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Discontinuous plastic flow (DPF) in austenitic stainless steels at cryogenic temperatures is
typically identified by serrated stress—strain responses. Here, acoustic emission (AE) is used to
probe deformation during uniaxial tensile tests of 304, 316L, and N50 steels at 4 K. Pronounced
AE activity is detected well before stress drops, revealing discrete precursor events. The results
show that DPF is preceded by progressive microstructural reorganization and establish AE as a

sensitive tool for identifying plastic instability.
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AUSTENITIC stainless steels (ASS), including the
AISI 304, AISI 316L, and N50 grades, combine high
mechanical performance with excellent corrosion resis-
tance across a broad temperature range. These proper-
ties make them key structural materials in demanding
applications such as automotive and aerospace engi-
neering, nuclear and chemical processing, as well as
space and superconducting technologies, where compo-
nents are exposed to conditions ranging from ambient
temperature down to cryogenic and near-zero-kelvin
regimes.!'"

Discontinuous plastic flow (DPF) is a characteristic
deformation instability observed in many metallic
alloys, including AISI 304, AISI 316L at cryogenic
temperatures, below T or T} B It manifests as serrated
stress—strain curves and localized plastic deformation,
which can strongly affect mechanical stability in cryo-
genic applications. Despite extensive research, the phys-
ical origin of DPF has long remained controversial, and
several complementary mechanisms have been
proposed.

Early interpretations emphasized thermal effects,
suggesting that limited heat conduction at very low
temperatures leads to local temperature rises and sudden
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stress drops.'*! Other studies proposed analogies to
dynamic strain aging (DSA), where repeated pinning
and release of dislocations by solute atoms produce
oscillatory flow.’) However, classical diffusion-con-
trolled mechanisms are strongly suppressed at cryogenic
temperatures, limiting the applicability of conventional
DSA concepts. Additional explanations linked DPF to
deformation twinning and strain-induced phase trans-
formations, arguing that abrupt microstructural changes
destabilize plastic flow.!®’ While these mechanisms are
frequently observed during cryogenic deformation, they
do not fully explain the spatial and temporal character-
istics of DPF.

Increasing experimental evidence supports a disloca-
tion-controlled origin of DPF. At cryogenic tempera-
tures, reduced stacking fault energy and limited
cross-slip promote the accumulation of dense disloca-
tion pile-ups, particularly of edge dislocations, at grain
and subgrain boundaries. As deformation proceeds,
these pile-ups grow until a critical stress state is reached,
leading to their sudden collective release.**” This
process produces a characteristic serration on the
stress—strain curve that can be divided into successive
stages: quasi-elastic loading, plastic flow associated with
dislocation accumulation, an abrupt stress drop caused
by a dislocation avalanche and strain localization, and,
in some cases, a subsequent stress-relaxation stage
before the next loading cycle.’®?!

The collective release of dislocations from pre-existing
dislocation blocks gives rise to localized plastic defor-
mation manifested as macroscopic shear bands."”!
Full-field strain measurements reveal that these bands
propagate along structured, often bidirectional paths,
reflecting strong spatiotemporal correlations between
successive  dislocation-block  activation  events.
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Dislocation blocks act as metastable reservoirs of stored
elastic energy: their progressive growth and intercon-
nection increase local stress heterogeneity until a critical
threshold is exceeded, triggering an avalanche-like
release of dislocations. Local temperature rises are
detected only after shear-band formation, demonstrat-
ing that heating is a consequence rather than a trigger of
DPF; the associated thermal softening locally stabilizes
the microstructure and suppresses further propagation.
Microstructural observations show that the collapse and
reorganization of dislocation blocks within shear bands
are accompanied by strain-induced martensitic trans-
formation, deformation twinning, and transient grain
refinement. Overall, DPF is best described as a collective
dislocation-avalanche process controlled by the nucle-
ation, growth, and collapse of dislocation blocks under
microstructural constraints and cryogenic thermal con-
ditions. Recent high-resolution studies indicate that the
macroscopic stress drop associated with discontinuous
plastic flow is preceded by a hierarchy of micro- and
meso-scale deformation processes. In particular, Kim
et al" demonstrated by means of digital image
correlation (DIC), that small stress fluctuations and
localized strain-rate heterogeneities systematically
appear prior to the main serration, reflecting the
progressive build-up of hierarchical dislocation net-
works at cryogenic temperatures. These observations
suggest that serrations represent the final stage of an
extended preparatory process rather than an instanta-
neous instability.

Until now, the identification of DPF has been based
on force measurements, extensometers, temperature
sensors and full-field techniques such as DIC; however,
the potential of acoustic emission for resolving and
identifying successive stages of DPF evolution has not
yet been systematically explored.

Acoustic emission (AE) is a passive, non-destructive
technique widely used to monitor plastic deformation in
metallic materials.'">'*! AE originates from the sudden
release of elastic strain energy during irreversible
microstructural events and is recorded as transient
elastic waves. Because plastic deformation in ASS at
cryogenic temperatures develops through localized and
discontinuous mechanisms, AE is particularly effective
for real-time detection of plastic activity. Numerous
studies have shown that AE activity accompanies plastic
flow across different alloys and crystal structures,
confirming its strong link to fundamental deformation
mechanisms such as PLC,''? Liiders band propaga-
tion,l'” or deformation-induced phase transforma-
tion.'®!”1 Furthermore, AE is widely applied to
monitor microstructural evolution during heat treat-
ment process, such as recovery, recrystallization, and
phase transformation.'®!! In these cases, AE reflects
dislocation-mediated strain accommodation rather than
slow diffusion processes. Nevertheless, it is lack of
example when AE was used to identify mechanical
behavior of metastable materials at temperature near
0 K.

This work demonstrates, for the first time, that
acoustic emission activity develops well in advance of
the stress drops associated with DPF. These precursor

signals precede the macroscopic manifestation of insta-
bility and are not captured by the conventional
stress—strain response. The results indicate that measur-
able AE activity occurs prior to the onset of large-scale
shear banding, pointing to the presence of precursor
processes. This finding motivates a reassessment of
existing DPF models and highlights the need to incor-
porate such precursor activity in the description of
serrated flow.

Commercial sheets of 304 and 316L austenitic stain-
less steels, with a thickness of 2 mm, are used in the
present study. The chemical composition of the 304 steel
is (in wt pct) C 0.07 pct, Cr 18 pct, Ni 10 pct, Mn 2 pct,
and Si 0.8 pct. The 316L steel has a composition of C
0.03 pct, Cr 18.2 pct, Ni 11.5 pct, Mn 2 pct, Mo 2 pct,
and Si 1.0 pct. Dog-bone-shaped tensile specimens are
fabricated using electrical discharge machining (EDM)
from the commercial sheets, with the tensile axis aligned
with the rolling direction. The semi-products are sup-
plied in the annealed and lightly cold-rolled conditions
(304 and 316L) in accordance with ASTM A480 and EN
10088 standards and represent materials commonly used
for structural components operating over a wide tem-
perature range.” In addition, an N50 austenitic stainless
steel is investigated. The N50 specimens are cut by EDM
from a bulk block that was hot-forged, solution-an-
nealed, and water-quenched prior to machining. The
chemical composition of the N50 steel (in wt pct) is C
0.02 pct, Si 0.32 pct, Mn 5.68 pct, Cr 20.96 pct, Ni 13.28
pet, P 0.022 pct, S 0.001 pct, Mo 2.34 pct, V 0.23 pct, Al
0.033 pct, Co 0.04 pct, Nb 0.18 pct, B 0.0041 pct, and N
0.32 pct. N50 is included as a reference material, as it
remains a stable austenitic steel at 4 K and does not
exhibit discontinuous plastic flow (DPF).

The initial microstructure of the as-received materials
in all cases consists of equiaxed, fully recrystallized
grains with recrystallization twins present in some of the
larger grains (Figure 1). The average grain size is
comparable in the 304 and 316L steels, measuring 16.0
um and 14.3 um, respectively, whereas the N50 steel
exhibits a significantly coarser microstructure with an
average grain size of approximately 55.0 um (Figure 1).

Displacement-controlled uniaxial tensile tests were
performed on dog-bone specimens of 304, 316L, and
NS0 austenitic stainless steels at 4 K with a crosshead
velocity of 1 mm/min. The specimen was tensile tested
up to a predefined deformation level [Figures 2(a), (c),
and (e)], while force, elongation, and AE signals were
continuously recorded. The test was then interrupted,
and the specimen was removed from the cryostat.
Subsequently, the volume fraction of deformation-in-
duced martensite (DIMT) along the gauge length was
measured using a ferritscope - Fisher FMP30 [Fig-
ures 3(b) and (f)]. Based on this distribution, regions
located before and after the martensitic transformation
front were identified in 316L specimen. These regions
were then analyzed by EBSD, revealing ex situ differ-
ences in both martensite content and active deformation
mechanisms associated with DPF [Figures 3(d) and (e)].

METALLURGICAL AND MATERIALS TRANSACTIONS A



7

£33

N

AP & Ty

[001)

0.10

2

g L D
2578

»; " %

0.

RF §

gl

mean: 16.0 um 0.08
0.06
0.04
0.02

0.00

area-weighted
fraction

o © o o
o o o o
S N & &

10
equivalent circle diameter (um)

20 30 40 0 5 10

15

equivalent circle diameter (um)

mean: 14.3 um mean: 55.0 um

20 25 30 35

40 60 80 100 120 140 160 180 200
equivalent circle diameter (um)

Fig. 1—The microstructures of the investigated materials, as received, are shown in the top row as inverse pole figure (IPF) maps. IPF coloring
relative to the ND axis. The bottom row displays the grain size distributions in terms of equivalent circle diameter (Color figure online).

Acoustic emission (AE) signals were recorded using a
low-temperature AE sensor (AE154D, Physical Acous-
tics Corporation) mounted on the cryostat rod, which
served as a waveguide transmitting elastic waves from
the specimen to the sensor (Figure 4).

The AE signal chain included a low-noise preamplifier
(62 dB), a high-pass filter (5 kHz), and an A/D con-
verter with a sampling frequency of 250 kHz. Time—fre-
quency characteristics of AE activity were analyzed
using continuous windowed FFT and presented in the
form of color spectrograms (Figure 2).

The AE spectrograms (Figure 2) show distinct
burst-type activity occurring well before the abrupt
stress drop associated with a serration. These bursts are
visible both in the full-test spectrograms [Figures 2(a),
(¢), and (e)] and in the magnified views of individual
serrations [Figures 2(b), (d), (f)]. Importantly, they
appear during plastic deformation in the macroscopic
stress—strain response, indicating the presence of local-
ized deformation processes that precede the macro-
scopic instability. The observed pre-serration AE
activity is itself intermittent and discontinuous, demon-
strating that the preparatory stage of DPF does not
correspond to smooth, continuous plastic flow. Instead,
it consists of a sequence of localized instability events
that progressively prepare the system for the subsequent
macroscopic serration.

In addition to the metastable austenitic steels 304 and
316L, the present work also includes results obtained for
N50 steel tested at 4 K. In contrast to 304 and 316L,
N50 does not exhibit stress serrations under these
conditions. The absence of discontinuous plastic flow
in N50 provides a valuable reference case, enabling a
direct comparison of AE spectrograms recorded during
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serrated and non-serrated deformation. This compar-
ison demonstrates that burst-type AE activity is also
present in N50 steel; however, in contrast to 304 and
316L, these bursts are distributed over the entire
duration of deformation and across the full extent of
the AE spectrogram. In the metastable steels, the
burst-type activity becomes strongly concentrated
immediately prior to the abrupt stress drop, whereas
in N50, no such temporal clustering is observed.
Consequently, the AE response reflects differences in
the underlying strain localisation mechanisms and their
temporal organization, rather than merely the occur-
rence of plastic flow itself. Such pre-serration AE
activity in 316L and 304 can be associated with the
development of micro-scale shear localization. At room
temperature, strain localization in FCC polycrystals is
known to be preceded by the formation of micro- and
meso-shear bands. Nalepka er al*® showed that, in
metastable 304 steel, a macroscopic strain front forms
only after extensive microstructural reorganization.
During this process, austenite grains rotate toward Cu
and Goss—Brass (GB) components, which favor intense
shear and promote deformation-induced martensitic
transformation. As a result, a gradient between compli-
ant and stiff regions is created, enabling stable front
propagation. The strain front itself consists of
meso-shear bands formed by joined shear systems within
Cu/GB grain chains.?” Classical studies further demon-
strate that macroscopic shear bands in FCC metals
develop through crystallography-controlled lattice rota-
tions aligning {111} slip planes with the shear plane,
while microstructural deflection or kink bands act as
their precursors./!!
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Fig. 2—Uniaxial tensile tests of 316L, 304, and N50 at 4 K. Time-resolved stress response (black) and cumulative AE counts (blue) with
corresponding AE spectrograms for 316L (a), 304 (c¢), and N50 (e); enlarged AE spectrograms of representative single serrations for 316L (b),

304 (d), and N50 (f) (Color figure online).

Micro- and meso-scale shear localization has also
been reported at cryogenic temperatures. Nalepka
et al®® demonstrated that deformation at extremely
low temperatures involves a multiscale mechanism,
including micro-shear bands, twin-boundary formation,
and classical lattice barriers such as Lomer—Cottrell
locks. In this framework, micro-shear bands may form
when local barriers are overcome under critical resolved
shear stress. These observations are compatible with the
thermo-mechanical description of discontinuous plastic
flow (DPF) proposed in Reference 10 which focuses on
the formation and propagation of localized deformation
zones during serrations. However, the framework in
Reference 10 primarily addresses the stages associated
with the abrupt stress drop and subsequent evolution,
while deformation activity occurring prior to the first
stress drop is not explicitly considered. Finally, pre-
sented results are consistent with the thermally induced

dislocation-dynamics model of DPF,'!! where discon-
tinuous deformation at cryogenic temperatures is gov-
erned by the progressive activation of hierarchical
dislocation networks and precursor avalanches.

In this context, the early AE bursts observed in the
present study can be interpreted as signatures of discrete
microstructural events preceding the macroscopic serra-
tion. Their timing and characteristics are consistent with
the nucleation and early organization of micro- and
meso-shear bands, rather than with the collapse of
dislocation blocks associated with later stages of DPF.
This suggests that micro-scale shear localisation repre-
sents an additional, earlier stage in the development of
DPF. The present results therefore complement existing
DPF models by showing that AE provides access to
pre-serration deformation processes that are not cap-
tured by the macroscopic stress—strain response.

METALLURGICAL AND MATERIALS TRANSACTIONS A



30

Distance [mm)]
[\
o

TRIP effect

10

Shear bands propagation

0 :

0 10 20 30
Volume fraction
of martensite [%]

(@) (b) ©

B Fe-BCC 404
I Fe-FCC .
Fe-HCP
30 ‘:
)
A
)
201 | | 8
T8
I Fe-BCC ! 5
101 |
O 1
0 10 20 30

Volume fraction
of martensite [%]

(e ® ®
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acting as a waveguide, AE sensor, signal conditioning, data acquisition, and time—frequency analysis.

Currently, work is underway on a detailed
SEM-EBSD analysis aimed to identify the underlying
plastic deformation mechanisms in the tested materials.
The EBSD results will enable direct correlation between
the observed AE spectrograms and microstructural
features such as slip system activation, deformation
twinning, shear-band formation, and strain-induced
phase transformation. In this way, the AE signatures
will be quantitatively linked to the mechanisms of plastic
deformation operating at cryogenic temperatures in
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metastable austenitic steels 304 and 316L, as well as in
the non-serrating N50 steel, providing a unified
microstructure-based interpretation of the
spectrograms.
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