. For detailed information on the exper-
imental setup, i.e., specimen preparation, machines and parameters used, the reader is
referred to [39] for the sake of brevity. In addition to RT deep rolling, deep rolling at an
elevated temperature of 550 ◦C was performed for the first time in the present study. Ac-
cording to the previous results, a deep rolling force of 855 N was chosen. Conditions deep
rolled at RT and 550 ◦C are referred to as dr_855_RT and dr_855_550 ◦C in the remainder of
the manuscript. In order to expand the fatigue database shown for RT deep rolling in [39]
and in order to conduct a minimum of at least four tests for all stress amplitudes considered,
several additional fatigue tests were also performed for the dr_855_RT condition.

The residual stress stability at half-life was investigated for 5 different stress ampli-
tudes, i.e., 425, 460, 480, 500 and 540 MPa. Based on data obtained, the arithmetic mean of
the number of cycles to failure was calculated from all tests being conducted on a stress
level considered. Prior to the fatigue test, residual stress values were determined at the
direct surface in the center of the gauge length of the specimen. The spot of the measure-
ment was marked by a color marker. Subsequently, the specimens were fatigued to the
averaged half-life before surface residual stresses were measured again at the marked spot.
Additionally, post-fatigue residual stress depth profiles were determined for the lowest and
highest stress amplitudes of 425 and 540 MPa, respectively. All tests that have either been
conducted within the present work or recompiled from [39] are summarized in Table 1.

Table 1. Summary of the conducted and recompiled tests for the different conditions considered.

EBSD Hardness Residual
Stress Profiles

Tensile
Tests Fatigue Tests

Residual
Stress

Stability

Fracture
Surface

Analysis

dr_855_RT - Recompiled
from [39]

Recompiled
from [39]

Recompiled
from [39]

Partly recompiled
from [39] X -

dr_855_550 ◦C X X X X X X X
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3. Results and Discussion
3.1. Near-Surface Properties

Microstructural analysis of the near-surface layer after deep rolling at an elevated
temperature of 550 ◦C was carried out by EBSD. Figure 1 shows a representative EBSD
inverse pole figure (IPF) map with superimposed image quality (IQ). Similar to the initial
state and the dr_855_RT condition shown in [39], the overall microstructure shows no
preferred orientation. Furthermore, grains are pervaded with sub-grain structures. In
line with the conditions detailed above, grain refinement, being numerously reported
for mechanical surface treatments such as deep rolling [42], becomes obvious in the near-
surface layer. Despite the increased deep rolling temperature of 550 ◦C and a corresponding
increase in the SFE, mechanical twins can be still seen in some grains of the dr_855_550 ◦C
condition, i.e., in an area of about 50 µm below the surface. Although these twins are present
to a lesser extent compared to the dr_855_RT condition, it can be deduced that an increase
of the deep rolling temperature to 550 ◦C is still not sufficient to fully suppress the TWIP
effect here. In contrast to the results of Rüsing et al. [38], revealing no deformation twinning
after uniaxial tensile testing at a deformation temperature of 400 ◦C, this observation clearly
demonstrates that the multiaxial stress state induced by deep rolling is still able to activate
the TWIP effect despite the even higher process temperature of 550 ◦C. Nevertheless,
besides the low extent of deformation-induced twinning, the austenite grains seem to be
mainly deformed by dislocation slip. This can be deduced from the high amount of EBSD
zero solutions displayed in black in the direct vicinity of the surface, clearly indicating high
dislocation densities in a region about 15–20 µm below the surface.
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Figure 1. IPF map with superimposed IQ depicting the near-surface microstructure following deep rolling at 550 ◦C using
a deep rolling force of 855 N. Color coding with respect to loading direction is in accordance with the standard triangle
shown on the right.

In line with the literature detailed before, deep rolling at 550 ◦C leads to increased
surface layer hardness when compared to the initial state (recompiled from [39]). This is
demonstrated by the hardness distribution in the near-surface area, as shown in Figure 2.
A peak hardness value of approximately 425 HV0.2 has been measured at a distance of
0.08 mm to the surface for the dr_855_550 ◦C condition, which is lower than the correspond-
ing peak hardness of the dr_855_RT specimen examined in the prior work by Oevermann
et al. [39]. This trend continues until both graphs intersect at a depth of 0.45 mm. After-
wards, dr_855N_550 ◦C shows higher values in all cases. The different work-hardening
effects after deep rolling at RT and 550 ◦C are further illustrated by the integral width
distributions depicted in Figure 3c,d, where the dr_855N_550 ◦C condition is generally
characterized by lower values than dr_855N_RT in both longitudinal and circumferential
directions. These observations can be attributed to stress relaxation induced by recovery
effects at the given temperature. Such effects are able to soften the material, as numerously
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shown in the literature [58–62]. Here, recovery effects mainly set in in the severely de-
formed near-surface area of the specimen, leading to a reduction in the hardness values. At
larger distances from the surface, the positive effects of the warm deep rolling, i.e., a more
pronounced work-hardening accompanied by an increase in hardness, appear to overcome
the effects related to the recovery processes, eventually explaining the intersection point
of the dr_855_550 ◦C and dr_855_RT conditions displayed in Figure 2. As Oevermann
et al. [39] pointed out, the increased depth effect can be attributed to the generally decreased
resistance of the material against plastic deformation [63].
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Figure 2. Hardness distribution in the near-surface area after deep rolling at 550 ◦C using a deep
rolling force of 855 N. Data of the initial state condition and of the condition deep rolled at RT using
a deep rolling force of 855 N were recompiled from [39].
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plotted as a function of deep rolling temperatures at constant deep rolling force. Data of the condition deep rolled at RT
using a deep rolling force of 855 N were recompiled from [39].

As is to be expected in this context, the corresponding residual stress profiles depicted
in Figure 3a,b also show lower absolute values, with peak longitudinal compressive stresses
being approximately −475 MPa for deep rolling at 550 ◦C compared to −700 MPa for
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the dr_855_RT condition. Interestingly, residual stress depth profiles of both conditions
considered are characterized by a point of intersection at a similar depth as the hardness
depth gradients, i.e., between 400 and 500 µm. At this point, it has to be emphasized that
according to the literature [64], XRD residual stress depth profiles recorded applying the
layer removal method can be considered as valid when the removal depth is less than one
tenth of the diameter of a cylindrical specimen. Considering the diameter of the specimen
of 6 mm, as well as the successive effect of layer removal, reliable statements about the
residual stress state at large depths can be regarded as doubtful. Thus, in the present work,
evaluation of residual stresses and corresponding integral width has only been performed
up to a depth of 500 µm. In line with the discussions provided so far, a similar trend
can be seen for the circumferential direction, revealing peak values of about −375 and
−625 MPa for the dr_855_550 ◦C and the dr_855_RT conditions, respectively. Compared
to the investigations by Oevermann et al. [39], both residual stress and hardness profiles
are negatively impacted by an increase of the deep rolling temperature from 200 to 550 ◦C.
As already discussed above, it can be assumed that this indicates the turnaround point,
from where on recovery processes and lowered YS outweigh the benefits of higher plastic
deformations at elevated temperatures, at least when trying to induce the highest possible
residual stress values in the direct vicinity of the surface.

3.2. Material Behavior under Quasistatic and Cyclic Loads

In order to determine the influence of deep rolling temperatures on the macroscopic
material behavior, both tensile and HCF tests have been conducted and will be discussed
hereafter based on a direct comparison to findings of Oevermann et al. [39] (acting as a
benchmark). As depicted in Figure 4 and discussed in [39], both YS and UTS are increased
compared to the initial state after deep rolling, irrespective of the process temperature.
Here, especially the higher YS is to be considered for the application of high-manganese
steels [23]. Comparing the deep rolled conditions with each other, temperature does not
seem to have a pronounced effect on the monotonic stress–strain response as the curves of
dr_855_550 ◦C and dr_855_RT only deviate marginally, revealing only slight differences
in YS and UTS. In [39], it was shown that deep rolling at 200 ◦C resulted in an increased
YS as compared to the RT deep rolled counterparts. In line with data from hardness
measurements shown in Figure 2, a slightly lower YS can be seen for dr_855_550 ◦C, once
again indicating the turnaround point with respect to the elevated process temperatures,
as discussed above. Additionally, a decrease in ductility compared to the RT deep rolled
specimen can be seen for dr_855_550 ◦C, following the same trend already seen after deep
rolling at 200 ◦C [39].

During fatigue testing, all deep rolled specimens are characterized by an improved
fatigue life in direct comparison to the initial state recompiled from [39], as can be derived
from the S-N curves with corresponding trendlines depicted in Figure 5. This observation
can be credited to increased YS as well as the compressive residual stresses impeding
crack initiation. At lower stress amplitudes, the effect of the strengthened surface layer
diminishes consistently. The overall improvement in specimen lifetime is in line with
data available in literature for surface-treated austenitic steels and other alloys [65–67].
Notably, the specimens processed at elevated temperatures of 550 ◦C show a significant
increase in fatigue life in comparison to their RT deep rolled counterparts. From the
trendlines plotted for dr_855_550 ◦C and dr_855_RT respectively, being characterized
by almost identical slopes, enhancements in fatigue life after deep rolling at an elevated
temperature of 550 ◦C seem to be persistent for all stress amplitudes considered. The results
presented by Oevermann et al. [39] revealed that, despite highest compressive residual
stresses and depth effect as well as increased YS, UTS and near-surface hardness, increased
temperatures of 200 ◦C during deep rolling only resulted in slightly improved fatigue
performances at high stress amplitudes, whereas at lower stress amplitudes, no differences
could be identified compared to the RT deep rolled counterparts. In contrast, a further
increase of the deep rolling temperature to 550 ◦C benefits fatigue in the HCF regime by
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a constant factor of about 2, as evidenced by the results presented in Figure 5. With the
above discussions in mind, this behavior can neither be attributed to higher static strength
nor increased residual stresses or surface hardness. In order to rationalize these (at first
glance contradicting) results, both fracture surface analysis and residual stress stability
tests have been conducted and are discussed in the following.
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Figure 6 shows representative post-fatigue fracture surfaces of selected specimens for
the dr_855_550 ◦C condition. Generally, well-known features of a fatigue tested specimen,
i.e., areas of crack initiation (marked by the white arrows in the overview images) and
propagation as well as a final overload fracture region, can be derived from the micrographs
irrespective of the stress level considered. In contrast, differences become obvious with
respect to the location of the crack initiation sites depending on the stress level during cyclic
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loading. At lower stress amplitudes of 450 and 460 MPa respectively, typical characteristics
related to deep rolling known from the literature, i.e., a shift of the crack initiation points
away from surface areas towards internal defects as a result of the near-surface compressive
residual stresses, become obvious. Thus, crack initiation can clearly be traced back to the
marked sites in the interior of the specimens, as further highlighted by the magnified details
below the overview images. As no inclusions or pores responsible for fracture initiation can
be located at the crack initiation sites, it is assumed that localized embrittlement is a major
contributing factor eventually leading to crack initiation in the present study. According to a
review by Koyama et al. [68], hydrogen in high-manganese steels is segregated on the phase,
grain and twin boundaries, eventually affecting the local properties. In the present study,
however, hydrogen-induced crack initiation cannot be clearly proven, and more research is
necessary in order to fully understand this topic. At higher stress amplitudes, demonstrated
by the fracture surfaces of specimens fatigued at 520 and 540 MPa, respectively, crack
initiation is shifted to the surface again, pointing to sufficient plastic strain for the formation
of persistent slip bands in the strengthened surface layer. Therefore, it can be assumed
that effects shifting the location of crack initiation to the interior of the specimen, such as
compressive residual stresses in the surface layer, lose their effect at those increased stress
amplitudes. In order to further elucidate these observations, analysis of the residual stress
stability was conducted for both the dr_855_RT and the dr_855_550 ◦C condition.
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Figure 6. Fracture surfaces of the dr_855N_550 ◦C condition after cyclic loading at loading amplitudes of 450, 460, 520 and
540 MPa. The pictures below the overview images of the fracture surfaces show magnified details of crack initiation sites
marked with white arrows in the overview. For fracture surfaces characterized by multiple crack initiation, only the major
site is highlighted and shown in the magnified view.

Figure 7 details pre-fatigue and half-life surface residual stresses in dependence of
the applied stress amplitude for specimens deep rolled at RT and 550 ◦C, respectively.
Generally, irrespective of the deep rolling temperature, a decreasing stability of the surface
residual stresses can be seen with increasing stress amplitudes (with one exception in
Figure 7b). Taking a closer look at the surface residual stress stability of the dr_855_550 ◦C
condition, a significant decrease of 62.1% of the half-life surface residual stress value was
only found for the specimen fatigued at the highest stress amplitude of 540 MPa. Specimens
tested at lower stress amplitudes showed less degradation in a range between 8.6% and
26.4%, while the lowest relative loss was found for the specimen tested at 460 MPa. Depth
profiles in Figure 7d indicate that the trend of very stable residual stresses at low stress
amplitudes seems to apply to the whole surface layer, as the specimen tested at 425 MPa
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only shows minor deviation compared to the pre-fatigue measurement. Only specimens
fatigued at >500 MPa experienced substantial residual stress reduction through plastic
deformation, eventually rationalizing the observations revealed by fracture surface analysis.
Thus, a degradation in the residual stress stability at stress amplitudes > 500 MPa leads to
crack initiation in the direct vicinity of the surface, whereas stable residual stresses result
in a shift of the point of crack initiation to the specimen interior.
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When directly compared to the RT deep rolled specimen, it becomes obvious that
microstructure stability is superior for the dr_855_550 ◦C condition, as the reduction in the
surface residual stress for dr_855_RT reaches 50.3% already for the smallest stress level
considered, whereas at the highest stress amplitude of 540 MPa, finally, only one quarter of
the initial surface residual stress value remains. Nevertheless, it has to be noted that despite
a decrease by a factor of approximately 2 in terms of the residual stress value directly at the
surface after half-life fatigue (for the lowest stress amplitude of 425 MPa) almost the same
maximum value remains, as deduced from the residual stress depth profile depicted in
Figure 7c. For the highest stress level, both conditions, i.e., dr_855_RT and dr_855_550 ◦C,
are characterized by similar half-life residual stress depth profiles. In the literature, dynamic
strain aging during deep rolling at elevated temperatures is considered to be the major
mechanism to increase the microstructural stability of different kinds of steel grades, in
turn reducing dislocation movement and annihilation [69,70]. Thus, the aged surface layer
microstructure stabilizes the inherent residual stresses to such an extent that fatigue life is
measurably increased for the TWIP steel under investigation when compared to non-aged,
RT deep rolled specimens. Although the near-surface layer of the dr_855_550 ◦C condition
is characterized by significantly lower hardness and maximum compressive residual stress
values, the stability of residual stresses induced by dynamic strain aging effects eventually
seems to dominate the fatigue life in the HCF regime (increase up to a factor of 2), as
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compared to the RT deep rolled counterparts. However, discussion at that point mainly
focused on the direct surface of the specimens, obviously revealing positive effects of
dynamic strain aging after deep rolling at 550 ◦C. In order to further analyze these effects
in the bulk of the specimen, evaluation of the plastic strain amplitude, being a measure
well-known for having a significant influence on the fatigue behavior, is part of ongoing
studies, eventually allowing for additional interpretation of the results shown.

4. Summary and Conclusions

The present work represents a follow-up study to the results shown by Oevermann
et al. [39] and was conducted to investigate the consequences of deep rolling at elevated
temperature on the near-surface and fatigue properties of the high-manganese TWIP steel
X40MnCrAl19-2. Analysis of the surface-treated area was conducted by X-ray diffraction
and EBSD, as well as microhardness measurements and uniaxial tensile tests. Additionally,
HCF properties studied by means of fully reversed tension-compression tests were critically
discussed based on fracture surface appearance and analysis of residual stress stability.
From the findings presented, the following conclusions can be drawn:

• EBSD maps of the investigated condition reveal a highly deformed near-surface
microstructure, indicating a high dislocation density. Despite the increase in the SFE
due to the elevated temperature, deformation-induced twinning can still be seen as a
result of the multiaxial stress state induced by deep rolling.

• Deep rolling at 550 ◦C yields lower hardness and residual stress depth profiles when
compared to RT deep rolled counterparts. Obviously, stress relaxation induced by
recovery effects appears to outweigh the positive effects of warm deep rolling.

• Despite the nominally lower residual stress values and hardness profiles, specimens
deep rolled at elevated temperature are characterized by a noticeable increase in
fatigue life due to a stabilized near-surface microstructure. Irrespective of the stress
amplitude considered, fatigue properties were improved by a factor of two. As a result,
deep rolling at elevated temperatures eventually paves the way for safe and reliable
industrial applications of HMnS components being subjected to fatigue loading, such
as whishbones in the automotive sector.

• Fractography revealed crack initiation in the interior of the specimen for low- and
medium-stress amplitudes, whereas at high-stress amplitudes, cracks were initiated at
the direct vicinity of the surface. It is thought that the compressive residual stresses in
the surface layer, shifting the location of crack initiation to the interior of the specimen,
lose their effect at the increased stress amplitudes.

• Residual stress profiles after half-life fatigue (NB/2) show superior stability after deep
rolling at 550 ◦C compared to RT deep rolled specimens, rationalizing the results
obtained based on fatigue and fractography investigations. The superior residual
stress stability can be attributed to dynamic strain aging effects.

• Future work should focus on in-depth evaluation of the plastic strain amplitude of
the conditions deep rolled at different temperatures in order to further analyze the
different elementary effects being active. Additionally, the stability of residual stresses
under thermal load should be part of future investigations.
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