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Heterostructured materials have been demonstrated as a new route to improve the strength-ductility trade-off of
metallic materials. However, their mechanical performance at cryogenic temperatures has been scarcely
explored. This study investigates the mechanical properties and phase transformation of a heterostructured and
antimicrobial stainless steel (HS&AMSS), 316L+Cu, at a cryogenic temperature of 77 K. By using in-situ neutron
diffraction, we revealed real-time phase evolution under tensile deformation. The HS&AMSS demonstrated
exceptional mechanical properties at 77 K, including a significantly higher yield strength of 1400 MPa combined
with an excellent ductility of 36 % compared to conventional stainless steels and heterostructured multicom-
ponent alloys. The outstanding mechanical performance is attributed to the synergistic effect of multiple
strengthening and strain hardening mechanisms. These findings suggest that HS&AMSS is a promising material
for applications requiring robust mechanical properties in cryogenic environments, such as hydrogen storage,
aerospace, superconducting magnets and polar infrastructure.

Since its initial development in 1912 [1], stainless steel has been one
of the most accessible and cost-effective materials for industrial and
everyday components. Due to its high strength, toughness, relatively low
cost and corrosion resistance, stainless steel is used widely across soci-
ety, including biomedical implants, clinical tools, refrigerators, pipe-
lines, potable water containers, automobiles, pressure vessels, ships,
architectural applications, as well as for equipment in pharmaceutical,
natural resources extraction, food-processing, and petrochemical plants,
among others [2-4]. However, failures or design limitations have been
reported in many of these applications, due to insufficient strength/-
ductility ratio during service, corrosion, and fatigue [5-10]. Therefore,
improving stainless steel’s mechanical properties has been of great in-
terest to researchers and industrial communities.

Heterostructured arrangements can offer significant improvements
in the trade-off between the strength and ductility of stainless steel, also
using large-scalable and cost-effective fabrication routes [11]. Hetero-
structured materials (HSMs) are characterized and defined by their
microstructure, which incorporates mutually constraining soft and hard
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zones to create a synergy that enhances mechanical properties [12]. This
is primarily achieved through hetero-deformation induced (HDI)
strengthening, distinct from those observed in homogeneous fine- or
coarse-grained materials. The HDI stress arises from strain partitioning
and resultant strain gradients at the soft/hard zone boundaries, neces-
sitating geometrically necessary dislocations (GNDs) to accommodate
the deformation. The stress applied to the interfaces by the GND pile-ups
generates long-range back and forward stresses at the soft and hard
zones, respectively, collectively producing HDI stress [12]. HDI stress
contributes to the material’s enhanced yield strength while retaining
ductility, improving upon the conventional strength—ductility trade-off
in homogeneous materials at room temperature. However, for some of
the current and potential applications of stainless steel (e.g., aerospace,
cryogenics, polar infrastructures, food preservation, fuel cells, etc.)
adequate mechanical properties under cryogenic conditions are
imperative.

In the realm of bulk heterostructured alloys, real-time microstruc-
tural studies at cryogenic temperatures remain relatively uncharted
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Fig. 1. Microstructural features of the HS&AMSS. a) Inverse pole figure mapping in the rolling plane, b) phase mapping, c¢) geometrically necessary dislocations
mapping, d) nano-twins and the selected area electron diffraction (SAED) pattern as an inset, €) nano-grains and the respective SAED pattern as inset, and f) stacking

faults in FCC matrix.

territory. Some post-mortem attempts to study mechanical properties of
heterostructured multiphase [13,14], partially-recrystallized [15-18],
and twin-gradient [19] materials at cryogenic conditions have been
reported. These attempts have each shown an improved
strength—ductility trade-off, attributed to the synergistic effect of mul-
tiple strengthening and strain hardening mechanisms. A strong contri-
bution to this synergy has been repeatedly attributed to the mutual
constraining between soft and hard zones and consequent generation of
GND pile-ups at the soft/hard interfaces in HSMs [13-17,19]. Further-
more, the temperature-dependence of flow stress within hetero-
structured soft/hard zones seems to make the strain partitioning
stronger, leading to improved strength—ductility trade-off [20].

In this work, real-time phase transformation evolution in a hetero-
structured stainless steel was studied by means of in-situ neutron
diffraction at a cryogenic temperature of 77 K. Comparison is also made
to reported conventional stainless steels to gain insight to the origins of
the improved mechanical properties at cryogenic conditions. We used a
heterostructured and antimicrobial stainless steel (HS&AMSS)
comprising grain size and multiphase heterostructuring, whose antimi-
crobial efficacy has previously been shown [21]. This material selection
not only addresses the pressing need for materials with enhanced me-
chanical performance but also introduces multifunctionality that could
revolutionize applications under cryogenic conditions.

The raw material was 316L stainless steel cast with 3 wt.% Cu ad-
ditions (316L+3Cu). 3 wt.% Cu was selected to combine antimicrobial
properties below cytotoxic levels [22-24] without any discernible effect
on stacking fault energy (SFE) [25,26]. Low-to-medium SFE is crucial to
promote dislocation planar slip, GND pile-ups, HDI stress, twinning, and
potential phase transformation [11,27]. Considering that SFE of aus-
tentitic steels increases by just ~1 mJ m ™2 per wt.% of Cu addition [26],
the reported SFE for the 316L steel of 34-44 mJ m~2 at room temper-
ature [28] may increase only slightly after the addition of 3 wt.% Cu.
Typically, SFE between 18 and 45 mJ m™ promote twinning in
austenitic steels [29,30] while phase transformation occurs for SFE <18
mJ m~2 [31]. The SFE typically decreases at cryogenic temperatures
culminating in phase transformation [26,28,31,32], and is the focus of
the current work. The HS&AMSS had chemical composition of

Fe-17.38Cr-12.15Ni-2.58Mo0-1.91Mn-0.02C-3.01Cu (wt.%). The opti-
mization of the thermo-mechanical parameters has been reported else-
where [21] and those resulting in the best combination of strength and
ductility are employed for this work. A 10 mm thick plate of cast ma-
terial was subjected to a solution heat treatment under Ar atmosphere at
1050 °C for 30 min, followed by aging at 650 °C for 60 min to encourage
Cu precipitation. Posteriorly, cold rolling up to 80 % thickness reduction
and partial recrystallization treatment at 650 °C for 60 min were
employed to form the HSM. All heat treatments were performed at ~40
°C s7! heating rate and finished by water quenching.

For scanning electron microscopy (SEM) and electron backscatter
diffraction (EBSD), the samples were prepared to mirror-like surface
finish with colloidal silica of 0.1 pm particle size and electropolished in
25 vol.% HNOjs solution at ~77 K for 60 s with 20 V. EBSD analyses were
carried out with a step size of 0.1 pm. The GND density estimation was
performed from the EBSD data with AZtecCrystal software (see sup-
plementary material Note 1). For transmission electron microscopy
(TEM), the samples were ground to a thickness of 50 pm and punched
into 3 mm diameter discs. Electron-transparent regions were obtained
using a precision ion polishing system Gatan 695. The observations were
performed in a JEOL 2100F TEM equipped with energy dispersive X-ray
spectroscopy and operated at 200 kV acceleration voltage. Additionally,
the automated nanodiffraction mapping of the sample deformed at 77 K
was performed with ThermoFisher Talos F200X G2 TEM equipped with
a DigiSTAR/ASTAR system from NanoMEGAS. A step size of 5 nm, a run
of 480 x 480 pixels, a precession angle of 0.6°, a precession per frame of
2, and an acceleration voltage of 200 kV, were used during the nano-
diffraction mapping acquisition.

Tensile test samples with gauge dimensions of 1.5 mm x 3.9 mm X
20 mm were used for in-situ neutron diffraction at the ENGIN-X beam-
line of the ISIS Pulsed Neutron and Muon Source. Uniaxial tensile testing
was performed at a strain rate of 10~ s! using an Instron 100 kN
servohydraulic load frame equipped with a cryogenic vacuum chamber
[33]. The diffraction data along both loading and transverse directions
were obtained during deformation at 77 K and 293 K.

The microstructure of the undeformed HS&AMSS (316L+3Cu) is
shown in Fig. 1a, comprising coarse grain colonies surrounded by nano-
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Fig. 2. Microstructural features of the HS& AMSS after deformation at 77 K. EBSD mapping along the loading direction (aligned with the rolling plane) of a) inverse
pole figures, b) phases, and ¢) geometrically necessary dislocations. TEM nanodiffraction mapping showing the presence of ¢, «, and y phases, along with their: d)
morphology, e-g) precession electron diffraction patterns, h) phases and i) orientation revealed by a TEM diffraction map obtained using NanoMEGAS in j) selected
interface region between an austenite-enriched zone and o-martensite zone (chemical mapping of this region is shown in Fig. S2).

and ultrafine-grains. The alloy contained 22.8 % of body-centered cubic
(BCC) martensite ('), 77.2 % of face-centered cubic (FCC) austenite (y),
and a GND density of 6.8 x 10" m™. The & and GNDs (Fig. 1b and ¢)
were induced by cold rolling and persisted after partial recrystallization.
Most of the GND pile-ups are located within the coarse grains (softer
regions) due to their higher stress acceptance compared to the fine
grains (harder regions) [12]. Fig. 1c also shows that GND pile-ups are
more prominent near the coarse/fine grains interfaces. This is due to
their main role in accommodating the strain gradient owing to me-
chanical incompatibility between the coarse and fine grains [34]. The
GND pile-ups are expected to push against the coarse/fine grain in-
terfaces with a stress proportional to the number of dislocations in the
pile-up [12]. Consequently, long-range back stress is expected at the
coarse-grained (softer) regions and forward stress at the fine-grained
(harder) regions. The back stress pushes against the dislocation
source, making it more difficult for the Frank-Read source to emit more
dislocations and providing extra strengthening to the coarse-grained
regions. Meanwhile, forward stress is expected to promote dislocation
slip, providing extra strain hardening to the fine-grained regions. The
synergy of forward and back stress, i.e., HDI stress, to improve the
strength-ductility trade-off compared to conventional (homogeneous)
materials has been demonstrated in many HSMs at ambient temperature
[11], including in the present HS&AMSS [21]. The improved

strength—ductility trade-off of the HS&AMSS is due to a combination of
multiple defect-driven strengthening and strain hardening mechanisms,
including nano-twins (Fig. 1d), nano-grains (Figs. le and S1), and
stacking faults (Fig. 1f). These defects promote strain hardening through
the inhibition of dynamic recovery due to cross-slip. Low-to-medium
SFE also promotes more efficient grain refinement and provides nucle-
ation sites, i.e., twins and stacking faults, for phase transformation to
occur [11,27].

Following tensile deformation at 77 K, the grains become elongated
in the loading direction. The microstructure consists of strip-like grains
surrounded by nano- and ultrafine-grains (Fig. 2a). The deformed o
grains can be identified by their elongated irregular shapes. A 67.2 vol.%
of , 32.1 % of y, 0.7 % of ¢ and GND density of 21.8 x 10'* m2 are
observed after the tensile deformation at 77 K (Fig. 2b and c). The GND
pile-ups in Fig. 2c are mostly located within the softer (y) zones and near
the boundaries with «'. This is evident from the highest GND intensity
within the y zones in Fig. 2c. Thus, GNDs accommodate the strain
gradient at the y/a interfaces. Unlike the lack of martensitic phase
transformation after room temperature tensile deformation, which is
consistent with the absence of phase transformation in 316L after room
temperature tensile test [35], the deformation at 77 K involved
strain-induced o-martensite thus leading to the transformation-induced
plasticity (TRIP) effect. Cryogenic temperature increases the driving
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Fig. 3. Phase evolution of HS&AMSS during in-situ tensile testing using neutron diffraction. Diffraction patterns during deformation at 77 K along the a) loading
direction (LD) and b) transversal direction (TD). d) Phase evolution during deformation at room temperature along LD. The selected patterns along LD showing
zoomed-in region, d-spacing range from 1.7 to 2.2 A and the intensity plotted in logarithmic scale, highlighting: c) the formation of HCP (10.1) peak and the
development of o-martensite at the expense of y phase at 77 K, and e) the lack of HCP phase and the nearly constant o-martensite and y contents during deformation

at room temperature.

force for strain-induced y-to-o' transformation [36,37]. This occurs
because o' nucleation sites, such as stacking faults and twins, are formed
from partial dislocation gliding, which is encouraged at low tempera-
tures [31,38].

To comprehensively identify nanoscale phases present in the cryo-
genically deformed HS&AMSS, we used nanobeam precession diffrac-
tion mapping with NanoMEGAS. The selected analysis zone was at the
austenite/martensite interface (Fig. S2), where the austenite phase was
characterized by higher levels of y-stabilizers, i.e., Cr, Ni, and Mo
(Fig. S2). Fig. 2d,e,h, reveals the formation of hexagonal close-packed
(HCP) e-martensite during cryogenic deformation. The volume

fraction of ¢ phase in Fig. 2h appears comparable to other phases.
However, it should be noted that the distribution of phases at the o'/y
interface (~0.5 pm?, Fig. 2h) may not represent the bulk material, as
larger EBSD scans (~500 pm?, Fig. 2b) indicated only traces of ¢ phase.
Neutron diffraction, covering ~20 mm? area across the entire sample
thickness, was employed to examine the bulk phase evolution (Fig. 3).
The diffraction patterns in Fig. 2f and g also confirm o' and y phases.
Phase mapping in Fig. 2h reveals that ¢, /, and y phases are distributed
relatively uniformly within the examined zone. Nano-sized features of
these phases, produced during cryogenic deformation, can be further
analysed by the orientation mapping in Fig. 2i. The interfaces in Fig. 2h
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Fig. 4. Mechanical behavior of HS&AMSS at 77 and 293 K. a) Engineering stress-strain curves, b) true stress-strain curves, and c) strain hardening rate curves. The
yield strength (YS), ultimate tensile strength (UTS), uniform elongation (UE), and total elongation (TE) are listed inside a).

indicate interconnectedness due to the progressive transformation
pathway of y — ¢ — o. The formation of the ¢ phase in austenitic
stainless steel is widely recognized as an intermediate step inthe y — ¢ —
o transformation pathway, which is particularly promoted at cryogenic
temperatures [35-38].

The phase evolution during in-situ tensile deformation with neutron
diffraction is presented in Fig. 3. At 77 K, the y-to-o’ phase trans-
formation is evident from an early deformation strain and becomes
massive from a tensile strain of ~0.12, where the (110)-«/, (211)-«/, and
(220)-a’ peaks become more evident, while the peaks associated with the
y-phase significantly decrease in intensity (Fig. 3a and b). The effect of
cryogenic temperature in lowering SFE and encouraging the y — «' and y
— & — o transformation (Fig. 3a—c) can be demonstrated by the
comparative phase evolution during deformation at room temperature
in Fig. 3d. Fig. 3c highlights the formation of e-martensite during
deformation at 77 K. The ¢ phase grows from the HCP-stacking sequence
formed by partial dislocations gliding [35,39]. The formation of ¢ is
favored for low SFE materials [38], where lower temperatures decrease
the SFE [31,32,40]. It is a metastable phase that occurs during the
strain-induced phase transformation of y — ¢ — o [35,36,38]. The
metastable nature of the ¢ phase can be observed by the characteristic
(10.1)-¢ peak appearing at a strain of ~0.06 which becomes weak to-
wards the end of the deformation due to ¢ — ¢ transformation. Other
studies have reported a significant strain hardening contribution during
the y - ¢ — o transformation at cryogenic temperatures [35,41,42].
This is related to the formation of massive ¢ nucleation sites under
conditions that promote low SFE, such as low temperature. Intersections
of ¢ plates, with active slip systems, or with twin boundaries, provide
nucleation sites for strain-induced embryos of &' [38]. Due to the above,
o has been favorably found near stacking faults or ¢ phase [35]. The
effect of lower SFE at cryogenic temperature is further evidenced by the
absence of any phase transformation during deformation of HS& AMSS
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at room temperature (Fig. 3c vs. e).

The overall mechanical performance of the HS&AMSS increased
enormously at 77 K compared to 293 K (Fig. 4). The yield strength (YS),
ultimate tensile strength (UTS), uniform elongation (UE), and total
elongation (TE) increased by 35 %, 38 %, 842 %, and 227 %, respec-
tively, at 77 K compared to 293 K (Fig. 4a). The true stress-strain curves
(Fig. 4b) show continuously increasing stress during deformation at 77
K, while the sample at 293 K showed a decreasing tendency from a strain
of ~0.04. The large difference between UTS and YS in Fig. 4b at 77 K
suggests higher work hardening capability, which is demonstrated by
the strain hardening rate in Fig. 4c. The rise of strain hardening rate
from strain of ~0.11 at 77 K agrees with the faster y — o phase trans-
formation, as well as occurrence of y — ¢ shown in Figs. 2 and 3.

Therefore, phase transformation, i.e., TRIP effect, is the main
contributor to the extra strain hardening observed from ~0.11 to ~0.28
at 77 K. The decline of the work hardening rate after ~0.28 strain may
be related to the exhaustion of phase transformation, which agrees with
the reported plasticity mechanisms of 316L stainless steel at cryogenic
temperature [35]. On the other hand, the strain hardening rate of the
sample tested at 293 K dropped below zero soon after the plastic
deformation began. Given the extra strain hardening, the HS&AMSS at
77 K accommodates a larger true strain up to ~0.33 compared to that of
~0.09 at 293 K.

Fig. 5 demonstrates the mechanical properties comparison of the
HS&AMSS from this study with the literature. Yield strength data for
traditional homogeneous stainless steels (Fig. 5a) with temperature has
significantly lower yield strength compared to the HS&AMSS across the
whole temperature range. Fig. 5b presents the strength-ductility trade-
off at 77 K, comparing heterostructured high- and medium-entropy
multicomponent alloys with HS&AMSS. The HS&AMSS demonstrates
a superior combination of yield strength and uniform elongation, out-
performing multicomponent heterostructured alloys. Based on our
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Fig. 5. Comparison of mechanical properties among the HS&AMSS of this work (heterostructured stainless steel) and other reported materials. a) Dependence of
yield strength with the temperature of conventional (homogeneous) stainless steels [28,35,43-45] and the HS&AMSS, and b) strength-ductility trade-off of het-
erostructured multicomponent materials studied at 77 K [13-19] and comparison with the current HS&AMSS.
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abovementioned results, the effect of the heterostructured arrangement
may be further stimulated by the e-phase mainly found near the y/d
interfaces (Fig. 2), the efficient formation of hard o (Fig. 3), and
increment of defects like dislocations (Fig. 2) during deformation at 77
K. The synergistic effect between the dislocation-blocking capability of
defects (translated into strengthening) and the formation of new phase
or domain regions with available sites for dislocation accumulation
(translated into ductility) drives the improved strength—ductility of the
HS&AMSS.

In conclusion, the mechanical behavior and phase transformation of
HS&AMSS were investigated in-situ at cryogenic (77 K) and room (293
K) temperatures. The HS&AMSS exhibited significantly higher yield
strength of 1400 MPa and almost four times higher ductility at 77 K
compared to 293 K, highlighting its superior performance in cryogenic
environments. The enhanced mechanical properties at 77 K primarily
stemmed from the strain partitioning-driven GND pile-ups at the
boundaries of soft and hard zones, and the y — ¢’ and y — ¢ — o phase
transformations. Together, transformation-induced plasticity and GND
pile-ups contributed to the extra strain hardening and strengthening
observed at cryogenic temperature. Comparison with reported conven-
tional stainless steels and heterostructured multicomponent alloys
indicated that the HS&AMSS has a superior combination of yield
strength and uniform elongation, making it highly suitable for cryogenic
applications in hydrogen storage, aerospace, nuclear, and marine
engineering.
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