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ARTICLE INFO ABSTRACT

Keywords: Numerous studies have demonstrated the viability of lightweight Fe-Mn-Al-C steels for exhibiting an improved
Lightweight steel balance of high strength and high ductility in automotive applications. However, their high-cycle fatigue
Fatigue

behaviour has been scarcely studied. This work examines the effect of k-carbides formed during the aging

Siisli'deavage treatment on the high-cycle fatigue performance of an austenitic Fe-29Mn-8.7Al-1C (wt. %) steel. The material is
c-carbides studied in solution-treated, under-aged, and peak-aged conditions. High-cycle fatigue tests and analysis of fatigue

fracture surfaces were performed using SEM and EBSD techniques. The results indicate satisfactory high-cycle
fatigue performance in the aged material, somewhat better than for high Mn steels. Fatigue crack formation
and growth occur predominantly via a quasi-cleavage mechanism along the [1 1 1] crystallographic planes,
which is also a plane for planar glide and the formation of persistent slip bands during plastic deformation. The
nanoscale intragranular k-carbides in the aged samples interact with the gliding dislocations, resulting in the
shearing of nanoscale k-carbides in a weakly coupled regime. The resistance of particles to shearing is determined
by their size, volume fraction, and antiphase boundary energy (yaps), which vary during the aging process. The
aged Fe-29Mn-8.7Al-1C steel significantly improves the fatigue strength as the formation of persistent slip bands
is delayed due to an additional energy barrier related to the shearing of the k-carbides. This improvement peaks
in the under-aged condition and decreases with further aging time.

specific strength and a direct weight reduction of parts made of steel.
Alloying elements with a lower density than Fe (7.8 g/cm®), such as Al
2.7 g/cm3), Si(2.3 g/cms) and Mn (7.21 g/cm3) are added to Fe-C steels
to reduce the density as well as to control the phase composition [2].
These light elements alter the lattice parameter of steels and simulta-
neously reduce density due to their low atomic masses. For example, a
12 (wt. %) Al addition will reduce the density of Fe by 17 % of which
lattice dilatation contributes with 10 % and atomic mass reduction
contributes with an additional 7 % [1]. The most widely studied steels of
this family are based on the Fe-Mn-Al-C system and have recently
attracted significant attention of the steel research community and
various industries [1-3]. It has been demonstrated that processability,
microstructure and properties of the Fe-Mn-Al-C steels strongly depend
on chemistry, applied thermo-mechanical processing parameters and
processing scale [1-3]. Their constitutive phases can be either ferrite,

1. Introduction

Automotive engineers continually explore innovative approaches to
achieve multiple goals, including reducing vehicle weight, lowering fuel
consumption and related emissions, and enhancing overall performance
and handling characteristics. For instance, a rough estimate suggests
that emissions could be reduced by approximately 6.9 % for every 10 %
reduction in vehicle weight. Consequently, engineers are increasingly
focusing on lighter materials, such as aluminum, magnesium, titanium
alloys, composites, and advanced high-strength steels (AHSSs).

Among these materials, lightweight steels have been developed as
suitable for structural components and assemblies due to their excep-
tional combination of high strength and toughness [1]. The reduction of
steel density is particularly advantageous, allowing for an increase of
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Nomenclature FCC Face-centered cubic lattice
IFFT Inverse Fast Fourier Transformation
YABP Antiphase boundary energy HCF High-cycle fatigue
& Elongation to failure HR Hot-rolled
of Fatigue strength KAM Kernel Average Misorientation
f Frequency LCF Low-cycle fatigue
Omax Maximum stress ND Normal direction
R Stress ratio RD Rolling direction
oyuTS Ultimate tensile strength PA Peak-aged
ey Uniform elongation SEM Scanning electron microscopy
oy Yield strength SAED Selected area electron diffraction pattern
HV Vickers hardness SHT Solution heat-treated
AHSS Advanced high-strength steels TEM Transmission electron microscopy
BF Bright field TWIP Twinning Induced Plasticity
DF Dark field TD Transverse Direction
EBSD Electron backscatter diffraction UA Under-aged
EDS Energy dispersive X-ray spectroscopy
Table 1
Chemical composition of the studied material (wt. %).
Element Fe Mn Al C Si P S Ti Cu Cr o N
Content 61.2 29.0 8.7 0.983 0.062 0.003 0.004 0.007 0.03 0.006 0.002 0.002
(765-1978 MPa), and total elongation (10-80 %) [4]. These properties
- 170 - vary depending on the chemistry and microstructure. The k-carbides
12 formed during heat treatment play a key role [5-13]. Coarse inter-
T 1 " granular k-carbides can lead to a sudden loss of elongation to failure,
0 —_——————— R while fine intragranular k’-carbides enhance the strength of lightweight
1" L7 '4)’13 il Q' steels without si.gniﬁc?ntly sacrificing ductility [.5.—1 2]. Moreover,
3y 2 although the relationship between strength and ductility of duplex and
single-austenitic lightweight steels follows the “banana” curve, the
Fig. 1. The geometry of the fatigue specimens. mechanical properties of austenitic steels with high-Mn content seem to
be superior to those of duplex ones. The increase in Mn content appears
to provide more room for improving the strength and ductility of steels,
Table 2 but it also raises challenges in fabrication, not to mention the increment
Parameters of fatigue testing. in material cost [13].
Parameter Symbol  Values The fatigue behavior of Fe-Mn-Al-C steels has been scarcely inves-
Stress ratio R o1 tigated, and due to limited amount of experimental data in the literature,
Frequency £ 30 Hz it cannot be properly understood. High cycle fatigue behaviour of three
Maximum Cimax 360, 370, 380, 400, 440, 460, 470, 480, 490, 500, 510, solution-treated Fe-29Mn-9Al-(0.26, 0.6, 1.06)C (wt. %) alloys was
stress 520, 540, 560, 600, 640, 680, 740, 760, 800 MPa studied in [14]. The volume fraction of austenite increased with
Minimum Omin Omin = R * Omax

stress

austenite or a mixture of ferrite and austenite depending on the content
of austenite stabilizing Mn and C and heat treatment parameters. Among
this type of lightweight steels, the austenite-based Fe-Mn-Al-C steels
show superior weight reduction effect and possess both high strength
and ductility, which are closely associated with their unique micro-
structural features and deformation mechanisms. Additionally, they
show a better processability [4]. A full austenitic structure at room
temperature can be achieved in Fe-Mn-Al-C steels with high Mn and high
C contents, falling within the range of 13-40 % and 0.6-2.0 %, respec-
tively, despite the high-Al content [4]. Furthermore, austenitic steels
demonstrate higher ductility and similar strength compared to duplex
steels [2].

There is a significant body of experimental research focused on the
microstructural design in austenitic Fe-Mn-Al-C steels to improve their
mechanical properties. It has been well established that these steels
possess favorable mechanical properties with a broad range for regula-
tion, including yield strength (375-1850 MPa), ultimate tensile strength

increasing carbon content from 45 % to 100 %. No significant effect of
austenite volume fraction on fatigue life was found, while strength
increased with the increasing austenite content. The effect of aging
treatment on the low cycle fatigue of an austenitic Fe-29.7Mn-8.7A1-1C
alloy was studied in [15]. Cyclic softening was observed during fatigue
for all aging conditions, which was related to the planar slip, shearing of
kappa-carbides, mechanical dissolution of the precipitates, or formation
of persistent slip bands depending on the aging condition. Kalashnikov
et al. [16] investigated fatigue at a constant strain amplitude on a
wrought Fe-28Mn-9Al1-0.86C-0.7 W-0.43Mo-0.49Nb (wt. %) alloy and
on a martensitic stainless steel of composition Fe-12Cr-1.25Ni-0.2 V-1.8
W-0.5Mo0-0.15C. Three tests were conducted at different temperature
conditions: one test at 400 °C, a second at 20 °C and a third test that
included cycling the temperature between 400 and 20 °C. In each case,
the stainless steel failed at half the cycles of the Fe-Mn-Al-C alloy.
Tempering of the martensite and loss of strength were used to explain
the lower cyclic life of the stainless steel at elevated temperatures.
Wegener et al. [17] studied microstructure evolution and mechanical
behavior of a Fe-29.8Mn-7.65A1-1.11C (wt. %) lightweight steel under
strain controlled cyclic loading in the low-cycle fatigue (LCF) regime.
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Fig. 2. a) IPF Y EBSD map of the solution heat treated sample; b) histogram of grain size distribution; ¢) MnS inclusions present in the microstructure. The twin

boundaries <111>60° are marked by white lines on Fig. 2a.

The material was studied in two conditions: solution treated (without
k-carbides) and solution treated and aged (containing k-carbides). It was
found that the cyclic deformation response of the solution treated con-
dition was characterized by initial cyclic softening followed by a stress
plateau. However, aging modified the response dramatically. For the
lowest total strain amplitude (+0.2 %), k-carbides improved LCF per-
formance. The increasing strain amplitude led to cyclic softening
resulting in inferior fatigue life as compared to the solution treated
samples. The latter phenomenon was related to the shearing of «-car-
bides and mechanical dissolution of the precipitates during plastic
deformation.

The high cycle fatigue behavior of Fe-Mn-Al-C steels was studied
even to lesser extent. In [18], the high cycle fatigue performance of high-
Mn austenitic steels was investigated at 298 and 110 K. It was shown
that tensile strength was the most important parameter in determining
the resistance to high cycle fatigue of high-Mn steels. The fatigue crack
initiated via grain boundary cracking. Temperature did not affect the
mechanisms of the fatigue crack initiation. The effect of k-carbides on
the high cycle fatigue behavior of Fe-Mn-Al-C steels still remains a white
spot. The main objectives of this work are to explore the effect of
k-carbides on the high cycle fatigue resistance of a Fe-29Mn-8.7A1-1C
(wt. %) steel and to unravel the mechanisms of fatigue crack initiation
and growth.

2. Experimental procedures
2.1. Material and heat treatments

The Fe-29Mn-8.7Al-1C (wt. %) alloy was produced for this study.
The chemical composition of the material is provided in Table 1. The

content of O, N, C, and S was measured by combustion analysis, while
the remaining elements were measured using XRF technique. The ma-
terial was initially provided in the form of hot-rolled strips with a
thickness of approximately 5 mm. Upon receiving the material, various
heat treatments were applied. In the first stage, it underwent a solution
treatment at 1000 °C for 30 min, followed by quenching in water. This
solution treatment was executed in a muffle furnace, with the samples
embedded in a pre-heated bath filled with fine sea sand. The use of sand
served the purpose of minimizing surface oxidation, ensuring a rapid
heating rate, and maintaining precise temperature control during the
heat treatment process. Subsequently, a portion of the samples under-
went aging at 550 °C for two different durations: 1 h and 8 h, followed by
quenching in water. The aging treatments were also conducted in the
pre-heated bath. The sample aged for 1 h is designated as being in an
under-aged (UA) condition, while the sample aged for 8 h is considered
to be in the peak-aged (PA) condition. Henceforth, they will be referred
to accordingly.

2.2. Microstructural characterization

Quantitative microstructural characterization of the material was
conducted using electron backscatter diffraction (EBSD) analysis.
Specimens underwent grinding (up to 2000 SiC/in?) and polishing
procedures (1 and 3 um diamond paste suspension) following standard
metallographic techniques to achieve a mirror-like surface. The final
polishing was carried out using colloidal silica suspension (OPS-0.25
um). The EBSD studies of the SHT material were performed on the plane
of the sample that contains normal direction (ND or Y) and rolling di-
rection (RD or X) using an APREO 2S LoVac equipped with an Oxford
Instruments Symmetry S2 EBSD detector controlled by the AZtec Oxford
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Fig. 3. a) SAED pattern of UA condition; b) BF TEM image; ¢) DF TEM image; d) DF TEM image at higher magnification.

Instruments Nanoanalysis (version 5.0) software. The data were ac-
quired at an accelerating voltage of 20 kV, a working distance of 15 mm,
a tilt angle of 70°, and a step size of 120 nm in a square scan grid. The
orientation data were post-processed using HKL Post-processing Oxford
Instruments Nanotechnology (version 5.12) software. The grain size was
calculated using the grain definition of a minimum of 4 points per grain
and a minimum misorientation of 15°. Local misorientations were used
to estimate the strain localization in the microstructure. They were
calculated using the Kernel average misorientation approach for the
third nearest neighbor and maximum misorientation of 5°. A MATLAB
code, developed by T.R. Bieler et al. [19], was utilized to identify the
lattice planes associated with fatigue crack formation and growth based
on the outcomes obtained from electron backscatter diffraction (EBSD).

The fracture surfaces of the fatigue specimens were examined using
the scanning electron microscope EVO MA15 from Zeiss, operating at an
accelerating voltage of 20 kV. Energy dispersive X-ray spectroscopy
(EDS) analysis was carried out using the Oxford Instruments Ultim Max
40 detector to identify inclusions when necessary.

For a detailed investigation of the nanoscale k-carbides formed in the
material during aging, transmission electron microscopy (TEM) studies
were performed using a FEG S/TEM (Talos F200X, FEI, and Jeol JEM-
2200FS from Gent University), operated at an accelerating voltage of
200 kV. Thin foils were prepared on a TenuPol 5 (Struers®) through
twin-jet electropolishing with a 10 % perchloric acid solution in acetic
acid at room temperature and an operating voltage of 20 V. TEM im-
aging was acquired in bright-field (BF), dark-field (DF) and inverse fast
Fourier transformation (IFFT) modes.

2.3. Mechanical characterization

Standard tensile samples with a gauge length of 50 mm and a gauge
width of 12.5 mm were machined from the materials. Tensile tests were

conducted using the INSTRON 3384 testing system following the ASTM
E8 standard [20]. The tests were performed at room temperature,
maintaining a constant cross-head speed of 2.5 mm/min. To ensure
accurate measurement of deformation, an extensometer was affixed to
the gauge section of each sample. At least three samples were tested for
each condition, and the results were found to be reproducible. The
average values are given.

The microhardness of the material was measured using SHIMADZU
HMV-2 microhardness tester equipped with a Vickers diamond indenter.
A load of 500 g was applied for 15 s. Ten measurements were carried out
on each sample. The average values are presented.

Fatigue testing specimens were precision-machined from the heat-
treated strips, with the geometric details illustrated in Fig. 1 below.
The samples were machined in transverse direction (TD). Rigorous
attention was given to the surface quality of the specimens, employing
standard metallographic techniques. This meticulous preparation aimed
to eliminate any superficial defects introduced during the machining
process, as well as to remove oxide and demanganized layers formed
during processing and heat treatments. Subsequent to the sample
preparation, high-cycle fatigue tests were conducted under pull-pull
stress-controlled conditions, employing sinusoidal-waveform cyclic
loading. The experiments were carried out at room temperature using an
INSTRON 8802 servohydraulic fatigue testing system, adhering to the
ISO 1099 standard [21]. The stress ratio (R) was set at 0.1, and the load
frequency (f) was maintained at 30 Hz. Recording the number of cycles
to failure, S-N curves (Wohler curves) were constructed. A minimum of
14 samples were tested for each material, and the fatigue strength (o5
was estimated based on the resulting Wohler curves. It was defined as
the highest maximum stress that a material can withstand for 107 cycles
without breaking. The parameters of fatigue testing are summarized in
Table 2.
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a) .

Fig. 4. a) SAED pattern of PA condition; b) high resolution TEM image of PA sample; ¢) DF TEM image at lower magnifications; d) DF TEM image at a higher
magnification where the shape and distribution of k-carbides are shown; e) No evidence of k-carbides in grain boundary or triple junction area.
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sile testing.

3. Results and discussion
3.1. EBSD analysis

The solution treated material exhibits a homogeneous austenitic non-
textured microstructure with equiaxed grains (Fig. 2a). Most grains
contain annealing twins. The histogram of grain size distribution is
presented on Fig. 2b. The average grain size corresponds to 22.6 um.
Elongated MnS inclusions could also be observed in the microstructure
(Fig. 2¢). Although their volume fraction is negligibly low, these elon-
gated MnS inclusions have a length up to 8 um and a width up to 3 pm.

Table 3

Tensile and fatigue properties of the Fe-29Mn-8.7Al-1C alloy in solution heat treated,

provided for comparison.

International Journal of Fatigue 184 (2024) 108306

They are typically present in steels [22]. Notably, the aging treatment at
550 °C did not alter the grain structure of the solution treated material.
TEM analysis of the solution treated material did not reveal presence of
any nanoscale k-carbides in the microstructure.

3.2. TEM analysis of k-carbides formed during the aging treatment

TEM was utilized to observe the nanoscale k-carbides in the aged
samples. Fig. 3a presents selected area electron diffraction (SAED) pat-
terns from an austenite grain of the UA material oriented at zone axis of
[0 1 1]. The large spots correspond to the fcc lattice of the austenitic
matrix, while fine spots represent the x-carbides. Nanoscale intra-
granular k-carbides are clearly seen on the dark-field (DF) image of the
austenitic grain (Fig. 3c). They have predominantly cuboidal shape and
are homogeneously distributed over the grain (Fig. 3d). Quantitative
characterization of the intragranular k-carbides yields their average size
of 3.1 + 0.8 nm, and local volume fraction of 9.8 %. No intergranular
k-carbides are observed in the microstructure.

Fig. 4 illustrates nanoscale intragranular k-carbides formed in the PA
material. The analyzed grain is oriented at the zone axis at [0 0 1]. Spots
corresponding to the austenitic matrix and k-carbides can be easily
identified on the SAED patterns (Fig. 4a). From the DF TEM image, it is
clearly seen that cuboidal k-carbides are homogeneously distributed
over the grain (Fig. 4b-d). The increase of aging time results in slightly
larger average k-carbide size of 3.4 £ 1.0 nm. The local volume fraction
of k-carbides also increases to 10.7 %. It should be noted that longer
aging time does not result in the formation of intergranular k-carbides,
as it was observed during aging treatment of the material at higher
temperatures (650 °C) in [6,7]. Grain boundaries and triple junctions
are free of k-carbides as can be seen on Fig. 4e.

UA and PA conditions. Properties of high Mn steels from [18,19,23-29] are also

Sample Tensile properties Fatigue properties
60.2 [MPa] ours og9; [MPa] &y [%] r [%] Hy of [MPa] Omax/OUTS
[MPa]
SHT 561 900 586 89 104 244 360 0.40
UA 765 918 813 64 76 333 510 0.56
(550 °C/1h)
PA 929 1060 995 41 54 384 460 0.43
(550 °C/8h)
Table 4
Tensile and fatigue properties of high Mn steels from literature [18,19,23-29].
Sample Tensile properties Fatigue properties Ref.
00.2 [MPa] ouTs & [%] Test Type R o, [MPa] Omax Omax/ OUTS
[MPa] [MPa]
3C16MnAl 268 830 98 Bending -1 398 398 0.48 [23]
16Mn2A10.3C 268 830 98 Bending -1 358 358 0.43 [23,24]
16Mn2A10.7C 494 951 72 Axial 0.1 191 424 0.45 [18,25,26]
6C18MnNb 308 963 91 Bending -1 404 404 0.42 [23]
18Mn0.6C 410 1078 68 Axial 0.1 203 451 0.42 [29]
18Mn0.6C0.02Nb 308 963 91 Bending -1 365 365 0.38 [23,24]
6C22Mn 316 866 96 Bending -1 398 398 0.46 [23]
22Mn0.6C 316 866 96 Bending -1 366 366 0.42 [23,24]
22Mn3A13Si0.01C 353 812 94 Bending -1 333 333 0.41 [24]
22Mn3Cr0.6C 462 1016 63 Axial 0.1 160 355 0.35 [18,27]
24Mn4Cr0.5C 499 982 72 Axial 0.1 208 462 0.47 [18,27]
25Mn 436 944 55 Axial 0.1 185 411 0.44 [19]
25Mn0.4C 436 944 55 Axial 0.1 130 289 0.31 [18,25]
25Mn0.5C0.2A1 457 988 52 Axial 0.1 150 333 0.34 [18]
25Mn0.2A1 457 988 52 Axial 0.1 175 389 0.39 [19]
25Mn0.5Cu 439 917 53 Axial 0.1 205 456 0.50 [19]
25Mn0.5Cu0.4C 439 917 53 Axial 0.1 159 353 0.39 [18]
30Mn0.9C 350 960 90 Axial -1 250 250 0.26 [28]
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Fig. 6. Wohler curves from high cycle fatigue testing.

3.3. Tensile testing

Engineering stress — engineering strain curves from tensile testing are
presented in Fig. 5. The outcomes of their analysis are listed in Table 3. It
is clearly seen that both yield strength and ultimate tensile strength
increase with the increasing aging time, whereas uniform elongation,
elongation to failure and strain hardening ability of the material show
the opposite trend. It has been well established that the strength increase

International Journal of Fatigue 184 (2024) 108306

is related to precipitation strengthening induced by intragranular
nanoscale k-carbides during artificial aging (Fig. 3, Fig. 4) [5-12].

Microhardness testing of the studied material showed gradual in-
crease with aging time from the solution heat treated condition to the
peak-aged condition. These results are in a very good accordance with
the outcomes of tensile testing. The Vickers hardness of work-hardening
metallic materials HV follows the relationship HV =~ 3.0, where ¢ is the
uniaxial tensile flow stress at plastic strain between 8 % and 10 % [30].
In our case, a linear correlation between HV and flow stress at 8 % is
found with the coefficient of determination R? = 0.99 and linear coef-
ficient of 3.1.

In Table 4, data from the mechanical properties characterization of
various high-Mn steels reported in the literature [18,23-29] is gathered.
A comparison of the tensile properties of our materials (Table 3) with
those reported in the literature (Table 4) shows that the studied Fe-
29Mn-8.7A1-1C alloy exhibits better yield and ultimate tensile strength
compared to nearly all other high-Mn steels, while their tensile elon-
gation to failure shows comparable values. As is widely recognized, the
strength and ductility of steels are influenced by their chemistry and
microstructure. The microstructure, in turn, is determined by both
chemistry and process parameters. Given the significant variations in
both chemistry and microstructure among the analyzed steels (Table 4),
establishing a direct correlation between steel chemistry and tensile
properties proves challenging.

3.4. Fatigue testing

Fig. 6 presents the S-N curves obtained from high cycle fatigue
testing of the studied materials. The number of cycles, that the steels can
endure before failure, tends to increase with decreasing stress ampli-
tude. In general, the aged samples demonstrate much better fatigue
resistance compared to the solution heat treated material. At maximum

Fig. 7. a) Fatigue crack initiation area of the solution heat treated sample at 6,,,x = 370 MPa; b) Crack initiation on certain crystallographic planes; c¢) Crack
propagation along certain crystallographic planes; d) Fatigue crack striations seen at high magnifications.



A. Gomez et al.

International Journal of Fatigue 184 (2024) 108306

Fig. 8. a) Fatigue crack initiation area of the solution heat treated sample at 6,,,x = 440 MPa; b) Crack initiation on certain crystallographic planes; c¢) Crack
propagation along certain crystallographic planes; d) Fatigue crack striations seen at high magnifications.

stress values higher than 540 MPa, the number of cycles to failure for UA
and PA samples tend to overlap. For the solution treated material, the
S-N curve becomes horizontal at the maximum stress value of oyax =
360 MPa after 107 cycles, which is referred to as the material’s fatigue
strength of [31]. The highest fatigue strength of 510 MPa is demon-
strated by the UA material, whereas the fatigue strength of the PA ma-
terial is somewhat lower, 460 MPa, but it is still much higher compared
to that of the solution heat treated material, 360 MPa. It should be noted
that the points on the S-N curves of the studied steels are less scattered
than those presented in the literature for multiphase AHSS [32-36]. This
observation can be related to the single-phase microstructure of the
tested materials. The outcomes of fatigue testing are summarized in
Table 1.

3.5. Analysis of fatigue fracture surfaces

After fatigue testing, the fracture surfaces were analyzed by SEM.
Areas corresponding to the three stages of fatigue failure (crack initia-
tion, stable crack propagation and sample failure) could be easily
identified on all samples [37]. In all studied samples, regardless of the
aging condition and applied maximum stress value, the fatigue cracks
initiated at the sample surface or subsurface area, and the morphology of
the fatigue fracture surfaces looked very similar.

Fig. 7 illustrates the fatigue fracture surface of the solution heat
treated sample tested with 6y, = 370 MPa. The fatigue crack initiation
area is marked by an arrow in Fig. 7a. The fatigue crack was formed by
transgranular quasi-cleavage (i.e. through austenite grains) on the sur-
face. It is obvious that the fatigue crack propagated also predominantly
by a transgranular mechanism along certain crystallographic planes

(Fig. 7c). Fatigue crack striations can be clearly observed on the fatigue
crack propagation area (marked by white dashed arrow on Fig. 7d).
They represent local crack-growth increments which occur via a
mechanism of opening and blunting of the crack tip on loading, followed
by resharpening of the tip on unloading [38]. River patterns are also
observed (marked by white solid arrows in Fig. 7c). Such patterns
develop when a cleavage propagates over a border (a grain or subgrain
boundary) between different directions of crystallographic cleavage
planes [39]. No significant effect of the stress amplitude on the fatigue
crack initiation and propagation mechanisms. Very similar fatigue
fracture surface morphology is demonstrated by the solution heat
treated sample tested with 6,,x = 440 MPa (Fig. 8).

The fatigue fracture surfaces of both the UA and PA samples also
exhibit a striking resemblance. Fig. 9 presents SEM images of the fatigue
fracture surface appearance of the UA sample tested with 60y = 520
MPa. The fatigue crack formed in the subsurface area near the sample
corner (Fig. 9a) via a similar mechanism (Fig. 9b) as that observed in the
solution-treated material (Fig. 8b). Fatigue crack tends to propagate
along certain crystallographic planes leaving river patterns and fatigue
crack striations on the surface (Fig. 9b,c). Again, there is no noticeable
effect of the stress amplitude on the fatigue crack initiation and propa-
gation mechanisms (Fig. 10). In the peak-aged sample tested with cyax
= 470 MPa, the fatigue crack formed near the midsection (Fig. 11a) also
via trans-granular quasi-cleavage (Fig. 11b). Very well defined fatigue
crack striations were also observed on the fatigue crack propagation
areas in both cases (Fig. 9¢, Fig. 11c). Again, the appearance of the fa-
tigue fracture surfaces was similar in all PA samples independently of
the maximum stress value (Fig. 12).
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Fig. 9. a) Fatigue crack initiation area of UA sample at 6,,,x = 520 MPa; b) Crack initiation on certain crystallographic planes; ¢) Crack propagation along certain

crystallographic planes.
4. Discussion
4.1. High cycle fatigue performance of the Fe-29Mn-8.7Al-1C steel

The analysis of the S-N curves (Fig. 6) indicates that the best fatigue
strength is shown by the UA condition (510 MPa) followed by the PA
treatment (460 MPa) and then by the solution treated material (360
MPa). However, another important parameter to be considered is the
ratio of fatigue strength to ultimate tensile strength (o5 /oyrs). Based on
this consideration, the highest o7 /oyrs -ratio is demonstrated also by the
UA alloy (0.56) followed by the PA alloy (0.43) and then by the solution
treated material (0.4) (Table 3).

As is well known, the high-cycle fatigue response of metallic mate-
rials is influenced by numerous factors, including fatigue testing pa-
rameters, sample quality, and, most importantly, the microstructure of
the material. Due to the variability in these parameters, analysing the
direct effect of material chemistry, particularly Mn content, on fatigue
strength becomes challenging. Nevertheless, a comparison of the high-
cycle fatigue behavior of the studied material (Table 3) with that of
other high-Mn steels (see Table 4) clearly indicates that the studied Fe-
29Mn-8.7Al-1C alloy in the UA condition outperforms all other high-Mn
steels reported in the literature [18,23-29]. This is evident in its o7 /oyrs
ratio of 0.56, which surpasses all other reported values (Table 4).
Meanwhile, in the SHT and PA conditions, its high-cycle fatigue
response is comparable to or somewhat better than that of the vast
majority of the reported materials. Furthermore, the x-carbides formed
during the aging process directly affect the high cycle fatigue behavior of
the aged Fe-29Mn-8.7Al-1C alloy and can be employed to control fatigue
resistance of the material, as discussed in Section 4.3 below.

4.2. Fatigue crack initiation and propagation

Fatigue crack initiation and propagation play a key role in the fatigue
behavior of any metallic material [37]. The fatigue fracture surface
analysis clearly shows that fatigue crack initiation and propagation
occur by the quasi-cleavage mechanism in all studied conditions (Fig. 8,
Fig. 9, Fig. 11). Fig. 13a includes an Euler map obtained from the EBSD
analysis of the solution treated alloy with a formed short fatigue crack
and a propagating fatigue crack (both in green colour). The black lines
correspond to high-angle grain boundaries (>15), and the red line to
twin boundaries (~60). The MATLAB analysis [19] of the obtained
EBSD data was carried out. TSL software was used to generate the files
needed for the MATLAB analysis. The MATLAB program generates a
map, where all grains are marked and numbered (Fig. 13c). Further-
more, it is possible to select the grain of interest using the code, which
generates all the crystallographic planes of that grain. The grains con-
taining cracks were analysed. Fig. 13b presents a band contrast map
with marked crystallographic planes corresponding to fatigue crack
propagation planes. It is clearly seen that the fatigue crack forms and
propagates in a transgranular manner along [1 1 1] crystallographic
planes. There is no evidence of fatigue crack formation at grain or twin
boundaries (Fig. 13a). Furthermore, fatigue crack does not tend to
propagate along grain or twin boundaries (Fig. 13a). Similar analysis
carried out on the other two conditions revealed similar results.

It should be noted that earlier studies revealed that plastic defor-
mation of austenitic Fe-Mn-Al-C alloys occurs by planar glide along [1 1
1] crystallographic planes resulting in the formation of persistent slip
bands [40]. Similar mechanism of plastic deformation is observed in the
studied material. A TEM image illustrating typical persistent slip bands
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Fig. 10. a) Fatigue crack initiation area of UA sample at 6,,,x = 560 MPa; b) Crack initiation on certain crystallographic planes; ¢) Crack propagation along certain

crystallographic planes.

developed in the deformed UA alloy is presented in Fig. 14a (marked by
white solid arrows). They appear as homogeneously distributed sharp
planar zones of high dislocation density having a thickness of 250...300
nm and lying along the activated slip planes [1 1 1]. The distance be-
tween bands is in the range of 100...180 um. Therefore, crack formation
and growth along [1 1 1] plane is undoubtedly related to dislocation
planar glide. This has been well established for a wide range of metallic
materials with fcc lattice, where a similar phenomenon of persistent slip
banding was observed, including twinning induced plasticity (TWIP)
steels [23,24], austenitic stainless steel [40], Sanicro steel [41], Ni-
based superalloys [42,43], copper [44], etc. Experimental studies on
austenitic steels revealed that crack-like surface intrusions are the
principal mechanism of fatigue crack initiation at persistent slip bands
formed in favorably oriented grains during cyclic deformation [38,45].
This mechanism of fatigue crack formation is applicable when the crack
emerges on the sample surface. However, there are also cases in which
fatigue cracks form in subsurface areas (see, for example, Fig. 11a and
Fig. 12a). In these instances, fatigue crack formation at the intersection
of persistent slip bands and grain boundaries appears to be the relevant
mechanism [23,24]. Once the fatigue crack is formed, the persistent slip
band continues to grow ahead of the crack [46] (as can be seen from the
kernel average misorientation map on Fig. 13d) paving the way to the
transgranular crack propagation. The crack growth path follows the slip
band in polycrystals, and the cleavage facets are formed by decohesion
along slip planes. Similar fatigue crack propagation mechanism was
reported for TWIP steels [23] and austenitic high Mn steels [27,29]. The
introduction of k-carbides into the microstructure of the studied mate-
rial through artificial aging adds an extra layer of complexity to the
fatigue crack initiation and propagation process. This is because the
k-carbides have a significant impact on the motion of dislocations, as
discussed in Section 4.3 below.

10

Evidence of fatigue crack formation at MnS inclusions within the
microstructure was not observed. In all analyzed conditions, no in-
clusions were found in the fatigue crack initiation area of the samples.
According to Murakami’s analysis [47], the fatigue strength of steels
may decrease if the square root of the inclusion’s surface area, \/area, is
sufficiently large. For 42CrMo-based steels, the reported critical inclu-
sion size leading to local fatigue crack initiation falls within the range of
8 to 15 pm [48]. Meanwhile, in [49], a range of 10 to 30 um was pro-
posed for the critical inclusion size. Notably, the MnS inclusions
observed in the studied steels are much finer. In addition to inclusion
size, the adhesion of inclusions to the matrix is crucial, and in this
context, it is worth mentioning that all MnS inclusions were firmly
bonded to the austenitic matrix with no debonded interfaces (Fig. 2c).

4.3. The role of k-carbides in the fatigue behavior of the Fe-29Mn-8.7Al-
1C steel

The dislocation — k-carbide interaction occurs either by Orowan
looping of particle shearing [50]. The interaction mechanism is deter-
mined by several parameters including particle size, inter-particle dis-
tance and antiphase boundary energy (yapp) [12]. For a lightweight
austenitic steel with a very similar chemical composition, Fe-30.4Mn-
8Al-1.2C, and antiphase boundary energy of 350 mJ/m?, it was shown
in [12] that the k-carbides with size less than 10 nm are sheared by
gliding dislocations in a weakly coupled regime. Somewhat larger
k-carbides having a size in the range of 10...38 nm are sheared in
strongly coupled regime. Orowan looping occurs at even larger k-car-
bides (>38 nm). Since the particle size of x-carbides in this study is less
than 10 nm, the predominant regime is the weakly coupled regime,
where the gliding dislocations are shearing the x-carbides resulting in
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Fig. 11. a) Fatigue crack initiation area of PA sample at 6max = 470 MPa; b) Crack initiation on certain crystallographic planes; c¢) Crack propagation along certain
crystallographic planes; d) Fatigue crack striations at high magnifications.
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Fig. 12. a) Fatigue crack initiation area of PA sample at 6,,,x = 540 MPa; b) Crack initiation on certain crystallographic planes; ¢) Crack propagation along certain
crystallographic planes; d) Fatigue crack striations at high magnifications.
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Fig. 13. a) IPF Y map of the solution heat treated material with a formed and a
propagating cracks; b) corresponding band contrast map with marked crystal-
lographic planes; c¢) a map generated by MATLAB software showing all marked
grains (the analyzed grains were 5, 52, 85, 98, 100, 107, 134, 120, 127, 161,
and 179); d) corresponding kernel average misorientation (KAM) map, calcu-
lated for the 3rd neighbour up to 5° misorientation.
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the so-called “glide plane softening” [12]. Fig. 14b,c clearly illustrates
dislocations cutting «-carbides in the studied peak-aged material
(marked by white solid arrows). Introducing nanoscale k-carbides into
austenitic Fe-Mn-Al-C steels improves the fatigue strength (Table 1,
Fig. 6) as formation of persistent slip bands in this case should be
delayed due to the additional energy barrier related to the shearing of
k-carbides. Shearing of x-carbides occurs when the pile-up stress is high
enough to overcome the antiphase boundary effect. As mentioned
above, the resistance of particles to shearing is determined by an
interplay of their size, volume fraction, and antiphase boundary energy
[12]. TEM analysis shows that the k-carbide size and local volume
fraction are varying in aged samples [6,7]. Furthermore, the ab initio
calculations carried out in [12] showed that the antiphase boundary
energy is strongly related to the carbon concentration of the k-carbides,
which, in turn, depends on the applied aging treatment parameters.
From the results of this study, it is clearly seen that the k-carbides
significantly improve fatigue life when the material is in the under-aged
conditions, whereas peak aging somewhat degrades fatigue resistance
compared to the under-aged condition. Ab initio calculations of the
studied material combined with atom probe tomography studies are
needed to further explore the effect of aging treatment on k-carbide-
dislocation interaction during cyclic loading of Fe-29Mn-8.7A1-1C aged
samples.

5. Conclusions

The high cycle fatigue behavior of an Fe-29Mn-8.7A1-1C steel was
studied in solution heat treated, under-aged, and peak-aged conditions.
It was shown that the Fe-29Mn-8.7Al-1C alloy shows a similar or even
slightly better fatigue resistance than high Mn alloys with a similar
strength, and that the k-carbides formed during the aging process play a
key role in the high cycle fatigue behavior of the Fe-29Mn-8.7Al-1C
alloy. In all cases, fatigue crack initiation and propagation occurred
predominantly through the quasi-cleavage mechanism along the [1 1 1]
crystallographic planes, which is also the preferred plane for planar
glide and the formation of persistent slip bands during plastic
deformation.

The nanoscale intragranular k-carbides in the aged samples interact
with the gliding dislocations. Based on previous ab-initio results and due
to the nanoscale size of the k-carbides encountered in the studied aging
conditions, it is expected that the gliding dislocations induce the
shearing of the k-carbides in the weakly coupled regime. The results
show that an optimum aging treatment can significantly improve the
fatigue strength of Fe-Mn-Al-C steels, because the formation of persistent
slip bands is delayed due to the additional energy barrier associated with
the shearing of k-carbides. The results demonstrate that this improve-
ment peaks at the under-aged condition and that it decreases with
further aging time. This behavior can be attributed to the resistance of
the k-particles to shearing, which is determined by their size, volume
fraction, and antiphase boundary energy (yapp), and thus varies during
the aging process.
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Fig. 14. a) Persistent slip bands in a deformed peak-aged sample (marked by white solid arrows); b) BF TEM image showing k-carbide being cut by dislocations
(marked by a white solid arrow); ¢) DF TEM image showing dislocation cutting k-carbides (marked by a white solid arrow).
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