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Most alloys change from ductile to brittle at cryogenic temperatures, whereas high-entropy alloys show better
strength, ductility, and toughness. However, they suffer from cost and mass-production challenges. We discerned
the fatigue behaviour of a cost-effective austenitic stainless steel, SS316L, at an ultra-low temperature (ULT) of
15 K. For the cryogenic applications, our work demonstrates that compared to room-temperature (RT), ULT
exhibits eight times higher fatigue life, despite even higher applied stress [ omax = 1.3 X Gysyyp,, (280 MPagy; 517
MPaj;s k). At 15 K, the fatigue mechanisms involve stacking faults, a two-step martensitic phase transformation
(y—e—a) and a-martensite twinning, utilizing the applied fatigue strain efficiently. The remarkable improve-
ment in the mechanical strength and fatigue life at ULT is the key to revolutionizing sustainable advancements in

space exploration and energy storage.

1. Introduction

Materials science is inherently concerned with understanding the
performance of materials under extreme conditions, e.g., ultra-low
temperatures (ULTs), which are crucial in applications ranging from
aerospace components to cryogenic equipment. While newly developed
medium- and high-entropy alloys are promising, they suffer from cost
and mass-production challenges [1-9]. In contrast, austenitic stainless
steels have earned their place in engineering due to their ease of mass
production, strength, and fracture toughness, even at cryogenic tem-
peratures [10-21]. Prior research on the cryogenic deformation of
austenitic steels has primarily involved static loading, with limited
studies on dynamic loading, typically restricted to 77 K [11,12,19-24].
These studies have reported strain-induced martensitic transformation
as the dominant deformation mechanism at cryogenic temperatures,
forming € and o’ martensite. However, a recent study by Xin et al. [16]
did not observe strain-induced martensitic transformation during the
ULT-fatigue testing of austenitic stainless steel at 4.2 K performed up to
30,000 cycles. Meanwhile, the tests did not provide information
regarding the deformation mechanisms activated at higher strains or the
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number of cycles to failure.

Therefore, a significant knowledge gap pertains to the response of
these materials under dynamic loading at ULTs, which are crucial for
applications such as liquid-hydrogen handling where the temperature
can plummet to 20 K. Notably, despite over 80% of engineering failures
being due to fatigue, data in this extreme regime remain scarce [25].

This study addresses a fundamental question: How do metals respond
to fatigue loading under ultra-cryogenic conditions? Mechanical testing
at such temperatures is vital for assessing material suitability in low-
temperature applications. Unexpectedly, our investigation at 15 K
revealed a remarkable paradox—a staggering 690% increase in the
number of fatigue cycles to failure, even under approximately 86%
higher loads compared to room temperature (RT) testing. We demon-
strate that the exceptional properties observed in SS316L at ULT arise
from the transition from singular (RT) to multiple deformation mecha-
nisms (ULT), induced by the metastability of the y-phase under low-
temperature conditions. Our study not only advances the fundamental
understanding of material behavior in extreme conditions, but it also
carries practical cost-effective implications for emerging applications
necessitating exceptional low-temperature performance.
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2. Materials and methods

This study used industry-grade 316L austenitic stainless-steel plates,
with the following chemical composition (wt. %): 17.58 Cr, 10.55 Ni,
1.99 Mo, 1.35 Mn, 0.24 Si, 0.09 Cu, 0.02 C, 0.05N, < 0.001 S, < 0.001 P,
and balance Fe. These plates were manufactured in accordance with
American Society for Testing and Materials A240M/480M [26,27]. The
rolled sheets were solution annealed at 1,050 °C and water quenched
with final dimensions of 400 mm x 100 mm x 20 mm. The initial grain
size was 46 + 15 um. The dog bone-shaped cylindrical specimens for
tensile and fatigue tests, with a gauge length of 12 mm and a gauge
diameter of 6 mm, were machined, using a wire electrical discharge
machine (EDM). Fractured samples were sectioned employing a wire
EDM along the center for cross-sectional analysis.

2.1. Microstructure characterization

The specimens for microstructural characterization were prepared
by metallographically polishing to a final surface finish of 0.05 um using
colloidal silica, followed by electrochemical polishing employing 35%
(volume fraction) nital solution at RT. The fractography analysis was
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performed on the fractured surface and cross-sectioned samples along
the direction of crack propagation at multiple sites, as shown in Fig. 4
and Supplementary Figs. S(1 and 2). The selection of specimens tested at
1.3 times the yield strength for both RT and ULT for in-depth charac-
terization was deliberate, as this condition resulted in an exceptional
eight times higher fatigue life at ULT (nearly a 690% increase), even
when subjected to an 86% higher maximum load, compared to RT-tested
specimens (Fig. 1d). The microstructure characterization was performed
using electron channeling contrast imaging (ECCI) and orientation
mapping performed utilizing electron backscatter diffraction (EBSD).
EBSD with a step size varying from 0.05 for fine scans to 0.5 for coarse
scans was performed, employing a Carl Zeiss-Merlin Compact Scanning
Electron Microscope equipped with Oxford-HKL NordlysNano at 20 kV.
The orientation-mapping data was analyzed, using TSL-OIM Analysis v7
[28].

2.2. Mechanical characterization

Tensile testing at RT and ultra-low temperature, as well as fatigue
testing at ultra-low temperature, were conducted, using a Servohy-
draulic Multipurpose Fatigue Testing Machine Walter Bai LVF-100-HH
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Fig. 1. Understanding SS316L austenitic-steel behavior: Insights from initial characterization and mechanical testing. (a) A three-dimensional perspective phase map
representing the initial SS316L rolled sheets, providing insights into an «-martensite morphology along the rolling direction (RD), transverse direction (TD), and
normal direction (ND) planes. (b) Inverse Pole Figure (IPF) map of a grain highlighted within the white dashed box on the ND-TD plane in (a). Subsequent panels (b1-

b3) present pole figures depicting the orientations of the y parent, @ martensite, and y,-twinned grains within the highlighted region. (c) Tensile engineering stress-
strain curves obtained from experiments conducted with the loading direction parallel to the RD, highlighting the material’s response at both room temperature and
ultra-low temperature (15 K), with the inset providing a comprehensive view of the mechanical properties. (d) Experimentally derived normalized maximum stress
vs. the number of cycles to failure (S-N) curves, revealing fatigue life data obtained at room and cryogenic temperatures for SS316L (the present work), nickel-based
superalloy (INCONEL 718) [31], alpha-titanium alloy (Ti5A12.5Sn) [32], and high manganese steel (Fe24Mn) [19].
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equipped with an Intelligent Service Group (ISG) cryogenic chamber
cooled, using helium gas. RT-fatigue testing was carried out, using an
Electroservo-Hydraulic MTS 810. The cryogenic chamber was vacuum
sealed and flushed with He gas, a cycle repeated three times prior to
cooling to avoid contamination in the chamber. Samples were cooled to
15 K over 10 hours, followed by 2 hours of homogenization. The spec-
imens loaded in the fixture were maintained under a load-controlled
mode to prevent the introduction of the external strain during cooling
to ultra-low temperature. Throughout the testing, both sample and
chamber temperatures were monitored. The same procedure, taking 12
hours, was employed for bringing the tested specimen back to RT.
Tensile tests were performed at a constant initial strain rate of 5 x 107>
s~L. The strain was calculated using a contact type clip-on extensometer
with a strain limit of 50%, subsequent strain was obtained using the
crosshead displacement. The yield strength was calculated using the
0.2% offset method. Load-controlled high-cycle fatigue testing with a
sinusoidal waveform was conducted with a minimum to maximum stress
ratio, R of 0.1, and a frequency of 10 Hz at a maximum load ranging
from 1.0 to 1.9 times yield strength at respective temperatures. High-
cycle fatigue tests were stopped after 107 cycles, and the surviving
samples were labeled run-outs.
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3. Results
3.1. Initial microstructural analysis and mechanical properties

The electron backscatter diffraction (EBSD) phase maps along the
rolling direction (RD), transverse direction (TD), and normal direction
(ND) revealed that the initial material contains about 1.5% of residual a
martensites elongated along the RD and flattened along the TD due to
the strain induced during rolling (Fig. 1a). The inverse pole figure map
on the ND-TD plane shows the « flattened along TD (Fig. 1b). We
employed pole figures to identify the crystallographic characteristics of
the parent grain, y, twinned grain, y, and « phases [29]. These figures, in
Figs. 1b(1-3), highlight the close-packed planes and directions with their
respective symbols. A comparison of Figs. 1b(1-3) reveals a > 3 twin
relationship between y and y; achieved through a 60° rotation along the
[TT1], axis. These twins
thermomechanical-processing history of the initial material [30].

annealing result from the
Importantly, y exhibits no orientation relationship with «, whereas
(111), //(110), serves as the habit plane for transformation with
no parallel close-packed direction.
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Fig. 2. Unveiling microstructural transformations in an SS316L austenitic steel under cyclic loading at RT. (a) Phase map. (b) Kernel Average Misorientation (KAM)
of the cross-section of a crack-propagation-rupture interface, highlighted in Fig. S1b. (c) Inverted ECCI image of the grain, G1, as highlighted in (a, b), showing a trace

of the highest Schmid factor slip system. Depicted in (al) is an IPF map of the grains G(2-9) surrounding the a martensite, as highlighted in (a). [a(2-6)] pole figure
showcasing the crystal orientation with the corresponding IPF color of (a2) o martensite and [a(3-6)] y-matrix grains, underlining the Kurdjumov-Sachs relationship
satisfied by the @ martensite and y; grain in addition to the strained twin relationship among the 7, s, y5_¢, 76_7, and yg_o. (d) Phase map. (e) KAM of the cross-
section of the rupture region, highlighted in Fig. Slc. (f) Inverted ECCI image of the grain, G1, as highlighted in (d, e), showing a trace of the highest Schmid

factor slip system. Depicted in (d1) is a phase map of the grain G1, highlighted in (d). [d(2-4)] pole figure displaying the crystal orientation of ys;, arl, and aé,
underlining the Kurdjumov-Sachs relationship on two {1 1 1},  planes. (f1) Inverted ECCI images presenting the dense dislocation-cell formation.
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At ULT, the material displayed an 86% increase in yield strength and
a substantial 195% increase in ultimate tensile strength, albeit with a
49% reduction in ductility, as compared to RT (Fig. 1c). This trend led to
an overall 11% improvement in tensile toughness, compared to RT. The
maximum stress normalized by yield strength vs. number of cycles to
failure plot demonstrates a significantly higher normalized stress for a
given number of cycles to failure for SS316L, as compared to a nickel-
based superalloy [31], an alpha-titanium alloy [32], and
high-manganese steel [19] (Fig. 1d). Furthermore, at ULT, there is a
notable increase in the number of cycles to failure at a normalized stress
ratio of 1.3, compared to RT for SS316L (Fig. 1d).

3.2. Room-Temperature Fatigue Mechanisms

At the crack-propagation-rupture interface (highlighted in Fig. S1b),
the cross-sectional EBSD-phase map (Fig. 2a) reveals o elongated along
the RD, with a phase fraction similar to the initial material, suggesting

that the observed « originates from the initial material. Examining the
highlighted region (Fig. 2al), we explored the crystallographic charac-

teristics of the @ martensite and neighboring y grains [Figs. 2a(2-6)].
There is no orientation relationship between o and y grains, except for
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73, which tends to satisfy a strained Kurdjumov-Sachs (K-S) [33] rela-
tionship [(111), //(110), 110],//TT1],] [Figs. 2a(2,3)].
Furthermore, a }_ 3 twin relationship is observed among the y grains,
specifically, y,_3, ¥5_6, ¥6_7, and yg_o. The Kernel Average Misorienta-
tion (KAM) map (Fig. 2b) reveals strain localization along a preferred
orientation inside grains. A high-magnification inverted electron chan-
neling contrast image (ECCI) of the grain, G1 (Fig. 2c), demonstrates
strain localization on the slip system, which has the highest Schmid
factor, specifically (11 1)[1 01]. This area also displays nascent
dislocation-cell formation, with a cell size of approximately 500 nm
(Fig. 2c). The spread in orientations visible in the pole figures [Figs. 2a
(2-6)] for y and o grains indicate crystal rotation due to plastic defor-
mation [29]. The spread in the orientation is not uniform, and is due to
one dominant slip system (Fig. 2c), resulting in strain localization
(Fig. 2b).

In the rupture region cross-section (highlighted in Fig. Slc), the
a’—phase fraction increased to around 5.4% (Fig. 2d), indicating that
even at RT, the y—a phase transformation occurs at higher strain levels.
The KAM map shows increased residual strains due to higher deforma-
tion in this region (Fig. 2e). A more detailed phase map of the high-
lighted region (Fig. 2d1) reveals two variants of a: coarser a; satisfying a
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Fig. 3. Unveiling microstructural transformations in the SS316L austenitic steel under cyclic loading at ultra-low temperature (15 K). (a) Phase map. (b) Kernel
Average Misorientation (KAM) map of the cross-section of crack-propagation-regions interface highlighted in Fig. S2b. (c¢) ECCI image of the grain, G1, as highlighted

in (a, b). Depicted in (c1), an inverted ECCI image and a phase map of the region enclosed by the yellow box in (c) revealing the a; martensite formed on a single ¢;

martensite. (c2), An inverted ECCI image and phase map of the region within the blue box in (c) shows the az martensite formed at the intersection of ¢; and e,

martensites. [c(3-5)] Pole figures displaying the crystal orientation of the (c3) y matrix, (c4) a'l and e1,(c5) a'Z and €3, underlining orientation relationships. (d) Phase
map. (e) KAM of the cross-section of the rupture region, highlighted in Fig. S2d. (f) ECCI image of grain, G1, as highlighted in (d, e). Depicted in (f1) is the phase map

of the area highlighted by a blue box in (f). [f(2-3)] Pole figure displaying the crystal orientation of the a parent and twinned region. (f4) ECCI image of the region

highlighted in (f).
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K-S [33] relationship [( 1 1 1), // (0 1 1)avl, Oo11],//[11 1},1’1] with
the matrix and finer a, martensite maintaining a different K-S [33]
relationship [(111), // (11 0),,, [011], //[111],]. In addition,
the martensite variants exhibit planes of (1 0 1) ‘ and (101) J, almost
parallel to the (1 1 1)71 plane with the highest Schmid factor, revealing
that a; /> Maintains a K-S relationship with two {1 1 1}, planes as habit
planes. This orientation relationship aligns with findings in the litera-
ture, where one of the {1 1 1}, planes is the primary slip plane, and the
other is a conjugate or cross-slip plane [34,35], and a forms at the
intersection of dislocation walls formed on {1 1 1}, planes [36]. Dense

dislocation-wall formation is evident in the inverted ECCI image in
Fig. 2f1.

3.3. Ultra-low Temperature Fatigue Mechanisms

At the interface in the crack-propagation regions (highlighted in
Fig. S2b), the EBSD phase map (Fig. 3a) reveals increased ¢ and « phase
fractions, approximately 3.0% and 4.2%, respectively. In addition to the
elongated morphology, nanometer-sized fine o grains are also observed
[Fig. 3(a, c)]. The KAM map (Fig. 3b) indicates strain localization along
preferred planes within each grain. The ECCI image of the grain, G1
(Fig. 3c), clarifies that the strain localization in the KAM map aligns with
bands formed parallel to the traces of {1 1 1}, planes, specifically the
(117) and (11 1) planes, showing the highest and second highest
Schmid factor.

The high-magnification inverted ECCI images and EBSD-phase maps
in Figs. 3c1 andc2 of regions 1 and 2 in Fig. 3c, respectively, reveal that
these bands consist of deformation-induced ¢ martensite. The y—¢
transformation occurs through the gliding of Shockley partial disloca-
tions on every second {1 1 1}, plane [37]. Stacking faults resulting from
partial dislocations along high Schmid factor slip planes are also visible
in Figs. 3c(l and 2). Dislocation junctions, which appear to be
Lomer-Cottrell locks, are highlighted in red in Fig. 3c2. Nano-sized o
grains appear on the e bands, indicating y—e—a phase transformation
[18,29,38-40]. The a/l martensite forms in a single ¢; band (Fig. 3cl),
while the a2 martensite forms at the intersection of e; and e, bands
(Fig. 3¢2).

Comparing the pole figures between the parent, y;; (Fig. 3¢3), and
€1, al phases (Fig. 3c4) reveal a Shoji-Nishiyama[41] (S-N) relationship
(111), //(0001),,[011], //[2110],]between y5; — €1, K-S
[33] relationship [(111), //(10 1, [0 11, //11 1], | between
Ye1 — @;, and Burgers [42] relationship [(0 00 1).,// (To 1)(1’1 ,
2110],//111] o, between e; — a,. Similar orientation relationships

[S-N [41], K-S [33], and Burgers [42]] exist among ys;, €2, and o/2
3G [(111),//(0001),//T101),, [0I1
//2110],//111] 4,) - Notably, all these phase transformations

(yGl—>€1/2—>(l/1 /2) share the same close-packed direction 011]

[Figs.

Ya1

7a1’
exhibiting the smallest Schmid factor with (111), —and 11 1),
planes. It is also notable that both a/l and a'2 tend to satisfy a K-S [33]
relationship with two {11 1},  planes.

In the rupture region (highlighted in Fig. S2d), the cross-sectional
EBSD-phase map (Fig. 3d) reveals that the majority of the initial y
phase has transformed into o (~ 87%), with a reduced ¢ phase fraction,
compared to the crack-propagation-regions interface. This reduction
indicates that ¢ is an intermediate phase that transforms to a under
higher strains [29,35,38,43]. The KAM map shows the increased resid-
ual strain due to higher plastic deformation in this region (Fig. 3e). The
high-magnification ECCI image (Fig. 3f) and phase map (Fig. 3f1) of the
grain, G1, indicate deformation products formed within the a grains.
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The crystallographic-orientation information, presented as pole figures
of the parent grain (a;;, Fig. 3f2), and the transformed area (a/T., Fig. 3f3)
demonstrates a ) | 3 twin relationship between the two via a 60° rotation
along the [1 1 1], axis, signifying that the o formed further deforms via
twinning. Additionally, the high-magnification ECCI image (Fig. 3f1)
reveals dense dislocation-cell formation.

3.4. Fractography of RT and ULT Fatigue-Fractured Specimens

The SEM images of the fatigue-fractured surfaces at RT and ULT are
presented in Fig. 4. Both the RT and ULT specimens exhibited three
distinct zones on the fracture surface: (1) the crack-initiation site, (2) the
crack-propagation zone, and (3) the rupture zone.

Comparative analysis of the RT- and ULT-fractured specimens
revealed three key differences: (1) In RT specimens, microcracks were
oriented perpendicular to the crack-propagation direction, while in ULT
specimens, microcracks consistently aligned along the TD (Fig. S2al),
irrespective of the crack-propagation direction. (2) The -crack-
propagation region in the ULT specimens exhibited two sub-regions
based on surface topography, with varying void frequencies and
surface-slope steepness (Fig. S2). In both regions, micro-cracks and voids
elongated along the TD. (3) Striations were observed in RT-fractured
specimens but not in ULT specimens.

High-magnification SEM images of selected regions along the crack-
propagation direction are shown in Figs. 4a(1-6) for RT and Figs. 4b(1-6)
for ULT specimens. In the RT-fractured specimen, striations became
visible after approximately 1 mm from the crack-initiation site [Fig. 4
(al,2)], with a spacing of around 100 nm. Further along the crack
propagation, similar striation cracks emerged along with microvoids
(Fig. 4a), presenting an increased striation spacing of around 270 nm
(Fig. 4a3). On the crack-propagation side of the interface [Fig. 4(a,a4)],
more frequent voids were visible, along with increased striation spacing,
approximately 950 nm. The inset of Fig. 4a4 illustrates the mechanism
of striation-crack formation: nucleation of nanovoids along striations,
followed by void coalescence, leading to striation cracks nucleation and
propagation. In the rupture side of the crack-propagation-rupture
interface, voids/poorly formed dimples with blunt edges ranging from
a few hundred nanometers to a few hundred micrometers in size were
elongated perpendicular to the crack-propagation direction (Fig. 4a5).
Finally, in the rupture zone, there were large shear dimples surrounded
by finer shear dimples with sharp edges oriented along the direction of
crack propagation (Fig. 4a6).

For the ULT-fractured specimens, microcracks initially sized around
1 ~ 10 um and aligned parallel to the TD were visible at an approximate
distance of 500 um from the crack-initiation site (Fig. 4b1). These micro-
cracks grew larger as the crack propagated. On one side of the crack-
propagation sub-zones interface, the larger cracks reached a size of a
few hundred micrometers (Fig. 4b). Importantly, the direction of these
microcracks remained constantly parallel to the TD, independent of the
crack-propagation direction (Fig. 4b2). Higher-magnification images of
the region around these microcracks (Fig. 4b3) revealed the presence of
nano-sized voids/blunt dimples. On the opposite side of the crack-
propagation sub-zones interface, larger voids/blunt dimples were
elongated along the TD direction (Fig. 4b), with the surrounding area
featuring finer micron-sized shear dimples elongated along the direction
of crack propagation (Fig. 4b4). Further along the crack propagation, the
size of similar micron-sized shear dimples increased (Fig. 4b5). In the
rupture zone, fine equiaxed micron-sized dimples with sharp edges, akin
to the tensile fracture, were visible (Fig. 4b6).

4. Discussion

This discussion elucidates the reasons for the remarkable increase in
fatigue life at ULT, compared to RT, despite higher applied loads at ULT.
The higher yield strength at ULT is primarily due to increased thermal-
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Fig. 4. Unveiling fatigue-fractured surfaces in SS316L austenitic steel under cyclic loading at RT and ultra-low temperature (15 K). (a, b) Overview of the fatigue-
fractured surface at RT and 15 K, respectively, highlighting the exhibited three distinct zones: the crack-initiation site, crack-propagation zone, and rupture zone.
High-magnification SEM images of the sites in the [a(1-4)] crack-propagation zone, [a(5, 6)] rupture zone at RT showing serration cracks perpendicular to the
direction of crack propagation, void and dimple formation, respectively. High-magnification SEM images of the sites in the [b(1-3)] region, one of the crack-
propagation zones, [b(4, 5)] region two of the crack-propagation zone, and (b6) the rupture zone at ULT showing microcracks parallel to the transverse direc-

tion, void formation, and shear-dimple formation, respectively.

strengthening effects like the increased Peierls stress, dependent on
short-range core interaction [44,45]. At cryogenic temperatures (15K),
deformation-induced martensitic transformation occurs in austenitic
stainless steels during monotonic tension due to a decrease in the
stacking fault energy (SFE). The reduced barrier of stacking faults en-
ables various deformation mechanisms, leading to the improved tension
behavior [20]. Specifically, Niessen et al.’s [46] ab initio study quan-
tifies the intrinsic stacking fault energy of paramagnetic y-Fe and
austenitic stainless steels based on magnetic properties. However, unlike
monotonic tension, internal friction during cyclic loading can dissipate
energy from heating the sample, influencing magnetic properties. Thus,
investigating the underlying mechanisms of fatigue at 15 K becomes
crucial for advancement in ULT magnetic applications.

The impressive increase in fatigue life at ULT, as compared to RT
(Fig. 1d), aligns qualitatively with the observed enhancement in tensile
toughness (Fig. 1c). These findings can be attributed to the variation in
the deformation mechanisms activated at ULT, as revealed by the cross-
sectional microstructural analysis.

A crucial contributing factor to this behavior is the substantially
higher ultimate tensile strength at ULT, almost 195% greater than at RT
(Fig. 1c). Consequently, the reduced probability of stress reaching the
threshold required for crack nucleation contributed to the increased
fatigue life. In the crack-propagation zone at RT, planar slip led to strain
localization along the {1 1 1}, planes [Figs. 2(b, c)], resulting in stria-
tion cracking perpendicular to the crack-propagation direction [47].
Contrastingly, at ULT, microcracks were initiated at the initial @ —y

interfaces, aligning parallel to the TD (Fig. S2al). This trend suggests
that the initial o — y interface, which does not follow any orientation
relation, is incoherent and weaker at ULT. Plastic deformation at ULT is
accommodated through the formation of stacking-fault bundles parallel
to the {1 1 1}, planes [20], embedded among the ¢, also parallel to the
{111}, planes (Fig. 3c). The ¢ martensite further transforms into a
variants via single and double shear mechanisms [18,22,29,35,37-40,
43], while maintaining a semi-coherent interface (Fig. 3c). The two-step
phase-transformation mechanism (y—e—a) at ULT enhances the utili-
zation of the applied plastic strain during fatigue cycles, subsequently
reducing the crack-propagation rate, compared to RT. Additionally, the
y—a phase transformation introduces compressive stresses, resulting in
the crack-closure phenomenon [21,48], and the transformation from the
softer y to harder a provides hardening [21]. This hardening behavior
delays strain localization and necessitates higher stresses for crack
propagation, further decreasing the crack-propagation rate.

At the rupture site, a minor y—a phase transformation occurs at RT
(Fig. 2d). However, this feature is quantitatively less significant than the
transformation observed at ULT (y—e—a). At ULT, the transformed o
phase also undergoes > 3 twinning [Figs. 3f(1-3)], further accommo-
dating the applied strain during fatigue cycles. However, the major
factor contributing to the enhanced fatigue life at ULT is transformation-
induced plasticity, as the enhancement was relatively less during fatigue
tests conducted at higher stresses (1.5 and 1.9 times o)), likely due to
the phase transformation occurring during initial loading, even before
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the onset of fatigue.
5. Conclusions

In summary, the increased fatigue life at ULT is due to the effective
fatigue strain utilization retarding crack propagation through multiple
deformation mechanisms, specifically stacking faults, two-step
martensitic phase transformation (y—e—a), and a twinning. The
reduced crack-propagation rates, the compressive effect of phase
transformation, and the intrinsic material properties at ULT present
exciting possibilities for sustainable high-performance materials in
ultra-cryogenic applications.
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