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The demand for sustainable and high-performance materials has driven advancements in stainless steel pro-
duction, including the development of "green stainless steels" that reduce environmental impact without
compromising mechanical properties. Traditional steelmaking emits approximately 1.8 tons of CO2 per ton of
steel, whereas the green manufacturing process used in this study replaces coke with sustainably sourced
charcoal, significantly lowering emissions while capturing CO».

This study investigates the fatigue behavior of two green high-strength martensitic stainless steels (HSMSS),
AISI 420 and AISI 301LN, which differ in composition, microstructure, and processing. AISI 420 underwent
quenching and tempering (QT) to achieve a predominantly martensitic structure, while AISI 301LN, a TRIP steel,
was cold-rolled with 54 % thickness reduction, inducing partial martensitic transformation. Despite their similar
ultimate tensile strength (6UTS ~1530 MPa), hardness (~46 HRC), and surface roughness, their fatigue resis-
tance differed significantly.

Through X-ray diffraction (XRD), optical microscopy (OM), scanning electron microscopy (SEM), and Electron
Backscatter Diffraction (EBSD), this study explores how distinct processing routes influence microstructural
evolution and fatigue performance. The results provide insights into how sustainable manufacturing methods

contribute to fatigue resistance while addressing environmental concerns.

1. Introduction

Stainless steel (SS) is a versatile material widely used across various
industries due to its durability, corrosion resistance, and aesthetic ap-
peal, with increasing applications in structural uses in recent years.
However, SS is not a single-phase material; it can exhibits a variety of
microstructures, such as austenite (y), ferrite (o), and martensite (o).
With an appropriate combination of alloying elements, SS can be fully
austenitic, a mixture of a and v, fully ferritic, or martensitic. Its use for
structural applications, particularly in mildly corrosive environments,
has steadily grown in industries like aerospace, nuclear energy, petro-
chemicals, and automotive. These industries rely on SS’s excellent
corrosion resistance and moderate to high deformability. Given the cy-
clic loading conditions in these sectors, fatigue properties play a critical
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role in determining the material’s performance and reliability under
service conditions. As SS competes with carbon steels and aluminum in
these sectors, comprehensive fatigue data is crucial for evaluating its
service life under such conditions [1-4].

Currently, martensitic stainless steels (MSS) are particularly valued
for their excellent corrosion resistance combined with medium to high
mechanical strength and toughness. These properties make MSS ideal
for structural applications requiring both durability and mechanical
performance. The strength and hardness of MSS can further be enhanced
through heat treatments (HT), which involve quenching and tempering.
During quenching, y transforms into o as the material is rapidly cooled
from high temperatures, stabilizing the martensitic phase. This HT-
induced transformation is primarily governed by the material’s chemi-
cal composition, with high chromium content providing significant
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Table 1
Chemical composition of HSMSS (wt. - %).
Material C Mn Cr Si Ni Mo N Fe
AISI 301LN 0.023 1.50 17.31 0.44 6.77 0.04 0.11 Balance
AISI 420 0.200 0.18 12.03 0.39 0.20 0.02 0.01 Balance
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Fig. 1. Schematic representation of the static tensile specimens (t = 2.75 mm, L = 213 mm, G = 75 mm, A = 93 mm, B = 60 mm, C = 20 mm, R = 13 mm, and W =

12.5 mm).
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Fig. 2. Schematic representation of the fatigue specimens (t = 2.75 mm, L =
153 mm, G = 20 mm, M = 18 mm, R = 72 mm, and W = 9 mm).

Table 2
Stress levels for fatigue tests with a stress-ratio (cmin/omax) R = 0.1.
R Level 1 Level 2 Level 3 Level 4 Level 5
0.1 0,95 x oy 0,90 x oy 0,85 x oy 0,80 x oy 0,75 x oy
Table 3
Deformation levels applied in AISI 301LN SS.
AISI 301LN Final thickness Reduction True Hardness
(mm) (mm) strain, € (HRQC)
As-received 6.00 0 0 -
20 % cold 4.81 £ 0.05 1.19 £ 0.05 0.20 35+1
rolled
28 % cold 4.32 £ 0.05 0.49 £+ 0.05 0.40 43 £ 0.5
rolled
39 % cold 3.66 £ 0.05 0.66 + 0.05 0.60 45+ 0.6
rolled
54 % cold 2.76 £ 0.05 0.90 £+ 0.05 0.85 47 £0.3
rolled
59 % cold 2.41 £+ 0.05 0.35 £+ 0.05 1.15 50 +£ 0.6
rolled

hardenability and tempering reducing the risk of cracking in complex
geometries [5,6].

In contrast, in austenitic stainless steels (ASS), martensitic trans-
formation can also occur through plastic deformation rather than HT.
This process, known as deformation-induced martensitic trans-
formation, occurs under mechanical strain at lower temperatures and is
characteristic of transformation-induced plasticity (TRIP) steels. During
deformation, the crystal structure of y changes to «, increasing the
material’s strength and toughness, making TRIP steels an attractive
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option for demanding fatigue applications [7,8].

The comparison of both materials is crucial in industrial final use
applications due to their potential for improved functionality and reli-
ability. Each manufacturing method has its advantages and disadvan-
tages, highlighting the importance of selecting appropriate processing
techniques for specific material properties. In response to global
competition, industries now require higher levels of safety, durability,
and reliability. As a result, lightweight vehicles, and structures that are
both safe and economically sustainable demands the efficient use of
superior materials proprieties, particularly in the context of green
stainless steel development, while ensuring the prevention of premature
structural failures. This emphasis on sustainable manufacturing pro-
cesses, combined with the need for reliable structural performance,
highlights the importance of understanding material fatigue behavior
under service conditions [9-11].

Therefore, new green materials also must be designed and tested for
sufficient resistance to mechanical stress for applications in a wide va-
riety of products on the market, so that the dispersions of this resistance
to the applied load in the material must be quantified for any subsequent
reliability analysis [2,12,13]. While the effects of cold work and heat
treatments on the tensile properties and toughness of MSS have been
extensively studied, the fatigue performance of these materials in
structural applications has received less attention. Fatigue strength is a
crucial parameter for structural components, especially when these
materials are considered as alternatives to traditional structural steel.
The fatigue limit is particularly important engineers, as it defines the
material’s endurance under cyclic loads. This study seeks to address the
gap in literature by providing insights into the fatigue behavior of green
MSS in possible use for structural applications.

Based on this context, the present work investigated the fatigue
resistance of AISI 301LN and AISI 420 green stainless steels, selected for
their chemical compositions, microstructural characteristics, and pro-
cessing methods, which reflect two distinct approaches to achieving a
martensitic microstructure [14]. AISI 420 and AISI 301LN differ
significantly in terms of their production costs, with AISI 420 typically
priced at approximately $3.50-$4.00 per kilogram and AISI 301LN at
$4.50-$6.00 per kilogram, depending on market conditions and pro-
cessing specification [15,16]. Although these prices are higher than
carbon steel, which averages around $1.00-$1.50 per kilogram, their
superior corrosion resistance and durability can justify the cost for
critical structural components. Thus, it has been determined the fatigue
limit of both steels by constructing S-N curves and characterizing their
microstructure before and after heat treatments and plastic deformation.
Finally, it was compared the fatigue resistance of heat-treated and
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Fig. 3. Schematic representation of the cold rolling process and where the samples were collected.
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Fig. 4. Schematic representation of the quenching and tempering process as
suggested by A.N. Moura et al. [23].
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Fig. 5. Work hardening curve of AISI 301LN SS vs. Heat treatment (quenching
at 1100 °C) curve of AISI 420 SS.
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plastically deformed steels, observing the influence of different
manufacturing processes on the material’s ability to withstand cyclic
loads.

2. Experimental procedure
2.1. Materials

The materials used in this research were AISI 420 and AISI 301LN SS
supplied by Aperam South America, internally denominated as ACE
P420D and ACE P301L SS and rolled in coil form. The AISI 420 SS, which
initially had a nominal thickness of 6 mm with a tolerance of +0.05 mm,
was hot rolled to reach a final thickness of 2.75 mm. Finally, it under-
went a quenching and tempering heat treatment. The AISI 301LN SS
used in this study, which initially had a nominal thickness of 6 mm with
a tolerance of +0.02 mm, underwent cold rolling using an industrial
Sendzimir-type mill, progressively reducing its thickness to achieve the
desired levels of deformation. The final thicknesses for the cold-rolled
samples were 4.81 mm (20 % reduction), 4.32 mm (28 % reduction),
3.66 mm (39 % reduction), 2.76 mm (54 % reduction), and 2.41 mm (59
% reduction), as indicated in Table 3. Each reduction stage was
measured with a precision of +0.05 mm. The material’s average
chemical compositions were obtained using three techniques. The ni-
trogen content was measured through thermal conductivity difference
(Leco ON736) and the carbon through Nondispersive Infrared Absorp-
tion (Leco CS844). The other elements content was determined through
X-ray fluorescence spectrometry (ARL9900), detailed in Table 1.

2.2. Metallography — microstructure

The microstructural characteristics in as-received and after-
processed conditions were assessed using OM and EBSD. The proced-
ure for preparing the samples for metallographic analysis was carried
out through the following steps: cutting, embedding, grinding, polish-
ing, and chemical etching. The specimen was cut in the central region of
the thickness and the longitudinal direction of each sample condition
performed, using abrasive cutting discs [17]. For hot embedding, a
Bakelite-type resin was used. Subsequently, grinding from #120 up to
#1200 grit sandpaper on a Struers Abramin-A grinder for approximately
150s for each sandpaper. After this step, the sample was polished with a
diamond polishing agent (DP-Spray P) in sizes of 9, 3, and 1 pm on a
Struers Abramin-B polisher, for approximately 420s for each abrasive.
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Stress — Strain and Work Hardening Rate for AISI 301LN and AISI420
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Fig. 6a. The stress—strain curves and corresponding work hardening rate curves for AISI 301LN and AISI 420.
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Ra = E!|Z(x)|dx

The metallographic specimens of the AISI 420 samples were etched with
Vilella reagent (95 ml of ethyl alcohol, 1 g of picric acid, and 3 ml of
HCl), with an immersion time of 50s. The AISI 301LN samples were
etched with a 10 % oxalic acid solution, 6 V for 90 s at room tempera-
ture. Finally, the samples were washed with water, and alcohol, and
dried with hot air [18].

Table 4

Surface roughness parameter data for as-polished samples.
AISI 301LN AISI 420
As polished Ra (pm) Rt (pm) As polished Ra (pm) Rt (pm)
#01-95 % 0.08 0.81 #02-95 % 0.08 0.72
#08-90 % 0.09 0.70 #06-85 % 0.15 1.70
#14-85 % 0.19 2.41 #10-75 % 0.07 0.87
#19-80 % 0.04 0.57 #14-65 % 0.10 1.17
#26-75 % 0.13 1.48 #17-60 % 0.19 1.76
#31-70 % 0.11 1.10 #19-55 % 0.13 1.67
#49-68 % 0.13 1.57 #23-45 % 0.15 1.65
#40-65 % 0.07 0.72 #24-40 % 0.09 1.47
Average 0.83 117 Average 0.12 1.38
62 0.002 0.34 62 0.002 0.14

Ry = max (Zp ) + max (Zy,) ‘ -
Rt

Evaluation length [l¢)

Sampling length (K]

Fig. 7. Schemes for various parameters estimating the state of the samples surface after polishing: Ra: arithmetical mean deviation; Z(x): absolute ordinate value; Rt:
total height of profile; Zp: largest profile peak height; Zv: largest profile valley depth.
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Fig. 8. (a) cold-worked material with 54 % plastic deformation; (b) Heat
treated material (quenched 1100 °C and tempered 250 °C).

2.3. SEM-FEG-EBSD - fractography analysis

A SEM-FEG, model Quanta 250 from the Aperam South America
Research Center with an EBSD - Electron Backscatter Diffraction
acquisition device, was used. The scanning area was 600 x 600 pm, with
an increment of 1 pm between passes. The result analysis and image
composition were performed using the OIM Analysis TM-TSL-EDAX

Journal of Materials Research and Technology 36 (2025) 123-139

defects, such as inclusions, on fatigue performance. SEM images were
acquired using a Philips XL30 — LaB6 with a magnification of 20x to
500000x. Samples of both materials were examined after processing to
capture the most extreme results.

2.4. Mechanical testing

To evaluate the mechanical properties, both uniaxial tensile and
hardness tests were conducted. Static tensile tests were carried out using
an INSTRON 5583 servo hydraulic machine with 150 kN load capacity.
Standard-sized tension test specimens were machined to the dimensions
shown in Fig. 1. The mechanical properties were determined in accor-
dance with ASTM E8/E8M — 11 [19] at a constant crosshead velocity of
0.5 mm/min. The specimens were tested in the longitudinal (L) direction
using an optical strain measurement feature measuring deformation
throughout the entire test until sample failure. The hardness tests were
carried out using an Instron Wolpert 930 tester according to ASTM
E92-17 [20]. Five measurements were carried out on each sample.

2.5. Fatigue test

Constant amplitude high-cycle fatigue (HCF) tests were conducted at
room temperature, = 23 °C, using an Instron servo hydraulic test frame.
An R-ratio of 0.1 (omin/omax) and a frequency of 21 Hz were

Table 5
Volume fractions (absolute) (%) of the found o’ - martensite in the as-deformed
and heat-treated samples determined by EBSD and ferritoscope.

Samples EBSD FERRITOSCOPE
software. The points in the maps with a confidence index (CI) below
0.095 were disregarded in the data analysis. Scanning electron micro AISI SOILN steel (54 % plastic deformation) 39.3 £ 1.05 41.3 £ 07
: 8 ! 1ysis. scanning ! AISI 420 steel (heat treated) 97.95+0.25  86.97 + 3.84
scopy (SEM) was conducted to investigate the influence of internal
Stress: -149,5+ 35,3 MPa Stress: -321,0+ 39,3 MPa
Phi=0,0° Phi=0,0°
1.2692 12705
4 4
| 1.2700A\
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(a) sin 2 (Psi) (b) sin 2 (Psi)
Stress: 249,2 £ 4,8 MPa Stress: -203,5 11,2 MPa
Phi=0,0° Phi=0,0°
1.1728 1.1728
1.1726 1.1726
1.1724 11724
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11718
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Fig. 9. (a) AISI 301 LN CR material with 54 % plastic deformation (Surface residual Stress: 149.5 + 35.3 MPa), (b) thickness in the longitudinal (Residual Stress: 321
+ 39.3 MPa); (c) AISI 420 QT material (Surface residual Stress: 249.2 + 4.8 MPa), (d) thickness in the longitudinal (Residual Stress: 203.5 + 11.2 MPa).
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Fig. 10. Fig. 10(a), (b). Surface optical microscopy of the AISI 301LN SS after it has been deformed 54 % in cold work. Fig. 10(c) 10(d) longitudinal AISI 301LN SS
etched with 10 % Behara reagent. 10(c) and (d) are the same sample but with higher magnification.

550224 - Am2 - P301LN - (POS DEFORMAGAO PLASTICA) LONG. CENTRO 550224 - Am2 - P301LN - (POS DEFOR-MA(;AO PLASTICA) LONG. CENTRO

Fig. 11. Microstructure of AISI 301LN SS samples in the longitudinal direction after plastic deformation (electropolishing and etching with 10 % NaOH).
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Fig. 12. Inverse Pole Figure (IPF) maps showing the normal direction (y), rolling direction (z), and transverse direction (x) generated for the 54 % cold worked AISI

301LN SS samples.

maintained throughout the tests. A range of maximum applied stress
values was used to generate a stress (cmax) — number of fatigue cycles to
failure (Nf) curve. The total fatigue life, Nf, was determined by consid-
ering the complete fracture of the specimen as the failure criterion,
except for tests that exceeded 106 cycles, which were considered "run
out." Only coupons with cracks originating at the neck of each specimen
were considered valid.

Standard-sized fatigue test specimens were machined prepared by a
Fanuc Wire Electrical Discharge Machining (EDM), requiring a
maximum edge roughness average (Ra) of 0.5 pm according to ASTM
E466 [21,22], with a geometry shown in Fig. 2. Initially, five distinct
stress amplitude levels were established for the tests, as detailed in
Table 2. The highest level reached a maximum stress of 0.95 x oy and
the minimum 0.75 X oy initially. This range was selected to generate a
series of data points on the S-N curve, spanning from 103 to 106 cycles.
To ensure the integrity of the thin material (= 2.8 mm), fatigue testing
was carried out at a frequency of 21 Hz with a load ratio (R) of 0.1,
thereby avoiding compressive stresses. All the samples were analyzed in
as-polished condition indicating that the sample surface was prepared
through standard metallographic polishing techniques to remove sur-
face irregularities and achieve a uniform finish.

2.6. Cold rolling

For the cold rolling process of AISI 301LN SS, an industrial
Sendzimir-type rolling mill, internally at Aperam referred to as LB3, was
used. This equipment performs cold rolling of extremely hard materials
and very thin thicknesses, allowing the development of new products, as
well as improvements and optimization in the production process.
Although the material was cold rolled up to 59 % reduction, the 54 %
cold rolled condition was selected for further study as it achieved a
hardness level comparable to that of the quenched and tempered AISI
420 material. To maintain the similarity in mechanical proprieties
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between the cold-rolled samples and the heat-treated material, no
annealing heat treatment was conducted following the cold-rolling
processes, thus, the material was analyzed as-deformed as shown in
schematic of Fig. 3.

2.7. Quenching and tempering heat treatment

For the austenitization and quenching process, a resistive furnace
with a refractory chamber and an inert nitrogen gas atmosphere was
used. The maximum operating temperature reaches 1400 °C. To ensure
temperature uniformity, all samples were positioned in the central re-
gion of the furnace with a metallic base made of AISI 310 SS. The target
temperature of austenitization was 1100 °C, according to a study con-
ducted by A.N. Moura et al. [23], in which complete martensitic trans-
formation was observed in AISI 420 SS after this treatment. After a
soaking period of 5 min at 1100 °C, the quenching process was carried
out with forced air cooling, using a blower with a lower and upper
cyclone-type blowing system to guarantee homogeneous cooling of the
samples. Subsequently, the samples were tempered at 250 °C for 120
min to achieve the desired microstructural condition, as shown in the
schematic of Fig. 4.

2.8. Hardness test

As described in ISO 6508-1 [24], HRC microhardness measurements
were carried out along the entire useful region of specimens, in both
conditions, as received, heat treated and plastically deformed. Mea-
surements were taken at longitudinal sections of the specimens, at 6
points, with a spacing of approximately 0.5 mm each. The microhard-
ness measurements were performed with an Instron Wolpert, model
Testor 930 micro-durometer, using 5 kgf load.
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(a) Color Coded Map Type: Phase

Phase Total Partition Phase Total Partition
Fraction Fraction Fraction Fraction
- Iron (y) 0,618 0,618 - Tron (y) 0,597 0,597
B 1ron (w) 0,382 0,382 - Iron (a) 0,403 0,403
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(b) Color Coded Map Type: Phase

Fig. 13. (a) longitudinal direction, Fig.13(b) transverse direction, Phase map of the AISI 301LN SS sample observed using the EBSD technique. Red phase (austenite),

green phase (o martensite).

Fig. 14. Surface microstructure of AISI 420 SS after quenching and tempering
heat treatment (Villela etch).

2.9. Residual stress and crystal structure

The specimen’s longitudinal direction residual stress analysis (side
thickness of material) was performed using the X-ray diffractometer
Shimadzu XRD7000 (Cr Tube). The same experimental arrangement was
used to identify phases by X-ray diffraction, and these measurements
have been confirmed with the Helmut Fischer MP30 ferritoscope. Due to
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Fig. 15. Microstructure of AISI 420 SS, longitudinal thickness, after quenching
and tempering, etched with Villela solution.

the geometry of the specimens, particularly their thickness, 2.75 mm,
measuring the residual stress in the critical area required a specialized
setup involving the mounting of multiple specimens.

3. Experimental results

To establish a correlation between hardness and thickness of the
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Fig. 16. Inverse Pole Figure (IPF) maps showing the normal direction (y), rolling direction (z), and transverse direction (x) generated for the quenched and tempered

AISI 420 SS samples.

materials, heat treatments of quenching and tempering were conducted
on AISI 420 SS and plastic deformation on AISI 301LN SS. The AISI 420
SS as-received condition was obtained hot rolled (ferritic microstruc-
ture) at the final thickness reduction from the industrial rolling mill.
Then, the samples were prepared and austenitized at 1100 °C for 15 min
in a muffle furnace and forced air-quenched. The samples were
tempered at 250 °C for 120 min. For the AISI 301LN SS, the as-received
condition underwent an industrial plastic deformation of 0.20, 0.28,
0.39, 0.54, and 0.59 and was analyzed as-deformed, Table 3.

Hardness values and the associated rolling pass plan for samples
taken from a 2.75 mm sheet after 54 % cold rolling in an industrial line
are presented in Table 3. This data provides insights into the relationship
between cold rolling parameters and the resulting mechanical properties
of the material. The graph with the results reveals the presence of two
curves that intersect at approximately 46 = 1 HRC with a thickness of
2.75 mm + 0.02 mm. The results are graphically represented in Fig. 5.

Fig. 6(a) presents the stress-strain curves and corresponding work
hardening rate curves for AISI 301LN and AISI 420 HSMSS, while Fig. 6
(b) presents the average mechanical property values and their associated
standard uncertainties (u) for the tested steels. Mechanical properties
were determined following the ASTM E8/E8M — 11 standard at a con-
stant crosshead speed of 7 mm/min. Longitudinal (L) direction testing
was conducted using an optical strain measurement feature to monitor
deformation until specimen failure [19]. The AISI 420 steel curve ex-
hibits a higher initial yield stress but a more modest work hardening
rate, reflecting its stable microstructure and limited capacity for plastic
deformation, consistent with findings for quenched and tempered
martensitic steels [25]. In contrast, the AISI 301LN (metastable
austenitic) curve starts at a slightly lower yield stress but demonstrates a
significantly higher and more sustained work hardening rate. This pro-
nounced strain-hardening behavior is attributed to the TRIP (Trans-
formation-Induced Plasticity) effect, where deformation induces the
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partial transformation of austenite into martensite, thereby enhancing
strength and delaying necking [26]. The direct comparison of the
stress—strain responses and work hardening evolution in Fig. 6(a)
highlights the critical role of the mixed microstructural evolution in the
deformation behavior of AISI 301LN—a factor that becomes particularly
significant when evaluating fatigue performance in later sections of this
study.

3.1. Surface roughness

Previous literature has found that surface roughness parameters
exhibit a strong influence on the fatigue behavior of metals.

[27,28]. It has been reported that surface parameters such as Ra and
Rt have the strongest correlation to early crack nucleation on HCF life in
metals [27,29]. Therefore, within this work, attention has been paid to
the Ra and Rt surface parameters, where the Ra value gives a repre-
sentation of the arithmetic mean deviation within a roughness profile,
while the Rt value represents the total profile height as showed in Fig. 7,
[28-30]. The surface roughness parameters recorded from the profil-
ometer are displayed in Table 4 [22].

From Tables 4, it can be observed that among the as-polished AISI
301LN SS samples, sample #14 exhibited the highest surface roughness
(Rt) value at 2.41 pm, while sample #19 displayed the lowest Rt value of
0.57 pm. The overall average Rt value for the polished specimens was
1.17 pm. Within the group of AISI 420 SS polished samples, the highest
and lowest Rt values were observed in samples #17 and #02, respec-
tively, with values of 1.76 pm and 0.72 pm. Notably, there was less
variation in surface roughness among the AISI 420 SS samples compared
to the AISI 301LN SS samples, as indicated by the lower variance (62 =
0.14 for AISI 420 and 62 = 0.34 for AISI 301LN).

The EDM cutting and polishing process is expected to have signifi-
cantly reduced the variation in height profiles, resulting in a very low
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Fig. 17. (a) longitudinal direction, Fig. 17 (b) transverse direction, Phase map of the AISI 420 SS sample observed using the EBSD technique. Martensite (red),

retained austenite (green), and (Cr,Fe)23C6 carbides (black).

overall Rt and Ra value for both materials. This smoother surface and
reduced variation should theoretically enable the samples to withstand a
greater number of fatigue cycles and higher maximum applied stresses
(omax) by minimizing stress concentration features that can initiate
fatigue failure prematurely [27,31]. Therefore, it is hypothesized that
the polished samples will exhibit a longer fatigue life than the
as-received samples, although the latter were not subjected to fatigue
analysis in this study [32]. Given the similar surface finish and low
variation in Rt and Ra between the materials, a direct comparison of
fatigue life is anticipated.

3.2. X-ray diffraction

Fig. 8 (b) presents the XRD patterns of the AISI 301 LN HSMSS
samples subjected to cold rolling in the industrial line. As the cold rolling
reduction increases to 54 %, the intensity of the austenite (y) peaks di-
minishes, indicating a progressive transformation to o’ - martensite [23,
33]. However, beyond this deformation level, martensite content pla-
teaus rather than increasing linearly. This suppression is linked to
adiabatic heating during high-strain-rate plastic deformation, as
observed by Talonen and Nenonen (2005) [34]. At elevated strain rates
(e.g., 200 s 1), the energy dissipated as heat raises the material’s tem-
perature, stabilizing the austenite phase and reducing the thermody-
namic driving force for y—d transformation. Consequently, despite
continued deformation, thermal stabilization counteracts further
martensite nucleation, leading to saturation beyond a critical strain
threshold [34].

The XRD patterns, acquired using Cr Ko radiation, reveal distinct
intensity peaks corresponding to different crystallographic planes
within the 20 range of 60°-165°. Analysis of these patterns confirms the
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coexistence of both austenite (y) and martensite («) phases [35].

The most prominent peaks are attributed to y (220) at 128° and «’
(111) at approximately 154°-156°, and (200) at around 105°. A ferri-
toscope analysis estimates the martensite volume content to be
approximately 41.3 %. It’s important to note that the martensite volume
fraction can vary depending on the measurement technique employed
[36]. In the case of XRD, texture effects can influence the accuracy of the
measurements [37].

Fig. 8 (a) presents the XRD analysis of AISI 420 HSMSS quenched and
tempered and reveals a microstructure characterized predominantly by
martensitic («’) phase. Furthermore, the carbon content in AISI 420 SS
contributes to the incomplete dissolution of (Fe,Cr)23C6 carbides during
the austenitization process [23].

The sharp and well-defined peaks in the XRD pattern suggest a well-
ordered crystalline structure, typical of SS subjected to high-
temperature treatments, enhancing phase homogeneity and crystalline
stability. In order to determine if the EDM machine has led to any re-
sidual stress on the edge of the specimens, the residual stress analysis in
the deformed AISI 301LN SS (54 %) and heat treated AISI 420 are pre-
sented in Fig. 9 (a), (b), (c), (d) and uses the relationship between
interplanar spacing (d-spacing) and the lattice parameter. This tech-
nique is known as the sin*y method for determining residual stresses
using XRD [38]. The analyses were performed on the surface and lateral
of the materials to allow comparison between the two scenarios.

It is worth mentioning that the presence of compressive residual
stress on the material surface can be beneficial for fatigue resistance
[38]. In contrast, annealing reduces the dislocation density and relaxes
the residual stresses, leading to a significantly lower compressive re-
sidual stress in the annealed material [39]. The volume fractions of the
observed o-martensite as determined by EBSD and ferritoscope, are
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listed in Table 5.

Fig. 19. The S-N curve of the HSMSS as-polished condition, AISI 301LN and AISI 420.

11.2 MPa), suggesting that the process of polishing the specimens could

The AISI 301 LN CR material, measured in the lateral-thickness have played a role in increasing the compressive stress. On the material
longitudinal direction, exhibited significantly higher compressive re- surface, AISI 301 LN CR also demonstrated notable compressive residual
sidual stress (—321 + 39.3 MPa) compared to AISI 420 QT (—203.5 + stress (—149.5 + 35.3 MPa), while AISI 420 QT presented tensile

133



M. Pinheiro dos Santos et al.

Table 6

HCF performance as a function of stress amplitude in as-polished samples; R =
0.1, 21Hz, room temperature 23 °C. Invalid (cracked outside working area), Run
out.

AISI 301LN AISI 420
Sample g (MP) Nf Sample o MPD) Nf
#01. P301LN 609.2 22033 #01-P420D 526 17597
#02. P301LN 609.2 18684 #02-P420D 526 19554
#07. P301LN 577.1 31933 #03 -P420D 498 22007
#08. P301LN 577.1 34716 #04-P420D 498 20763
#13. P301LN 545 40899 #05 -P420D 470 26781
#14. P301LN 545 63500 #06-P420D 470 27926
#15. P301LN 545 51968 #07-P420D 443 24913
#19. P301LN 513 50513 #08-P420D 443 34738
#20. P301LN 513 82943 #09-P420D 443 32431
#21. P301LN 513 57539 #10-P420D 415 42732
#25. P301LN 481 85935 #11-P420D 415 39587
#26. P301LN 481 127999 #12-P420D 387 46856
#27. P301LN 481 74028 #13-P420D 387 43287
#31. P301LN 449 233490 #14-P420D 360 82296
#32. P301LN 449 101065 #15 -P420D 360 75624
#33. P301LN 449 521597 #16-P420D 332 90404
#34. P301LN 449 175708 #17-P420D 332 105174
#45. P301LN 436 412473 #18-P420D 304 137961
#43. P301LN 436 218997 #19-P420D 304 194923
#49. P301LN 435 268641 #20-P420D 277 273424
#48. P301LN 433 1136568 #21-P420D 277 228722
#47. P301LN 433 391096 #22-P420D 249 280938
#44. P301LN 430 1765166 #23 -P420D 249 434518
#37. P301LN 417 1198471 #26-P420D 241 478234
#38. P301LN 417 637211 #28-P420D 238 575719
#39. P301LN 417 428191 #25 -P420D 235 1048694
#40. P301LN 417 1168270 #24-P420D 221 938743
#27-P420D 194 1264084
#29-P420D 194 1305822

residual stress (249.2 + 4.8 MPa). This pronounced difference is
attributed to the higher dislocation density introduced during the 54 %
plastic deformation process, generating localized stress fields. These
dislocations, acting as internal barriers to further plastic deformation,
not only increase the compressive residual stress but also can enhance
fatigue resistance by impeding crack initiation and propagation, thereby
improving the material’s overall durability under cyclic loading condi-
tions [40].

3.3. Microstructure after martensite transformation condition

The images reveal the internal structure of the AISI 301LN SS,
particularly the presence of «-martensite that appears as short, dark
needles, while the untransformed yR phase remains light [33,41,42].
The etching solution (Behara 10 %) has been used. The same sample
(Fig. 10) was etched with a sodium hydroxide (NaOH 10 %) solution to
verify the existence of any remaining secondary phases, such as &-Fe
(delta ferrite), which was confirmed as shown Fig. 11.

Fig. 12 presents the Inverse Pole Figure (IPF) grain orientation (GO)
maps for the deformed AISI 301LN ASS specimens at the surface,
transverse, and middle sections of the sample, which was cut and
reconstructed in a cubic format. To confirm the presence of secondary
phases, specifically o-martensite, a phase map was generated, Fig. 13,
providing a visual representation of the phases within the material
sample, based on the crystal orientation data obtained using the EBSD
technique.

To further investigate the phase transformation induced by cold
work in AISI 301LN ASS, samples with a 54 % thickness reduction were
analyzed using EBSD. This deformation level was chosen due to the
significant strain-induced martensitic transformation observed at high
deformation rates and the corresponding increase in hardness (HRC).
Phase maps were utilized to determine the distribution and percentage
of each phase. As show in Fig. 12, the martensite («’) in the 54
%-reduced samples is primarily composed of ultrafine block structures.
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The martensite content was approximately 38 % in the longitudinal
direction and 40 % in the transverse direction. These EBSD maps qual-
itatively confirm that cold work significantly promotes martensitic
transformation in AISI 301LN ASS [43,44].

Fig. 12 also illustrates the overall microstructure of the plastically
deformed steel, which shows a heterogeneous distribution of large
austenite grains and ultrafine o’-martensite. The large austenite grains
exhibit a strong texture along the {101} direction. The orientation
spread observed in these grains (Fig. 12, X, Y, Z) indicates that they
remain in a deformed state after cold working, as no annealing was
performed following deformation. The texture and orientation spread
along the {101} direction, are directly linked to the cold rolling process.

As previously reported by Roa et al. [45], highly deformed austenitic
grains can be challenging to index accurately using the EBSD technique.
In addition to previous works [7,46], untransformed austenite is the
majority phase in the cold-worked material, occupying approximately
61.8 % of the area in the longitudinal direction Fig. 13 (a), and 59.7 % in
the transverse direction.

Fig. 13 (b)Alpha prime («’) martensite is also present in the longi-
tudinal analyses, accounting for 38.2 %, and in the transverse analyses,
40.3 %, results via EBSD.

After a soaking period of 15 min at 1100 °C, the quenching process
was carried out with forced air cooling and the tempering was carried
out at a temperature of 250 °C, with a soaking time of 120 min, followed
by air cooling. The chosen tempering temperature and soaking time
were based on the work of A. N. Moura et al. [36]. For the tempering
process, a resistive muffle-type electric furnace from EDG was used, with
a maximum operating temperature of 1200 °C without a controlled at-
mosphere, where the samples were placed separately from each other on
a tray.

As reported by Refs. [7,47], quenching the AISI 420 SS results in the
formation of martensite containing dispersed chromium-rich (Cr,Fe)
23C6 carbides. The microstructure of the tested steel, as shown in
Figs. 14 and 15, consists of martensite, retained austenite, and (Cr,Fe)
23C6 carbides.

In Fig. 16 is displayed the Inverse Pole Figure (IPF) grain orientation
(GO) maps for the heat-treated AISI 420 MSS specimens. The maps
represent grain orientations at the surface, transversal, and longitudinal
sections, which were cut and reconstructed in a cubic format as well.
These orientations are color-coded based on their alignment along the
{001}, {101}, and {111} planes, providing a visual representation of the
texture developed during the quenching and tempering processes.

To confirm the existence of secondary phases, particularly retained
austenite, YR an additional phase map was generated using EBSD anal-
ysis. Fig. 17 shows the detailed views and (110) pole figures of the
retained austenite in the AISI 420 HSMSS. The results indicate that the
retained austenite is located between the martensite blocks. This sug-
gests that the martensite laths formed during martensitic transformation
disrupted the austenite grain, leading to the retention of austenite be-
tween the blocks, as previously reported by Marques et al. [33].

The IPF maps, along with the phase map, reveal the heterogeneous
microstructure of heat-treated AISI 420 MSS, consisting of a combina-
tion of large martensite blocks, retained austenite regions, and (Cr,Fe)
23C6 carbides. The grain orientations across the normal, rolling, and
transverse directions reflect the material’s thermomechanical process-
ing history, with no clear evidence of preferred grain plane orientation.

The martensite content in AISI 301LN samples rolled to 54 %
reduction and AISI 420 QT samples is summarized in Fig. 18. In AISI
301LN, the average martensite volume fraction is 39.3 %, confirming
that cold working promotes martensitic transformation in rolled
austenitic stainless steels. The significant lattice distortion and stress
concentration caused by large plastic deformation in AISI 301LN lead to
substantial martensitic transformation and grain distortion. For AISI 420
QT, the martensite content is approximately 97.95 %, with a higher
proportion of larger martensite blocks. This suggests that the heat
treatment process used for AISI 420 effectively induced martensitic
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Fig. 20. Fatigue fracture morphology: AISI 420 sample 24 (side I and II). (a) crack propagation perpendicular to load direction; (b) fatigue crack nucleation site; (c)
spheroidal (Cr,Fe)23C6 carbides; (d) magnification of the nucleation site and area chose for EDS analysis.
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Fig. 21. EDS spectrum data of the fatigue crack initiation.

transformation, resulting in a highly martensitic microstructure [36].
Fig. 18 illustrates the IPF maps, phase maps and IQ maps across the
various regions of both materials.
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3.4. Fatigue performance

The high-strength martensitic stainless steels (HSMSS) AISI 301LN
and AISI 420 were subjected to fatigue testing also at room temperature.
The S-N curves for both materials, showed in Fig. 19, illustrate their
performance under fatigue loading. Due to the high hardness, yield
strength, and tensile strength of the martensitic structures in both alloys,
relatively high-stress amplitudes were applied during testing. As ex-
pected, the fatigue life for both materials decreases as the applied stress
amplitude (ca) increases.

For AISI 301LN, at a stress amplitude of 609 MPa, a fatigue life of
approximately 20,000 cycles was observed. In comparison, AISI 420
exhibited a fatigue life of around 18,500 cycles at a lower applied stress
amplitude of 526 MPa. This suggests that, despite the higher stress
amplitude applied to AISI 301LN, it demonstrates superior fatigue
resistance relative to AISI 420. The fatigue performance of all tested
HSMSS samples is presented in Table 6 and graphically represented in
the sa — Nf curve (Fig. 19).

The data confirms a general trend: as the stress amplitude (ca) in-
creases, the number of cycles to failure (Nf) decreases across both ma-
terials, regardless of surface finish. A comparison of the two materials
reveals that AISI 301LN consistently withstands higher stress amplitudes
compared to AISI 420.

A particularly prominent comparison can be made between AISI
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Table 7

EDS Processing option: All elements analyzed (wt. - %).
Spectrum C o Al Si Cl Ca Cr Fe
Spectrum 1 15.50 - - 0.80 - - 12.25 71.44
Spectrum 2 17.25 0.18 - 0.56 - - 10.09 72.10
Spectrum 3 11.08 - - 0.60 - - 12.42 75.90
Spectrum 4 28.44 5.62 - 0.71 - 0.46 8.77 56.00
Spectrum 5 52.03 14.78 0.60 0.69 0.35 1.38 4.29 25.88
Spectrum 6 18.01 - - 0.44 - - 11.32 70.24
Max 52.03 14.78 0.60 0.80 0.35 1.38 12.42 75.90
Min 11.08 5.62 0.60 0.44 0.35 0.46 4.29 25.88

301LN (sample #40) and AISI 420 (sample #10) under identical test
conditions (ca = 416 MPa), the AISI 301LN sample exhibited nearly 27
times the fatigue life of the AISI 420 sample — a significantly better
performance than initially anticipated. This result highlights the supe-
rior fatigue resistance of AISI 301LN, even under demanding conditions.

3.4.1. Basquin parameters analysis and material fatigue behavior

The fatigue behavior of AISI 301LN and AISI 420 stainless steels can
be effectively characterized and compared using their respective Bas-
quin parameters, which describe the stress-life (S— N) relationship
through a power law equation. This analysis highlights distinct differ-
ences in their fatigue response mechanisms, offering valuable insights
into their performance characteristics and potential applications,
expressed in equation (1) [48,49].

64 =of (2Nf)° (Eq. 1)

where.

(a) oq is the stress amplitude (MPa).

(b) of is the fatigue strength coefficient (MPa).

(c) Nf is the number of cycles to failure.

(d) b is the fatigue strength exponent.

(e) 2Nf represents the number of reversals to failure.

The determination of the Basquin parameters was carried out by
applying a logarithmic transformation to the Basquin equation (2),
which is expressed as:

log(6,) =1og(of ) + b-log(2Nf) (Eq. 2)

The fatigue strength exponent (b) shows a marked difference be-
tween the two materials. AISI 301LN exhibits a b value of —0.0854,
while AISI 420 shows a more negative value of —0.2185. This significant
difference in slope coefficients indicates fundamentally different fatigue
response mechanisms. AISI 301LN’s less negative b value suggests a
greater resistance to cyclic degradation, more stable microstructural
response to cyclic loading, superior high-cycle fatigue performance and
potentially beneficial strain-induced transformation mechanisms. AISI
420’s more negative b value indicates more rapid degradation of fatigue
strength with increasing cycles, higher sensitivity to cyclic loading,
better performance in low-cycle fatigue regimes [48,49].

The fatigue strength coefficients present an interesting contrast, with
AISI 420 showing a notably higher value (4951.61 MPa) compared to
AISI 301LN (1414.53 MPa). This parameter, representing the theoretical
stress at one reversal, provides insights into the materials’ inherent
strength characteristics. AISI 420’s higher of suggests superior initial
strength capacity, better performance in very low cycle applications,
higher theoretical ultimate strength depending on tempering tempera-
ture. AISI 301LN’s lower of indicates more moderate initial strength,
better balance between strength and ductility, typical austenitic
behavior and potential for strain hardening during cyclic loading [48,
49].

The goodness of fit, indicated by the R? values, highlights the high
reliability of the fatigue characterization for both materials. Specifically,

AISI 420 achieved an R? value of 0.946, while AISI 301LN recorded an
R? value of 0.921. These high R? values confirm a strong correlation
with the Basquin relationship, demonstrating the model’s robust pre-
dictability of fatigue behavior. This provides a solid foundation for
design calculations and underscores the validity of using the Basquin
equation for the studied materials [48-50].

3.5. Scanning electron microscopy - fractography

SEM images of the fractured surfaces from fatigue-tested samples are
presented in Fig. 20. The selection of samples for analysis was based on
those that failed before reaching their expected fatigue life based on the
maximum applied stress.

The EDS spectrum data of the fatigue crack initiation site shows that
there are regions with contamination or oxidation on the surface of the
AISI 420 SS, Fig. 21. This is common after exposure to air or certain
environments. The variation in carbon and chromium suggests the
possibility of carbide formation, which is expected in AISI 420 due to its
martensitic structure after heat treatment Table 7 [44].

The carbon (C) content varies considerably across the spectra, from
11.08 % to 52.03 %. These high carbon content suggests regions with
presence of carbide phases (Cr,Fe)23C6), as previously suggested by A.
N. Moura et al. [32], which is common in martensitic stainless steels like
AISI 420 subjected to heat treatment processes [45]. Chlorine (Cl),
Calcium (Ca) are present in very low amounts in specific spectra (4 and
5), possibly indicating contamination, likely from handling or environ-
mental exposure.

In the same way as per the AISI 420 samples, SEM was utilized to
investigate the fracture surfaces of fatigue-tested AISI 301LN specimens,
specifically samples 1 and 49. In sample 1, a surface crack initiation site
was identified Fig. 22 (a), signifying the origin of fatigue failure [46].
The fatigue crack propagation was evident, characterized by distinct
striations typical of cyclic loading (b) and (c). Microcracks were
observed near §-ferrite (d), a secondary phase present in the steel’s
microstructure as observed prior in the EBSD analyses. The fracture
surface also displayed dimples (d), a feature indicative of ductile frac-
ture. Sample 49: Secondary cracks oriented parallel to the applied load
were detected (e). Sample #49 showed moderate surface roughness (Ra
=0.13 pm, Rt = 1.57 pm) and achieved a fatigue life of 268,641 cycles at
435 MPa, which falls within the expected range for this stress level.
While this represents good fatigue performance, several other samples at
similar or slightly lower stress amplitudes achieved longer fatigue lives -
notably sample #48 (433 MPa, 1,136,568 cycles) and sample #44 (430
MPa, 1,765,166 cycles). The presence of secondary cracks oriented
parallel to the applied load, as observed in fractography analysis (Fig. 20
(e)), suggests that crack propagation behavior, rather than surface
roughness, was a key factor in fatigue performance. This is further
supported by sample #40, which despite its smoother surface finish,
achieved a significantly higher fatigue life of 1,168,270 cycles even at a
lower stress amplitude of 417 MPa. These results indicate that while
sample #49 demonstrated good fatigue resistance, microstructural fac-
tors and crack propagation mechanisms likely played more decisive
roles than surface roughness in determining overall fatigue
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Fig. 22. Fatigue fracture morphology: AISI 301LN sample 1 (a, b, ¢, d) and 49 (e). (a) Surface microstructural nucleation site in specimen 1. Green arrows show the
direction of crack propagation, yellow arrows show microcracks alongside &-ferrite. (b) Presence of striations on the fracture surface of sample 1, close to nucleation
site. N refers to the number of striations, d is the distance between each striation recorded. (c) close-up of the striations found on the fracture surface. (d) Yellow
arrows indicating 8-ferrite alignment, green arrows showing presence of dimples. (e) secondary cracks parallel to load application indicated by yellow arrows.
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performance.

The phenomenon of secondary crack formation during fatigue
loading has been widely documented as a mechanism that influences
crack propagation behavior. Secondary cracks, particularly in materials
with a higher martensite content, can alter stress distribution near the
crack tip, thereby delaying the progression of the primary crack. These
secondary cracks, often branching perpendicular to the crack growth
direction, effectively dissipate energy and increase resistance to fatigue
failure [51,52]. However, in the case of Sample 49, the detection of
secondary cracks aligned parallel to the applied load suggests a distinct
mechanism.

Parallel secondary cracks may act as stress redistributors, mitigating
the stress intensity factor at the primary crack tip by absorbing part of
the cyclic loading. This alignment could result in a shielding effect,
where the stress concentration in the region is reduced, slowing the rate
of fatigue crack propagation [53]. Such behavior is particularly relevant
in materials with complex microstructures, where deformation-induced
martensite and residual stress from cold work can influence crack
initiation and propagation pathways. The formation of these parallel
cracks highlights the intricate interplay between microstructure, load
orientation, and crack growth mechanisms, underscoring their impor-
tance in enhancing fatigue resistance under cyclic loading conditions
[54,55].

4. Conclusion

The primary objective of this research was to evaluate the Green
Manufacturing Impact on Fatigue Strength of AISI 301LN and AISI 420
HSMSS samples, and to identify any correlation between fatigue life,
surface parameters, manufacturing processes, microstructure, and frac-
tographic analysis. From this work, the following conclusions can be
drawn.

e AISI 301LN exhibited superior fatigue resistance across all tested
cycle ranges compared to AISI 420, despite their similarity in me-
chanical properties (6UTS of 1539 MPa + 2.45 for AISI 301LN and
1518 MPa + 5.05 for AISI 420), hardness (~46 HRC), and roughness.
This superiority is reflected in the higher fatigue strength coefficient
(of = 1414.53 MPa) and a less negative Basquin slope (b =
—0.0854), indicating better resistance to fatigue, particularly at high
stress amplitudes. The enhanced fatigue performance of AISI 301LN
is attributed to its unique microstructure, consisting of ultrafine
martensite and retained austenite, which likely improves its ability
to resist crack initiation and propagation under cyclic loading
conditions.

The Basquin model provided a strong fit for both materials, with high
R2 values (0.9210 for AISI 301LN and 0.9460 for AISI 420). These
values demonstrate the reliability of the model for predicting fatigue
behavior and its suitability for new design and engineering
applications.

AISI 420 demonstrated a steeper Basquin slope (b = — 0.2185),
suggesting a faster decrease in stress amplitude capacity with
increasing cycles. While its overall fatigue strength was lower, its
behavior was consistent and predictable, making it suitable for ap-
plications requiring moderate fatigue resistance.

The transformation-induced martensite in AISI 301LN, combined
with retained austenite, produced a very refined microstructure that
offers a more resistant crack propagation path. In contrast, AISI 420,
with its heat-treated martensitic structure, exhibited a coarser
microstructure than AISI 301LN. The higher C content in AISI 420 led
to the formation of carbide phases ((Cr,Fe)23C6) during heat treat-
ment, which became the preferred sites for crack initiation. Addi-
tionally, surface contamination and oxidation observed on AISI 420
samples contributed to its inferior fatigue performance.
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eResidual compressive stress also played a significant role in
enhancing fatigue resistance in the presence of fine surface defects
such as d-ferrite. These stresses acted to retard crack propagation,
leading to improved fatigue life in AISI 301LN.

Both AISI 301LN and AISI 420 stainless steels were produced through
a green manufacturing process certified by ResponsibleSteel™,
emphasizing sustainability and reduced carbon emissions. The su-
perior fatigue performance of AISI 301LN, combined with its envi-
ronmentally responsible production, highlights the potential for
advanced materials that balance high performance with sustain-
ability. The findings reinforce the importance of sustainable prac-
tices in developing high-strength steels that meet demanding
engineering requirements while aligning with global efforts to
reduce environmental impact. This approach ensures that innovative
materials like AISI 301LN can contribute to greener and more sus-
tainable applications in industries such as aerospace, automotive,
and structural engineering.
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