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Abstract: This study examines the mechanical behavior and deformation mechanisms
of hot-forged 304L stainless steel for cryogenic applications such as LNG storage and
low-temperature structural systems. Tensile testing revealed a significant strength increase
from 618 MPa at room temperature to 1432 MPa at cryogenic temperatures, with elonga-
tion decreasing from 83.7% to 23.3%. Charpy impact testing showed a 28% reduction in
absorbed energy at cryogenic temperatures due to enhanced strain-induced martensitic
transformation (SIMT). The observed mechanical responses are attributed to reduced stack-
ing fault energy (SFE) at lower temperatures, which promotes SIMT, deformation twinning,
and dislocation interactions, affecting material strength and toughness. SEM and EBSD
analysis confirmed extensive martensitic transformation, increased deformation twinning,
and reduced remaining austenite, indicating a y — ¢ — o transformation pathway that
governs strain hardening. The high strain rate during Charpy impact testing induced
localized adiabatic heating, partially suppressing SIMT and modifying fracture behavior
by enhancing localized plasticity. These findings emphasize the interplay between SFE,
strain rate, and phase transformation in governing the cryogenic mechanical performance
of 304L stainless steel.

Keywords: 304L austenitic stainless steel; cryogenic deformation; strain-induced martensitic
transformation (SIMT); stacking fault energy (SFE)

1. Introduction

The increasing demand for cryogenic materials in industries such as liquefied natural
gas (LNG) storage and transportation, as well as emerging hydrogen energy systems,
necessitates the development of structural materials with superior mechanical performance
at extremely low temperatures [1-3]. Among these materials, 304L austenitic stainless steel
has been widely utilized due to its excellent mechanical properties, corrosion resistance,
and adaptability to cryogenic environments [3-6]. It is a key material for cryogenic storage
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tanks, pipelines, and pressure vessels, where maintaining high strength, ductility, and
fracture resistance under service conditions is critical.

Numerous studies have explored the cryogenic behavior of 304L stainless steel in
various industrial applications. For instance, Mallick et al. [2] investigated the deformation
behavior of 304L at 0 °C, emphasizing the role of strain-induced martensitic transformation
(SIMT) on microstructural evolution and strength. Zheng et al. [3] conducted tensile and
Charpy impact tests on coarse-grained 304 between 20 and 298 K, reporting stable ductile
fracture and high strength at 20 K, indicating the alloy’s robustness at cryogenic temper-
atures. Momeni et al. [5] examined thermomechanical processing of 301, 304, and 304L
stainless steels, and demonstrated how SIMT and reverse transformation during annealing
refine grain size and enhance mechanical performance. Zhao et al. [6] applied electro-
chemical noise (EN) and scanning Kelvin probe (SKP) methods to monitor stress corrosion
cracking (SCC) propagation in pre-fatigued 304, confirming the alloy’s environmental
resistance under dynamic cryogenic conditions. These investigations validate the industrial
relevance and performance capability of 304L in cryogenic settings, including LNG trans-
port and storage systems. However, the literature also reveals unresolved challenges, such
as reduced ductility, localized brittle fracture, and incomplete understanding of SIMT kinet-
ics and phase stability at low temperatures. Particularly, the mechanical response of 304L
under different thermomechanical loading modes, including tensile and impact conditions,
remains insufficiently characterized across the full cryogenic temperature spectrum.

A defining characteristic of 304L stainless steel is its ability to undergo SIMT dur-
ing plastic deformation, which significantly alters its mechanical behavior [4,7-14]. The
transformation from the metastable austenite (y) phase to martensite (&) is influenced by
several factors, including stacking fault energy (SFE), deformation mode, strain rate, and
temperature. At cryogenic temperatures, reduced SFE promotes SIMT and deformation
twinning, both of which contribute to strength enhancement and elevated strain hardening
capacity [2,9,15-18]. Nevertheless, these microstructural transformations are frequently
accompanied by embrittlement and loss of ductility, which must be carefully controlled in
safety-critical applications.

Despite previous efforts, the combined influence of SFE, strain rate, deformation
twinning, and SIMT on the fracture mechanisms of 304L stainless steel has not been com-
prehensively evaluated under both quasi-static and high-strain-rate cryogenic conditions.
Mechanical testing techniques such as tensile and Charpy impact testing offer critical
insight into strain hardening, energy absorption, and fracture toughness. These are com-
plemented by advanced characterization tools, including electron backscatter diffraction
(EBSD) and scanning electron microscopy (SEM), which enable in-depth assessment of
phase transformation, dislocation activity, and twin formation. Therefore, this study aims
to investigate the deformation behavior, microstructural evolution, and mechanical perfor-
mance of hot-forged 304L stainless steel under room and cryogenic temperature conditions.
Through the integration of mechanical tests and microstructural analyses, with a focus on
strain rate sensitivity and temperature-dependent SFE, this work provides new insight
into the fundamental mechanisms governing the performance of 304L stainless steel in
cryogenic service. The results contribute to the understanding and optimization of 304L
for long-term structural reliability in demanding cryogenic applications such as LNG and
hydrogen storage systems.

2. Materials and Methods
2.1. Material and Chemical Composition

The chemical composition of the STS304L stainless steel used in this study was 0.025C-
0.3825i-1.805Mn-0.0332P-0.00855-0.441Cu-8.048Ni-18.091Cr-0.227Mo-0.0816N (in wt%).
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The STS304L was hot-forged into flanges in accordance with ASTM A182 specifications,
with a final forging temperature maintained at 1200 °C. The forging process involved
multiple stages of heating and deformation to ensure a uniform distribution of strain. Post-
forging, the material underwent water quenching to achieve a homogeneous microstructure
suitable for cryogenic applications.

2.2. Microstructural Characterization

The microstructure of STS304L was characterized using optical microscopy (OM),
scanning electron microscopy (SEM), and electron backscatter diffraction (EBSD). Speci-
mens were prepared by mechanical grinding with silicon carbide (SiC) paper, followed
by polishing with 3 pum and 1 pm diamond paste. For enhanced resolution during EBSD
analysis, additional polishing was performed using 1/4 pm diamond paste and colloidal
silica. Etching for OM and SEM observations was conducted using a 1:3 mixture of HNO;
and HCI for 30 s. EBSD analyses were carried out using JEOL's JXA-iHP200F(JEOL Ltd.,
Tokyo, Japan) equipment, with a step size of 0.7 um to ensure high-resolution mapping of
deformation zones.

2.3. Mechanical Properties Evaluation
2.3.1. Tensile Testing

Tensile tests were conducted at room temperature and cryogenic temperatures
(—180 °C) using a 100 kN MTS E45 universal testing machine (MTS Systems Corpora-
tion, Eden Prairie, MN, USA) at a strain rate of 1073/s. Room temperature specimens
conformed to ASTM ES8 subsize specifications, with a gauge length of 24 mm and a diameter
of 6 mm. For cryogenic testing, specimens with a gauge length of 14 mm and a diameter of
3 mm were used. They were cooled to —180 °C using a liquid nitrogen chamber, and the
yield strength was determined using the 0.2% offset method. The detailed experimental
setup is illustrated in Figure 1. Elongation was measured using crosshead displacement.
While this method has inherent limitations in accuracy, it was deemed sufficient for com-
parative analysis due to the consistent setup and specimen geometry across all conditions.
Each tensile test condition was repeated three times, and the median values were used for
analysis to ensure reliability and consistency.

MTS universal
testing machine

Figure 1. Experimental setup for tensile testing at —180 °C under cryogenic conditions.
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2.3.2. Charpy Impact Testing

Charpy impact tests were performed at room temperature and —196 °C using a
Zwick/Roell PSW750(ZwickRoell GmbH & Co. KG, Ulm, Germany) impact testing ma-
chine equipped with a TZE instrumented module, with a maximum capacity of 750 J.
The impact specimens were prepared in accordance with ASTM E23 standards [19] for
Charpy V-notch (CVN) specimens. Each test was repeated three times to ensure statistical
reliability, and the results were reported as the mean values along with standard devia-
tions. Load—displacement curves were obtained using the TZE instrumented pendulum
system integrated into the PSW750, which includes a high-speed force transducer and
an angular encoder. The impact load was recorded by the striker-mounted force sensor,
and the corresponding displacement was calculated from the pendulum swing angle.
The signals were acquired in real-time and analyzed using TestXpert II (V3.61) software
provided by Zwick/Roell. The absorbed energy was calculated from the area under the
load-displacement curve to assess fracture toughness under different temperature conditions.

3. Results
3.1. Microstructure

Figure 2 illustrates the microstructure of hot-forged STS304L stainless steel observed
using optical microscopy (OM) and scanning electron microscopy (SEM). The optical mi-
crographs in Figure 2a,b show that the microstructure is primarily composed of equiaxed
austenitic grains, with an average grain size of approximately 91 um. The grain bound-
aries are clearly defined, and both annealing twins and mechanical twins are observed
in Figure 2b, which are characteristic features of austenitic stainless steels subjected to
high-temperature forging [20]. Annealing twins form due to the low stacking fault energy
(SFE) of austenitic stainless steel, which allows for twin boundary migration during the
recrystallization process at elevated temperatures [21]. These twins contribute to grain
refinement, enhancing mechanical properties such as strength and toughness. Due to the
influence of the hot-forging process, the microstructure exhibits anisotropic characteristics,
with localized deformation. A small amount of carbides was observed along some grain
boundaries and within grains, as shown in Figure 2b, likely formed due to brief cooling de-
lays or local thermal gradients during the forging and subsequent water-quenching process.
These carbides may locally influence mechanical properties, particularly affecting strength
and toughness. The SEM analysis in Figure 2¢ further confirms the general austenitic mi-
crostructure of STS304L and the presence of partial annealing twins, consistent with the OM
results. To investigate the composition of the observed precipitates, an energy-dispersive
X-ray spectroscopy (EDS) analysis was performed, revealing that the precipitates were
Fe-Cr-based carbides, as shown in the marked region of Figure 2c. Figure 2d presents a
magnified view of Figure 2c, clearly highlighting the formation of mechanical twins within
the grain interior. Mechanical twinning occurs when the material is subjected to high-strain
conditions, particularly at low temperatures or under dynamic loading. This deformation
mechanism is activated when dislocation motion is restricted, causing the atomic planes to
shift collectively along specific crystallographic orientations, forming twins. As shown in
Figure 2d, these mechanical twins appear as fine, parallel lines within the austenitic grains.
Mechanical twins enhance strain hardening and improve the material’s ability to withstand
further deformation by providing additional barriers to dislocation motion. The formation
of annealing twins is attributed to recrystallization during high-temperature forging, while
mechanical twins result from significant plastic deformation under high-strain conditions.
As the material has not undergone additional heat treatment after forging, the observed
microstructural characteristics are primarily influenced by the hot-forging process. These
microstructural features play a crucial role in determining the deformation behavior and
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mechanical properties of STS304L under various loading conditions. The presence of an-
nealing twins contributes to improved ductility and strength by refining the grain structure,
whereas mechanical twins enhance strain-hardening capacity, making the material more
resistant to further deformation. Additionally, the Fe-Cr precipitates observed along grain
boundaries and within grains may locally influence mechanical properties, affecting both
toughness and hardness.

Element | Weight%

C 9.04

Si 0.65
Cr
Mn
Fe
Ni
Cu

Mechanical twin

Totals 100.00

Figure 2. Optical and SEM micrograph images of STS304L: (a) OM_x100, (b) OM_x200,
(c) SEM_x 1000, and (d) SEM_ x 2000.

3.2. Stacking Fault Energy Calculation

The phase transformation behavior of STS304L can be explained by the stacking fault
energy (SFE), which decreases as the temperature decreases. SFE is influenced by both the
elemental composition of the material and the ambient temperature. A lower SFE promotes
deformation mechanisms that involve twinning and phase transformation rather than
dislocation slip. As the temperature decreases, the SFE drops, enhancing the formation
of martensite (o) while suppressing epsilon (¢) martensite. This reduction in SFE at cryo-
genic temperatures facilitates the exclusive formation of martensite (cc’), thereby stabilizing the
martensitic phase and significantly influencing the material’s mechanical properties [2,8,22-24].
Figure 3 presents a graph illustrating the calculated SFE of STS304L based on its alloy
composition. The values were calculated using Equations (1) and (2), which are based
on the empirical formula proposed by P. Mallick [2], and plotted for the specific alloy
composition of STS304L used in this study. In this study, the SFE was evaluated using the
research findings of P. Mallick (2017) [2], and the calculation formula is provided as follows:

SFE(mJ/m?) = —53 + 6.2(Ni) + 0.7(Cr) + 3.2(Mn) 4 9.3(Mo) (wt%) 1)

Ysee = Vapg +0.5(T —293) @)

Using Equation (1), the SFE at room temperature (20 °C) is calculated to be ap-
proximately 17.4484 m]J/m?, which falls within the typical SFE range for STS304L
(15-30 mJ/m?) [15,22]. Within this range, dislocation slip is the dominant deformation
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mechanism, although deformation twinning can also occur under high-strain conditions.
However, according to Equation (2), at cryogenic temperatures (—196 °C), the SFE de-
creases sharply to 7.4484 m]/m?, leading to significant changes in deformation behavior.
A decrease in SFE alters the dominant deformation mechanism [2,8]. When the SFE is
above 20 mJ/m?, dislocation slip primarily governs plastic deformation. As the SFE drops
below 15 mJ/m?, deformation twinning becomes more active, competing with dislocation
motion to accommodate plastic strain. When the SFE falls below approximately 10 mJ/m?,
strain-induced martensitic transformation (SIMT) begins to dominate, as the nucleation
and growth of martensite become energetically favorable [25]. At cryogenic temperatures,
where the SFE is extremely low, nearly complete martensitic transformation occurs, con-
tributing to a significant increase in strength but a reduction in ductility. Additionally, the
suppression of epsilon (¢) martensite formation at low SFE values plays a critical role in de-
termining the deformation characteristics. While e-martensite can form as an intermediate
phase in low-SFE FCC metals, STS304L primarily exhibits direct y — «” transformation
at cryogenic temperatures due to its specific alloy composition and low SFE values. This
transformation-driven deformation mechanism is responsible for the increased strength
and reduced ductility observed at cryogenic temperatures. Understanding the correlation
between SFE and deformation mechanisms provides critical insights into the mechanical
behavior of STS304L under extreme conditions. These findings emphasize the necessity of
microstructural control to optimize material performance for applications requiring high
strength and toughness in cryogenic environments.

30

25

SFE (mJ/m?)
s o S

an
1

0

200 -100 0 100 200
Temperature (C)

Figure 3. Calculated stacking fault energy (SFE) of STS304L based on its alloy composition, using the
empirical formula adapted from P. Mallick [2].

3.3. Tensile Test Result Analysis

The tensile testing results of STS304L are presented to demonstrate its mechanical be-
havior under different temperature conditions. The stress—strain curves, shown in Figure 4a,
highlight significant differences between room temperature and cryogenic environments.
At room temperature, the tensile strength was approximately 618 MPa, the yield strength
was 297 MPa, and the elongation was 83.7%. Under cryogenic conditions, the tensile
strength increased significantly to 1432 MPa, while the yield strength rose to 478 MPa, and
elongation decreased to 23.3%. This contrast reveals that cryogenic temperatures enhance
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the material’s strength but significantly reduce its ductility. These changes are attributed
to factors such as crystal structure alterations, reduced dislocation activity, martensitic
transformation, grain refinement, and residual stress [26,27]. Specifically, at cryogenic
temperatures, the reduced activity of dislocations increases the material’s resistance to
deformation, resulting in higher strength and lower elongation [17]. Figure 4b illustrates
the strain hardening rate (SHR) curves of STS304L stainless steel at room temperature (RT)
and cryogenic temperature (CT), highlighting the temperature-dependent deformation
mechanisms [9,12,13,28]. The SHR behavior can be divided into three stages: (1) Dynamic
Recovery, (2) Martensitic Transformation and Deformation Twinning, and (3) Saturation
and Softening. In Stage 1, the SHR declines as plastic deformation initiates through dislo-
cation motion. At RT, thermal energy facilitates dynamic recovery, resulting in a steeper
decline, whereas, at CT, limited recovery leads to rapid dislocation accumulation, increasing
resistance to deformation. In Stage 2, strain-induced martensitic transformation (SIMT)
and deformation twinning become prominent at CT, stabilizing or slightly increasing the
SHR by introducing new phase boundaries that hinder dislocation motion. In contrast, RT
exhibits a gradual decline due to delayed martensitic transformation and minimal twin-
ning. In Stage 3, the SHR decreases as hardening mechanisms become saturated. At CT,
martensitic transformation slows down, and high dislocation density suppresses further
strengthening, whereas, at RT, earlier dynamic recovery results in a more rapid decline.
The SHR curves underscore the influence of temperature on deformation behavior. At RT,
deformation is primarily governed by dislocation slip, leading to a continuous SHR decline.
In contrast, CT enhances strain hardening due to increased contributions from martensitic
transformation and deformation twinning. The differences in SHR behavior align with the
stacking fault energy (SFE) trends in Figure 3, where lower SFE at CT promotes SIMT and
twinning, sustaining a higher SHR compared to RT. The X-ray diffraction (XRD) results
shown in Figure 4c provide key insights into the phase transformations of STS304L during
tensile deformation and their relationship with stacking fault energy (SFE). Before deforma-
tion, the specimen consisted solely of the austenite (y) phase. After tensile testing at room
temperature, both austenite (y) and martensite (") phases were observed, indicating the
occurrence of stress-induced martensitic transformation (SIMT). However, under cryogenic
conditions, the deformed specimen contained only the martensite (") phase, with no re-
maining austenite detected. This observation highlights the strong influence of temperature
on phase transformation behavior [12,13,28-30]. These findings further support the correla-
tion between SFE and phase transformation. At room temperature, the relatively higher
SFE suppresses martensitic transformation, allowing both dislocation slip and deformation
twinning to contribute to the material’s plasticity. Consequently, only partial martensitic
transformation occurs during tensile deformation. In contrast, at cryogenic temperatures,
the significantly lower SFE promotes extensive martensitic transformation, resulting in the
complete conversion of austenite to martensite. This transformation effectively enhances
strength while reducing ductility, which aligns with the observed mechanical property
changes at low temperatures. The XRD results confirm that the reduction in SFE at cryo-
genic temperatures plays a critical role in shifting the dominant deformation mechanism
from dislocation slip and twinning to martensitic transformation. As a result, the material
exhibits increased strength but decreased ductility in extreme temperature environments.
Therefore, understanding the influence of SFE on phase transformations and mechanical
properties is essential for optimizing the performance of STS304L in applications requiring
tailored strength and ductility under cryogenic conditions.
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Figure 4. Tensile properties of STS304L: (a) stress—strain curve, (b) strain hardening rate curve, and
(c) XRD result of room temperature and cryogenic tensile specimen.

Figure 5 presents the results of electron backscatter diffraction (EBSD) analysis con-
ducted on STS304L tensile specimens tested at room temperature (RT) and cryogenic tem-
perature (CT), providing insights into microstructural evolution, deformation mechanisms,
and phase transformation behavior under different temperature conditions. Figure 5a—c
displays the Inverse Pole Figure (IPF), Phase, and Kernel Average Misorientation (KAM)
maps for RT specimens. The IPF map in Figure 5a shows elongated grains along the
tensile direction, indicative of significant plastic deformation. The Phase map in Figure 5b
reveals a mixed-phase structure consisting of remaining austenite (y), strain-induced
martensite (x’), and a small fraction of e-martensite (¢), highlighting the presence of the
Transformation-Induced Plasticity (TRIP) effect. The relatively high stacking fault energy
(SFE) (~17.4 m]/m?) at RT favors dislocation slip as the dominant deformation mechanism,
with the limited transformation of y — o’ [7,9,31]. However, localized stress concentrations
facilitate the formation of e-martensite, which may act as an intermediate phase in the
Yy — ¢ = & transformation pathway [7,22]. The KAM map in Figure 5c highlights regions
of high lattice distortion, confirming increased internal stresses due to dislocation activity
and partial SIMT. In contrast, Figure 5d—f shows the EBSD results for CT specimens, where
a more extensive phase transformation is observed. The IPF map in Figure 5d indicates
severe lattice distortions and increased deformation twinning, a characteristic response
to the significantly reduced SFE at low temperatures. The Phase map in Figure 5e re-
veals a drastic reduction in remaining austenite, with a substantial increase in both &’ and
e-martensite fractions. At CT, the lower SFE (~7.9 mJ/m?) promotes stacking fault forma-
tion, facilitating the y — ¢ transformation more readily than at RT [2,8,14,23]. However,
as deformation progresses, e-martensite acts as a transient phase, further transforming
into «’-martensite under continued strain. This sequential transformation mechanism
(y = ¢ — o) plays a dominant role in the microstructural evolution at CT, contributing
to the observed strengthening effects. The KAM map in Figure 5f further supports these
findings, showing widespread high lattice distortions and internal stress concentrations,
reflecting the dominant role of martensitic transformation in deformation at CT. The EBSD
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analysis underscores the temperature-dependent differences in deformation mechanisms
and phase transformation behavior. At RT, plastic deformation is predominantly accom-
modated by dislocation slip, with partial SIMT and localized e-martensite formation. In
contrast, at CT, the reduced SFE facilitates both y — ¢ and ¢ — o transformations, leading
to an almost complete martensitic transformation. These phase transformation differ-
ences directly correlate with the mechanical properties observed in tensile tests, where
higher SFE at RT allows for greater ductility, while lower SFE at CT results in increased
strength but reduced plasticity. The lattice distortions and stress concentrations observed
in the KAM maps further highlight the interplay between deformation mechanisms, phase
transformations, and SFE, providing a direct link between microstructural evolution and
mechanical performance.

X Analysis location

mm Austenite
B o’-martensite | &8
&-martensite

Partition
Fraction
0’ :0.911 | &
7:0.010 |
£:0.079 (8

mm Austenite
mm o’-martensit
e-martensite | §

Figure 5. STS304L Tensile test specimen EBSD mapping result: (a) RT_IPF map (b) RT_Phase map,
(c) RT_KAM map, (d) CT_ IPF map, (e) CT_Phase map, and (f) CT_KAM map x Analysis location:
The rectangular area in each map indicates the region selected for EBSD analysis.

Figure 6 presents the fracture surface analysis of STS304L tensile specimens tested
at room temperature (RT) and cryogenic temperature (CT), highlighting the temperature-
dependent deformation and fracture mechanisms. The scanning electron microscopy (SEM)
images reveal distinct variations in fracture morphology, attributable to the effects of strain-
induced martensitic transformation (SIMT), dislocation motion, and stacking fault energy
(SFE) [12,32]. At RT, as shown in Figure 6a—c, the fracture surface exhibits a ductile fracture
mode characterized by a cup-and-cone morphology, extensive microvoid coalescence, and
dimple formation. As shown in Figure 6b, the fibrous zone contains numerous dimples
and pores, indicative of substantial plastic deformation facilitated by dislocation activity.
Notably, large and deep dimples, accompanied by a variety of voids and pores, are evident
in Figure 6b, further supporting the predominance of ductile failure. The radial zone,
as depicted in Figure 6¢, displays uniform dimple structures, reflecting homogeneous
deformation. A closer inspection of Figure 6c reveals that regions near the center exhibit
pores and deep dimples, while the outermost areas of the radial zone are dominated by
shallow dimples, suggesting a spatial variation in plastic strain. At RT, the relatively high
SFE (~17.4 mJ/m?) suppresses SIMT, thereby promoting dislocation glide as the dominant
deformation mechanism. This results in high ductility (~83.7% elongation) and moderate
tensile strength (~618 MPa). In contrast, fracture surfaces under CT conditions (Figure 6d—f)
exhibit characteristics consistent with brittle fracture, primarily due to extensive SIMT.
The macroscopic morphology shown in Figure 6d reveals a reduced fibrous zone and an
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enlarged radial zone, indicating a shift toward brittle behavior. As shown in Figure 6e, the
dimple density is markedly reduced, and large voids are present, which reflects the limited
plasticity associated with the near-complete transformation of austenite (y) to martensite
(o) at a low SFE (~7.4 mJ/m?). In addition, Figure 6e reveals the presence of large and deep
dimples alongside enlarged voids, indicating localized plastic deformation prior to fracture
despite the overall brittle characteristics. The increased martensite volume fraction reduces
dislocation mobility, leading to stress localization and accelerated crack propagation [33].
The radial zone in Figure 6f displays quasi-cleavage features, consistent with brittle fracture
dominated by SIMT. Moreover, shallow dimples and secondary cracks are identified in
the radial zone of Figure 6f, implying a mixed-mode fracture mechanism influenced by
local stress concentration and limited ductility. The observed fracture morphologies are
consistent with the tensile and microstructural results shown in Figures 3 and 4. At RT,
deformation is governed primarily by dislocation glide, resulting in ductile fracture. Con-
versely, at CT, the activation of SIMT leads to a significant increase in strength (~1432 MPa)
but a substantial reduction in ductility (~23.3%), thereby promoting brittle fracture behavior.
This temperature-dependent transition in fracture mode is attributed to the reduced SFE at
CT, which enhances martensitic transformation and stacking fault formation, ultimately
leading to a mixed-mode fracture mechanism.

0

Pores §¢ Large dimples [5i2C  Deep dimples :
vt ( ] ; S Pores
ﬂ\"ld ok : Shallow dimples

Deep dimples, W . o

CT

Shallow dimples

3
y Secondary crack
Radial zone x500 ZO_um

Figure 6. Tensile test specimen fracture surface of STS304L: (a) RT_macro (x30), (b) RT_center (x500),
(c) RT_edge (x500), (d) CT_macro (x50), (e) CT_center (x500) and (f) CT_edge (x500). The red line
in (a,d) indicates the fibrous zone, and the yellow line denotes the radial zone.

3.4. Charpy Impact Test Result Analysis

Figure 7 presents the Charpy impact test results, highlighting the differences in ab-
sorbed energy and fracture behavior at room and cryogenic temperatures, and their cor-
relation with stacking fault energy (SFE) and strain-induced martensitic transformation
(SIMT) [12,32]. Figure 7a shows the average absorbed energy, with the value at room
temperature (RT) measured to be approximately 127 J. At cryogenic temperatures (CTs),
the average absorbed energy decreases by approximately 28%, measuring around 92 J. This
reduction indicates that the material becomes more brittle at lower temperatures, reflecting
its diminished ability to absorb energy before fracture. This behavior is closely linked to
the stacking fault energy (SFE) and its influence on phase transformation mechanisms. At
RT, the relatively high SFE stabilizes the austenite phase (y), suppressing extensive marten-
sitic transformation, which allows plastic deformation via dislocation motion to be the
dominant energy dissipation mechanism. In contrast, at CT, the significantly reduced SFE
facilitates stacking fault formation, which acts as a precursor to strain-induced martensitic
transformation (y — «’). As a result, a larger fraction of austenite transforms into marten-
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site, increasing material strength and stiffness while reducing plastic deformation capacity,
thereby leading to a lower amount of absorbed energy [16,34,35]. Figure 7b illustrates
the load—displacement curves obtained from the Charpy impact tests. Key parameters,
including crack initiation energy (E;) and crack propagation energy (Ep), were calculated
as the areas under the load-displacement curves relative to the maximum load (Pmax). The
maximum load (Pmayx) increased from 17 kN at RT to 23 kN at CT, which can be attributed
to the increased material stiffness and suppressed thermal activity at lower temperatures.
As SFE decreases at CT, SIMT is significantly enhanced, leading to a higher fraction of
martensite formation, which increases resistance to crack propagation and enhances stiff-
ness [17]. Additionally, the crack initiation energy (E;) increased from approximately 58%
at RT to about 64% at CT, indicating that a greater proportion of the absorbed energy is
consumed during the crack initiation phase under cryogenic conditions. This is a direct
consequence of the increased martensite content at CT, which strengthens the material and
increases crack initiation resistance. However, while martensitic transformation increases
strength and toughness locally, it also reduces the overall plasticity of the material, limiting
its energy dissipation capacity, as reflected in the lower total absorbed energy [36]. The
deformation mechanisms during the Charpy impact tests reveal that, at RT, energy dissipa-
tion is primarily dominated by plastic deformation via dislocation motion, while, at CT,
the reduction in SFE significantly alters the fracture behavior by enhancing strain-induced
martensitic transformation [37,38]. This trend is further supported by X-ray diffraction
(XRD) analysis, as shown in Figure 7c. After Charpy impact testing, both austenite (y)
and martensite (x”) phases were detected at both temperature conditions. However, the
intensity of the martensite peak was significantly higher at CT, confirming the dominant
role of SIMT in the material’s fracture behavior at low temperatures. At RT, the relatively
high SFE allows deformation to be primarily accommodated by dislocation motion and
plastic deformation, resulting in limited martensite formation. In contrast, at CT, the lower
SFE promotes the nucleation of stacking faults, which serve as precursors for strain-induced
martensitic transformation (y — «’). This transformation increases the material’s strength
and stiffness while reducing its ability to undergo extensive plastic deformation, leading
to the observed decrease in absorbed energy. These results emphasize the critical role
of SFE and SIMT in governing the mechanical behavior of STS304L at cryogenic temper-
atures. The enhanced martensite formation at low temperatures significantly increases
crack initiation energy and stiffness but reduces plastic deformation capacity and overall
absorbed energy. The interplay between SIMT, TRIP, and SFE highlights the importance of
considering temperature-dependent phase transformations when designing and applying
STS304L in cryogenic environments, where maintaining a balance between strength and
energy absorption is crucial.

Figure 8 illustrates the microstructural evolution of STS304L after Charpy impact
testing at room temperature (RT) and cryogenic temperature (CT), as analyzed through
electron backscatter diffraction (EBSD). These results provide insights into the deforma-
tion mechanisms, phase transformation behavior, and their correlation with stacking fault
energy (SFE) and fracture characteristics. Figure 8a—c shows the EBSD results for RT speci-
mens. The IPF map (Figure 8a) reveals elongated grains aligned with the loading direction,
indicative of significant plastic deformation dominated by dislocation motion. The Phase
map (Figure 8b) shows partial strain-induced martensitic transformation (SIMT), where
only localized regions experience y — o transformation due to high stress concentrations.
The KAM map (Figure 8c) highlights regions of high lattice misorientation, suggesting
dislocation accumulation and twin formation, which contribute to energy dissipation and
ductile fracture behavior. At RT, the relatively high SFE stabilizes austenite, allowing
plastic deformation via dislocation slip and TRIP-assisted twinning, resulting in higher
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absorbed energy (~127 ]). Figure 8d—f displays the EBSD results for CT specimens, where
deformation mechanisms shift due to the reduced SFE. The IPF map (Figure 8d) reveals
deformation bands and strain localization, indicating the activation of deformation twin-
ning and extensive SIMT. The Phase map (Figure 8e) confirms a significant increase in
martensite fraction, with austenite content dropping from ~0.805 at RT to ~0.554 at CT. This
transformation is driven by stacking fault formation, which promotes y — «’ nucleation,
increasing strength and reducing ductility. The KAM map (Figure 8f) further supports
these findings, showing higher misorientation within martensitic regions and along grain
boundaries, where strain accumulation leads to embrittlement. During Charpy impact
testing, adiabatic heating due to rapid deformation temporarily raises the local temperature,
which can influence martensitic transformation [39,40]. At CT, this localized heating slightly
delays SIMT, allowing limited plasticity before full transformation occurs. However, the
overall lower SFE still favors rapid martensitic nucleation, leading to increased strength
but reduced ductility (~92 ] absorbed energy). This contrasts with RT conditions, where
dislocation motion dominates, permitting greater energy dissipation before fracture. In
conclusion, EBSD analysis confirms that temperature-dependent deformation mechanisms
significantly affect STS304L’s impact performance. At RT, higher SFE stabilizes austenite,
allowing TRIP-driven plastic deformation and higher energy absorption. At CT, reduced
SFE enhances SIMT and twinning, increasing strength but limiting plasticity. The influ-
ence of adiabatic heating during Charpy impact further modifies transformation kinetics,
slightly delaying SIMT but not preventing brittle fracture. These findings provide a direct
correlation between SFE, phase transformation, and mechanical behavior, offering insights
for optimizing STS304L’s performance in cryogenic applications.
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Figure 8. STS304L Charpy impact test specimen EBSD mapping result: (a) RT_IPF map (b) RT_Phase
map, (¢) RT_KAM map, (d) CT_ IPF map, (e) CT_Phase map and (f) CT_KAM map. x Analysis
location: The rectangular area in each map indicates the region selected for EBSD analysis.

Figure 9 presents SEM images of the fracture surfaces of Charpy impact specimens
of STS304L, highlighting the temperature-dependent fracture mechanisms and their cor-
relation with mechanical properties. At room temperature (RT), ductile dimples were
predominantly observed, while, at cryogenic temperature (CT), the fracture surfaces ex-
hibited both dimples and quasi-cleavage patterns, indicating a mixed-mode failure. These
features reflect the interplay between dislocation motion and strain-induced martensitic
transformation (SIMT) during impact loading [41]. At room temperature (RT), as shown in
Figure 9a,b, the fracture surface features large and deep dimples, indicative of significant
plastic deformation. In particular, Figure 9a exhibits widespread tearing dimples across the
fracture surface, characteristic of ductile tearing under high energy absorption. The high
stacking fault energy (SFE) (~17.4 m]/m?) suppresses extensive martensitic transformation,
allowing dislocation motion and transformation-induced plasticity (TRIP) to dominate de-
formation. Moreover, Figure 9b reveals deep dimples accompanied by plastically deformed
regions, likely induced by external stress during impact, suggesting localized plastic flow.
This results in a ductile fracture mode with microvoid coalescence as the primary failure
mechanism, promoting high energy absorption. In contrast, at cryogenic temperature
(CT), as seen in Figure 9c¢,d, the fracture surface exhibits smaller and shallower dimples
alongside prominent quasi-cleavage features, indicating a transition to brittle behavior. The
reduced SFE (~7.4 mJ/m?) promotes stacking fault formation, accelerating SIMT (y — «’)
and increasing material strength and stiffness while limiting plastic deformation. Specifi-
cally, Figure 9d shows shallow dimples coexisting with quasi-cleavage facets, indicating a
reduction in ductility and the presence of localized brittle zones. The extended deforma-
tion zone near the notch at CT reflects increased crack initiation resistance, but reduced
ductility leads to brittle fracture characteristics. These fracture observations align with the
mechanical data, where RT specimens exhibit high ductility and impact energy absorp-
tion, while CT specimens show increased strength but reduced plasticity due to enhanced
martensitic transformation. The shift from dislocation-dominated deformation at RT to
martensite-dominated strengthening at CT highlights the critical role of SFE in governing
impact fracture behavior. In conclusion, at RT, TRIP facilitates extensive plasticity, leading
to ductile fracture, whereas, at CT, SIMT dominates, promoting localized stress concentra-
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tions and brittle failure. These findings emphasize the importance of controlling SFE for
optimizing fracture toughness and impact resistance in extreme temperature environments.

—

Figure 9. Charpy impact test specimen fracture surface of STS304L: (a) RT_notch (x50), (b) RT (x500),
(c) CT_notch (x50) and (d) CT (x500).

3.5. Phase Transformation and Quantitative Analysis

Figure 10 presents the quantitative EBSD results showing the phase fractions of austen-
ite (v), o’-martensite, and e-martensite in STS304L, which illustrate the temperature- and
strain-rate-dependent martensitic transformation behavior under tensile and Charpy im-
pact testing. The transformation from y to «’ is governed by stacking fault energy (SFE),
strain rate, and temperature, all of which significantly influence the deformation mecha-
nisms and mechanical properties of the material [2,9,15-18]. Under tensile loading at room
temperature (RT), a notable transformation occurs with the austenite fraction decreasing to
28.0%, o’-martensite increasing to 66.4%, and e-martensite forming at 5.6%. The relatively
higher SFE at RT allows deformation to proceed primarily through dislocation motion,
with SIMT occurring progressively as strain accumulates. The presence of e-martensite
suggests a’y — ¢ — o transformation path, particularly in localized high-strain regions. At
cryogenic temperature (CT), this transformation is markedly enhanced due to the further
reduction in SFE. EBSD analysis shows that remaining austenite decreases sharply to 1.0%,
while «’-martensite increases to 91.1%. e-martensite also increases to 7.9%, suggesting it
acts as an intermediate product during the transformation, facilitated by increased stacking
fault formation due to lower thermal activation [42]. In contrast, under high strain-rate
Charpy impact testing, the transformation behavior differs. At RT, the remaining austenite
remains high at 95.5%, with only 4.5% o’-martensite, indicating that high strain rates sup-
press SIMT and deformation proceeds mainly via dislocation motion and twinning. At CT,
the austenite fraction decreases to 69.5% and o’-martensite increases to 30.5%. Although
transformation is more pronounced than at RT, it remains lower than in tensile tests due to
adiabatic heating during impact loading, which locally elevates the temperature and delays
martensite nucleation [39,40]. Comparing the tensile and Charpy tests, the tensile loading
condition enables more uniform and progressive SIMT, yielding a higher o’-martensite con-
tent. In contrast, the high strain rate in impact testing limits both the nucleation and growth
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of martensite, resulting in higher remaining austenite. These findings are consistent with
prior observations of stress—strain behavior, fracture surface morphology, and XRD results
presented earlier. The presence of e-martensite, particularly in tensile specimens tested at
CT, supports a sequential y — ¢ — o transformation route, while the more direct y — «’
path dominates under impact conditions where ¢ formation is suppressed. Overall, the
EBSD analysis reinforces the idea that the extent and pathway of martensitic transformation
in STS304L are governed primarily by temperature, strain rate, and deformation mode. The
enhanced transformation at CT underscores the importance of SFE in controlling phase sta-
bility and mechanical performance. These results are fully consistent with microstructural
and mechanical findings presented across the tensile and impact testing observations.

91.1%

e-martensite

. [ austenite
100 1 98.6% 95.59, [ a'-martensite

Percent

As RT_Tensile CT_Tensile RT_Charpy CT_Charpy

Condition

Figure 10. Quantitative EBSD results showing austenite and martensite («’ and ¢) fractions
of STS304L.

3.6. Effect of Temperature and Strain Rate on SFE and Deformation Mechanism

Figure 11 illustrates the combined effects of temperature, strain rate, and stacking fault
energy (SFE) on deformation mechanisms and strain-induced martensitic transformation
(SIMT) in STS304L stainless steel. The observed phase transformation behaviors and me-
chanical responses across different testing conditions are directly linked to variations in SFE,
which governs the activity of dislocation slip, deformation twinning, and martensitic nucle-
ation [2,9,15-18]. In tensile tests (Points A and B), the strain rate is relatively low, allowing
sufficient time for thermally activated SIMT to progress. At room temperature (Point A),
the SFE remains relatively high, favoring dislocation motion as the dominant deformation
mechanism and partially suppressing twinning and martensitic transformation [7,9,31].
Conversely, at cryogenic temperatures (Point B), reduced SFE promotes deformation twin-
ning and facilitates the transformation from y to o’-martensite, increasing work hardening
but reducing ductility [2,8,22-24]. The sequential transformation path y — ¢ — o is more
evident in this condition, as supported by XRD and EBSD analyses (Figure 10). In Charpy
impact tests (Points C and D), the high strain rates lead to localized adiabatic heating,
which elevates the local specimen temperature and transiently increases SFE. This effect
can delay or suppress the full progression of SIMT [39,40], even though rapid deformation
favors the nucleation of martensite. At room temperature (Point C), the high strain rate
and elevated SFE result in minimal martensitic transformation. At cryogenic temperature



Crystals 2025, 15, 360

16 of 19

(Point D), although martensite formation is more pronounced than at Point C, it remains
lower than in cryogenic tensile tests due to the competing effects of high strain rate and
adiabatic heating. The correlation shown in Figure 11 confirms that impact tests generally
result in higher effective SFE compared to tensile tests at equivalent temperatures, owing to
dynamic thermal effects. The hierarchy of SFE inferred from the analysis—lowest at B (cryo-
genic tensile), followed by A and D (room temperature tensile and cryogenic impact), and
highest at C (room temperature impact)—aligns with the observed transformation extents.
Interestingly, although both specimens A and D are tested under similar temperatures,
specimen A exhibits a greater degree of martensitic transformation. This is attributed to the
longer deformation time and absence of adiabatic heating during tensile loading, empha-
sizing the dominant role of strain rate in governing transformation kinetics. These findings
reinforce the idea that SFE alone does not fully dictate the transformation pathway. Instead,
the combined effects of temperature, strain rate, and deformation mode determine the
progression of SIMT and the associated phase stability. Under low-strain-rate conditions,
the transformation follows the y — ¢ — «” route, while at higher strain rates, the limited
time for intermediate e-martensite formation promotes a more direct y — «” path [7,22].
The interplay of these variables directly influences the plasticity, strain-hardening response,
and fracture behavior of STS304L under extreme service conditions.
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Figure 11. Effect of temperature and strain rate on SFE and deformation mechanisms in STS304L
stainless steel.

4. Conclusions

This study systematically investigated the temperature-dependent deformation and
fracture mechanisms of hot-forged 304L stainless steel under conditions relevant to cryo-
genic applications, such as LNG storage and low-temperature structural systems. Tensile
testing demonstrated that cryogenic temperatures significantly enhanced the material’s
strength while reducing its ductility, primarily due to strain-induced martensitic transfor-
mation (SIMT). This transformation is facilitated by a decrease in stacking fault energy (SFE)
at lower temperatures, promoting the nucleation of deformation twins and martensitic
phases. Strain hardening rate (SHR) analysis revealed distinct three-stage hardening behav-
ior at cryogenic conditions, highlighting the critical role of SIMT and twinning in strain
accommodation and strength enhancement. In contrast, room-temperature deformation
exhibited a more uniform and gradual strain hardening response due to less pronounced
martensitic transformation. X-ray diffraction (XRD) confirmed a complete transforma-
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tion from the austenite (y) phase to «’-martensite under cryogenic conditions, whereas
room-temperature deformation resulted in a partial transformation. SEM fracture surface
analysis further indicated a shift from ductile fracture mechanisms, characterized by cup-
and-cone shapes and dimples at room temperature, to brittle fracture features, including
quasi-cleavage facets and larger voids at cryogenic temperatures. These findings under-
score the embrittlement associated with enhanced SIMT. Charpy impact testing showed a
notable decrease in absorbed energy at cryogenic temperatures. The increased maximum
load and crack initiation energy at these temperatures suggest heightened resistance to
crack initiation, although overall energy absorption decreased due to enhanced brittleness.
EBSD analysis identified a pronounced increase in deformation twinning and martensitic
phase fraction at cryogenic conditions. The observed presence of e-martensite indicates a se-
quential y — ¢ — o transformation mechanism during tensile deformation. However, the
rapid strain rates and resultant adiabatic heating during Charpy impact testing suppressed
e-phase formation, leading to a direct y — « transformation pathway. Therefore, the inter-
play of temperature-dependent SFE, deformation twinning, and strain rate-driven phase
transformation pathways is critical in controlling the mechanical performance of STS304L
stainless steel. Optimizing these factors is essential to ensure the structural reliability and
long-term performance of materials in extreme cryogenic environments.
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