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Abstract

Temperature- and strain-rate-dependent serrated flow, localized plastic instability, and
qualitative microcrack evolution in Mn13 Hadfield steel were investigated using stress—
strain analysis and in situ tensile observation. Solution treatment at 1050 °C for 1-1.5h
followed by water quenching yielded homogeneous single-phase austenite. Type A and
Type B serrations were dominant at room temperature at 1 x 1072 s~! and at 100 °C at
1 x 1072 571, whereas the room-temperature specimen tested at 1 x 1072 s~! showed
delayed serration onset and pronounced Type B stress drops only at high strains. Type C
serrations occurred mainly near fracture at 100 °C at 1 x 1073s71,200°Cat 1 x 1072571
and 200 °C at 5 x 1072 s~!. In situ observations further reveal that different serration
types correspond to distinct localized deformation modes. During Type A serrations, the
tracked feature exhibited unidirectional stepwise migration involving forward motion,
arrest, and renewed advance. Type B serrations were associated with discontinuous pulse-
like migration characterized by rapid forward motion, brief arrest, local backward motion,
and renewed advance. No regular trajectory was observed during Type C stress drops;
only local brightness changes and slight positional shifts occurred. These observations link
macroscopic serrations to localized deformation in Mn13 steel and provide qualitative in
situ evidence for grain-boundary microcrack initiation and evolution during deformation.

Keywords: Mn13 Hadfield steel; dynamic strain aging; serrated flow; in situ tensile testing;
deformation localization; crack evolution

1. Introduction

High-manganese austenitic steels, especially Mn13 Hadfield steel, are widely used in
impact-abrasive wear components such as railway crossings, crusher liners, and crawler
track plates because of their excellent impact toughness and work-hardening capacity [1-3].
Solution treatment followed by water quenching is essential for obtaining a stable single-
phase austenitic microstructure, as it promotes carbide dissolution and suppresses grain-
boundary precipitation during rapid cooling, thereby providing a homogeneous initial
microstructure for deformation and fracture analysis [4-6]. Nevertheless, the fracture
behavior of Mn13 steel is governed not only by the initial microstructure but also by
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dislocation slip, deformation twinning, local stress/strain concentration and damage accu-
mulation during plastic deformation. Cracks preferentially initiate at stress-concentration
sites, including dense slip bands, grain boundaries, inclusions and carbide/matrix inter-
faces [7-9]. It is therefore necessary to clarify the intrinsic relationship among localized
plastic deformation, damage evolution and crack propagation from the perspective of the
dynamic deformation process.

The coupled effect of temperature and strain rate is a key external factor governing
dynamic strain aging (DSA) and Portevin-Le Chatelier (PLC)-type plastic instability in
Mn13 steel. With increasing temperature, dislocation glide, cross-slip and dynamic re-
covery are progressively thermally activated, while the diffusion and rearrangement of C
atoms and Mn-C pairs are enhanced; consequently, solute-dislocation interactions evolve
from simple pinning to dynamic dragging and repeated pinning—depinning events. In the
range from room temperature to approximately 300 °C, transient Cottrell atmospheres can
form when the solute-segregation time matches the waiting time of mobile dislocations
temporarily arrested at obstacles such as forest dislocations, grain boundaries, or other local
barriers. Collective dislocation breakaway then releases localized plastic strain rapidly and
appears macroscopically as stress serrations and stress drops [8,10-13]. This interpretation
is consistent with van den Beukel’s concept of matching between solute diffusion time
and dislocation waiting time and with McCormick’s theory of DSA-induced plastic-flow
localization [14,15]. According to PLC-band propagation behavior and stress-fluctuation
morphology, serrated flow is commonly classified into Type A, Type B and Type C, corre-
sponding to relatively continuous band propagation, intermittent or hopping propagation,
and localized burst-like plastic strain release, respectively [16-18]. Recent studies have
extended serrated-flow analysis from conventional macroscopic stress—strain curves to
local strain fields and PLC-band evolution, further demonstrating that serrated flow results
from the combined effects of solute-dislocation interaction, deformation-band propagation
and heterogeneous localized plastic-strain release [19-23]. However, for Mn13 Hadfield
steel, existing studies still mainly identify serration types from stress—strain curve mor-
phology or interpret failure behavior from post-deformation microstructures and fracture
morphologies. Direct and systematic experimental evidence linking different serration
types to local point motion, deformation-band migration and crack initiation/propagation
in in situ microscopic images remains limited.

In situ tensile observation provides an effective approach for linking macroscopic
serrated flow with microscopic localized deformation. Compared with conventional post-
mortem characterization, in situ microscopic observation enables real-time capture of
slip-trace formation, surface-relief evolution, localized deformation-band migration, micro-
crack initiation and crack propagation, thereby revealing the temporal relationship between
plastic deformation and damage evolution. Existing in situ microscopic or full-field defor-
mation studies have mainly focused on stainless steels, Ni-based alloys, high-temperature
hot cracking and other alloy systems, confirming the important roles of grain-boundary pre-
cipitates, grain-boundary sliding, void nucleation, localized strain-band propagation and
crack growth in plastic instability and fracture [21-26]. By contrast, systematic in situ image-
based analysis of serration types in Mn13 Hadfield steel under different temperature—strain
rate conditions remains insufficient, particularly regarding the local motion trajectories
associated with Type A, Type B and Type C serrations.

Solution-treated and water-quenched Mn13 high-manganese steel was investigated
using thermodynamic calculations, microstructural characterization, tensile testing, and
high-temperature confocal in situ observation. Serrated flow and localized plastic instability
were characterized under different temperatures and strain rates. Type A, Type B, and Type
C serrations were identified from the stress—strain responses, while time-synchronized in
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situ image sequences were used to track representative surface features. The results link
macroscopic serrated flow, particularly Type B serrations, to localized plastic deformation.
In addition, the in situ observations qualitatively capture the initiation and evolution
of grain-boundary microcracks during deformation. This work provides experimental
evidence for PLC-type plastic instability and qualitative crack-evolution behavior in Mn13
high-manganese steel from room temperature to 200 °C.

2. Materials and Methods

The material used in this study was hot-rolled Mn13 high-manganese steel produced
by a steel plant. Its chemical composition is listed in Table 1.

Table 1. Chemical composition of Mn13 Hadfield steel (wt.%).

Element C Si Mn Cr Mo P S
Content 1.02 0.45 13.5 0.55 0.08 0.008 0.006

2.1. Solution Treatment Followed by Water Quenching

Mn13 high-manganese steel plates were machined into specimens with dimensions of
100 mm x 55 mm X 6 mm by wire electrical discharge machining. To obtain a homogeneous
austenitic microstructure with stable mechanical properties, solution treatment followed by
water quenching was conducted in an atmosphere-protected box furnace. Specifically, the
specimens were solution-treated at three different temperatures (1000, 1050, and 1100 °C),
and at each temperature, three holding times (1, 1.5, and 2 h) were applied, resulting
in a total of 9 heat-treatment combinations; all specimens were then immediately water-
quenched to room temperature. Metallographic observation and microhardness testing
were subsequently performed to evaluate the effects of treatment temperature and holding
time and to determine the optimum water-quenching condition. Specimens treated under
the optimum condition were used as the starting material for subsequent investigations of
serrated flow, localized deformation and crack evolution, as shown in Figure 1a.
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Figure 1. Schematic illustration of the experimental procedure for Mn13 Hadfield steel: (a) solution
treatment followed by water quenching under different temperatures and holding times; (b) high-
temperature in situ tensile testing under different deformation conditions.

2.2. In Situ Tensile Testing

To elucidate the temperature- and strain-rate-dependent localized deformation and
crack evolution mechanisms of Mn13 high-manganese steel, in situ tensile tests were per-
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formed using a confocal laser scanning microscope (CLSM; VL2000DX-SVF17SP-SVF15FTC,
Lasertec Corporation, Yokohama, Japan) equipped with a heating-tensile stage. After so-
lution treatment, mini-tensile specimens with gauge dimensions of 54 mm x 14 mm X

1.6 mm were precision-machined from the central region of the heat-treated blocks via
wire electrical discharge machining (WEDM). To eliminate the thermal and mechanical
effect layers induced by WEDM, all specimen surfaces were sequentially ground, mechan-
ically polished, and lightly etched prior to in situ testing, ensuring high surface quality
and microstructural uniformity. Before testing, specimens were mounted in the heating
chamber under a high-purity Ar atmosphere (99.9999%) to minimize surface oxidation.
Tests were conducted at room temperature (RT), 100 °C, and 200 °C under strain rates of
1 x 1073 and 1 x 102, with an additional test performed at 200 °C under 5 x 1072 s~ 1.
For elevated-temperature tests, specimens were heated at a rate of 60 °C/min and held
for 5 min to ensure thermal equilibrium before loading. During testing, mechanical data
were recorded at 25 Hz (0.04 s interval), while in situ CLSM image sequences were con-
tinuously acquired at 4 Hz (0.25 s interval). Temporal synchronization between the two
datasets was established via a hardware trigger linking the tensile stage to the CLSM
acquisition timestamp.

3. Results and Discussion
3.1. Initial Microstructure After Solution Treatment

Thermodynamic and kinetic calculations using JMatPro (version 7.0) show that the
complete austenitization of Mn13 steel occurs at ~875 °C, while carbide dissolution is
completed above ~878 °C. To avoid the pearlite transformation sensitive zone (550600 °C)
during cooling and ensure thorough carbide dissolution without severe grain coarsening, so-
lution temperatures of 1000, 1050, and 1100 °C were selected for subsequent heat-treatment
experiments, as shown in Figure 2.
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Figure 2. JMatPro thermodynamic equilibrium and phase transformation kinetics of Mn13 steel:
(a) equilibrium phase fractions as a function of temperature; (b) variation in carbide and cementite
fractions with temperature; (c) TTT diagram of Mn13 steel.
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Figure 3 shows the microstructural evolution of Mn13 steel after solution treatment
followed by water quenching. At 1000 °C (Figure 3a—c), residual carbides are not fully
dissolved along grain boundaries, leading to microhardness fluctuations (225.8-230.6 HV,
Figure 4). Treatment at 1100 °C (Figure 3g—i) achieves complete carbide dissolution; how-
ever, higher temperature markedly accelerates austenite grain coarsening with prolonged
holding time, which reduces microstructural uniformity. In contrast, treatment at 1050 °C
for 1-1.5 h (Figure 3d—f) results in complete carbide dissolution while maintaining a
uniform, moderate grain size and stable microhardness (~206.8-210.0 HV, Figure 4). Conse-
quently, solution treatment at 1050 °C for 1.5 h followed by water quenching provides an
optimal single-phase austenitic baseline for subsequent in situ deformation studies.

200um

200pm

Figure 3. Microstructural evolution (50 x) of Mn13 Hadfield steel after solution treatment followed
by water quenching under different temperatures and holding times: (a—c) 1000 °C for 1 h, 1.5 h, and
2 h; (d-f) 1050 °C for 1 h, 1.5 h, and 2 h; (g—i) 1100 °C for 1h, 1.5 h, and 2 h.
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Figure 4. Microhardness variation in Mn13 steel under different solution-treatment and water-
quenching conditions.
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3.2. Flow Stress Behavior

Figure 5 presents representative engineering stress—strain curves of Mn13 steel de-
formed at different temperatures and strain rates. Both the flow stress and serrated-flow
behavior vary markedly with deformation conditions. At a given temperature, decreasing
the strain rate generally increases the flow stress and yield strength, indicating negative
strain-rate sensitivity, which is consistent with dynamic strain aging behavior reported for
Hadlfield steels [8,10,11]. The serration intensity also exhibits a non-monotonic dependence
on temperature: increasing temperature does not continuously enhance serrated flow but
instead strengthens the serration response only within a specific temperature-strain rate
window before the response weakens or shifts to higher strains. For clarity, the marked
region in Figure 5a is enlarged in Figure 5b,c. To quantitatively characterize the serrated
flow behavior, serration events were analyzed using the local peak-to-valley method within
the strain interval from 2% engineering strain up to the strain corresponding to the ultimate
tensile strength. The stress drop magnitude (Ac) was defined as

Ao =op —ov

where op and ov represent an adjacent local peak stress and its subsequent valley stress,
respectively. A threshold of Ac > 1 MPa was adopted to define identifiable serrations. The
onset strain of serrated flow was defined as the engineering strain corresponding to the
first identifiable peak-to-valley stress drop satisfying Ao > 1 MPa after 2% engineering
strain. Among these events, stress drops with Ac > 5 MPa were further categorized as
pronounced stress drops associated with stronger intermittent plastic instability. It is worth
noting that the large nominal engineering strains observed under certain high-temperature
conditions (Figure 5a) stem from the geometry of the non-standard micro-specimens. The
extremely short gauge length magnifies the nominal strain values during severe localized
necking prior to fracture, as confirmed by the fractured specimen morphology shown in
Figure 5d.

At room temperature and 1 x 1073 s~1, Mn13 steel exhibits pronounced stage-
dependent serrated flow. At engineering strains of approximately 14-25%, sharp stress
peaks followed by rapid stress drops first appear, and their morphology is broadly con-
sistent with Type A serrations reported for Hadfield steel [10,11]. The average stress-
fluctuation amplitude in this stage is approximately 5.03 MPa. As the strain increases to
25-70%, the sharp rise-drop serrations gradually evolve into smoother low-amplitude
wave-like serrations, and the average amplitude decreases to 2.89 MPa, indicating that
stress release becomes more gradual and that plastic strain is released progressively across
multiple localized deformation regions. When the strain exceeds approximately 70%,
numerous intermittent Type B stress drops appear, with the average amplitude increas-
ing to 5.58 MPa and the maximum amplitude reaching 17.36 MPa. In contrast, at room

temperature and 1 x 1072 s~

, serrated flow is delayed, typical sharp Type A serrations
are not observed, and low-amplitude wave-like fluctuations appear only within 37-66%
strain, with an average amplitude of 2.67 MPa. The stress fluctuations then develop an
intermittent character at 66-125% strain but remain relatively small, indicating that local
plastic instability is still developing. Once the strain exceeds 125%, the intermittent stress
drops intensify, with the average amplitude increasing to 8.61 MPa and the maximum

amplitude reaching 14.75 MPa.
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Figure 5. Stress—strain curves of Mn13 high-manganese steel at different temperatures and strain rates:
(a) overall stress—strain curves; (b,c) enlarged views of the selected regions in (a); (d) photographs of
the specimens after fracture.

At 100 °Cand 1 x 1072 57!, the engineering stress—strain curve shows the most pro-
nounced and persistent serrated-flow behavior. Only a small number of Type A serrations
occur at 23-70% strain, suggesting that the early-stage DSA response is still limited and
that local plastic strain release is relatively dispersed. As the strain increases to 70-90%,
clearer low-amplitude wave-like transitional serrations appear, and the average amplitude
increases to 3.26 MPa, marking the initial transition from continuous work hardening
to intermittent plastic instability. At 90-130% strain, stress fluctuations become signifi-
cantly stronger; the average amplitude increases to 7.54 MPa, and the maximum amplitude
reaches 15.28 MPa. This indicates that the dislocation pinning—depinning process changes
from dispersed and gradual plastic strain release to more pronounced localized plastic
flow. When the strain further exceeds 130%, intermittent stress drops intensify and exhibit
typical Type B characteristics, with the average amplitude increasing to 10.64 MPa and
the maximum amplitude reaching 22.10 MPa. After approximately 190% strain, the local
stress drops become more severe, and the raw data near 191.7% strain already indicate
rapid stress reduction. By comparison, at 100 °C and 1 x 1073 s~1, the curve is dominated
by low-amplitude fluctuations over 103-160% strain, with an average amplitude of only
1.64 MPa; distinct late-stage intermittent stress drops appear only after the strain exceeds
160%, at which point the average amplitude increases to 14.61 MPa.

At 200 °C, the overall serrated-flow response of Mn13 steel is relatively weak. Type

C intermittent stress drops are observed only at strain rates of 1 x 1072 and 5 x 1072 s™!
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during the late stage of tensile deformation, mainly in the high-strain regime close to
fracture. This behavior is not fully consistent with previous reports showing that serrated
flow in Hadfield steel is strong near 200 °C [11]. The discrepancy may arise from differences
in chemical composition, initial microstructure, grain size, heat-treatment condition and
the investigated strain-rate range. For the Mn13 steel examined here, although solute
diffusivity is expected to increase at 200 °C, the matching between solute diffusion and
dislocation waiting time appears insufficient to induce sustained and intense PLC instability.
Limited Type C stress drops occur only at high strains, when dislocation density, local
stress concentration and damage accumulation have increased substantially.

At a fixed strain rate, temperature mainly changes the DSA-sensitive strain range and
the critical strain for serration onset. At 1 x 1073 s~1, sharp Type A serrations appear in
the room-temperature specimen at a relatively low strain, whereas increasing temperature
weakens serrated flow and shifts it toward higher strains until it eventually disappears.
This suggests that, at this low strain rate, mobile dislocations have sufficient waiting
time at local obstacles for solute segregation and pinning, so further temperature increase
does not necessarily strengthen observable PLC instability. Instead, higher temperature
may accelerate solute redistribution, dislocation depinning and local stress relaxation,
making plastic strain release more continuous and suppressing intermittent stress drops.
At 1 x 107257}, the temperature effect is more pronounced. At room temperature, the
curve is mainly characterized by low-amplitude Type A and Type B serrations, indicating a
relatively weak early-stage DSA response. At 100 °C, sustained and intense serrated flow
appears because the solute diffusion/segregation rate more effectively matches the waiting
time of mobile dislocations, allowing C atoms or Mn—C pairs to repeatedly participate in
dislocation pinning—depinning. When the temperature is increased to 200 °C, Type C stress
drops occur only near fracture, indicating that the DSA process no longer manifests as
sustained PLC instability throughout plastic deformation but is mainly associated with
dislocation-structure accumulation, local stress concentration and damage evolution at
high strains. Although frequent and pronounced PLC serrations at 200 °C have been widely
reported in the previous literature, serrated flow in the present Mn13 steel was largely
suppressed under this condition. This discrepancy is likely due to the high sensitivity of
dynamic strain aging (DSA) to microstructural and local compositional variations [12,15]. In
real materials, minor differences in chemical composition and localized micro-segregation
of Mn and C atoms alter the local stacking fault energy (SFE) and thermodynamic driving
force for serration initiation [15]. Furthermore, variations in initial dislocation density and
spatial carbon distribution (such as local carbon clustering) strongly influence the pipe
diffusion efficiency and binding energy of Mn—C atom pairs with moving dislocations [8,25],
thereby altering the DSA temperature boundary and accelerating rapid steady-state flow
stabilization. This temperature—strain rate dependence is consistent with the classical DSA
framework based on solute diffusion time and dislocation waiting time [14,15] and with
recent observations that PLC behavior can change dynamically with deformation stage and
local plastic-flow state [19,20].

3.3. In Situ Observation of Microstructural Evolution

As shown in Figure 6, under 100 °C and 1 x 10-2 571, the stress—strain curve begins to
exhibit typical Type A serration characteristics when the tensile time reaches approximately
16 s. Compared with the image at 14 s, more pronounced surface undulations and slip
traces are observed, and the local optical contrast gradually increases, indicating that plastic
deformation evolves from a relatively homogeneous state toward localized deformation.
Microcracks preferentially initiate at stress—concentration sites such as austenite grain
boundaries and grain-boundary triple junctions, but severe macroscopic instability or rapid
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(a) 14s

12.98%

crack propagation is not yet observed. When deformation continues to approximately
31 s, the Type A serration stage is essentially completed; surface roughening becomes
more pronounced, slip traces increase in number and locally deformed regions expand.
With increasing plastic deformation, deformation incompatibility on both sides of grain
boundaries intensifies, resulting in enhanced local stress/strain concentration. Microcracks
initially nucleated along grain boundaries propagate laterally and gradually open under
local tensile stress. Adjacent grain-boundary cracks then coalesce through crack-tip stress
field interaction and accumulated grain-boundary damage, forming continuous long cracks
across several grain boundaries and indicating a clear intergranular cracking tendency.

| 100pm

Figure 6. In situ tensile observations of Mn13 steel deformed at 100 °C and 1 x 1072571 (a) 14 s,
12.98% strain; (b) 16 s, 14.98% strain; (c) 18 s, 16.98% strain; (d) 25 s, 23.99% strain; (e) 30 s, 28.99%
strain; (f) 39 s, 38.00% strain; (g) 60 s, 59.01% strain; (h) 70 s, 69.01% strain; (i) 80 s, 79.00% strain.

To precisely evaluate localized micro-deformation dynamics, the present study
adopted the normalized cross-correlation (NCC) template-matching method combined
with high-magnification CLSM. Full-field DIC techniques are highly effective for mapping
macro-scale strain fields and tracking PLC-band morphology across an entire specimen
gauge length [21,23]. However, DIC typically relies on spatial subset windowing, which
inevitably smooths out steep local strain gradients and micro-scale displacement jumps.
In contrast, the present NCC approach utilizes natural microscopic surface features to
achieve sub-pixel spatial precision. This enables the detection of discrete micro-kinematic
features—such as micro-arrests in Type A and localized backward relaxations in Type B
serrations—that would otherwise be obscured by the subset averaging intrinsic to full-field
DIC [21,22]. Therefore, while NCC provides point-based temporal and spatial precision
rather than full-field continuous coverage, it offers unique microscopic insight into the
localized micro-kinematics of PLC bands.
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As shown in Figure 7, to quantify the motion of local surface features, a region with
stable grayscale contrast near point A in the image recorded at 21 s was selected as the
tracking template. A frame-by-frame local template-matching method based on normalized
cross-correlation (NCC) was used to track the trajectory in the image sequence from 20
to 50 s at a sampling interval of 0.25 s. The displacement of point A does not evolve
continuously and smoothly but instead shows stepwise migration characterized by rapid
advance, short arrest and renewed rapid advance. During leftward motion, several short
displacement plateaus are followed by local rapid displacement bursts. Although the
overall migration direction remains leftward, the displacement-time response exhibits
clear intermittent growth. This result indicates that early Type A serrations are not merely
macroscopic stress fluctuations; rather, they correspond to intermittent motion and discon-
tinuous displacement release of localized plastic deformation regions in the in situ images.
Compared with previous studies that mainly quantified PLC bands using macroscopic
curves or full-field methods [21-23], the present feature-tracking result provides direct
microscopic evidence for the local trajectory behavior associated with Type A serrations in
Mn13 steel.

Engineering strain (%)
20020 25 30 35 40

(b)
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Figure 7. Motion trajectory corresponding to Type A serrations: (a) The green marker indicates the
initial position of point A at 21.25 s, and the red marker indicates the position of point A at 50 s; (b) the
displacement-time curve of point A; (c—f) the motion trajectory of point A from 21.25 to 23.25 s.
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As the tensile time increases to 60-80 s, the specimen surface enters a transition stage
from low-amplitude wave-like fluctuations to intermittent Type B stress drops. At ap-
proximately 60 s, dense slip traces and pronounced deformation-induced surface relief
have formed, and the local bright-dark contrast is significantly enhanced, indicating sub-
stantial accumulation of heterogeneous surface plastic deformation. Within 70-80 s, local
optical contrast and surface relief evolve more strongly, and local deformation bands and
microcracks near grain boundaries become clearer. These in situ observations indicate that
low-amplitude wave-like serrations reflect progressive localized plastic strain accumulation
and continuous development of strain localization under DSA, rather than simple weak
stress perturbations. When the tensile time reaches approximately 81 s, the stress—strain
curve enters the intermittent Type B stress-drop stage.

As tensile time increases further, the stress—strain response transitions into a regime
characterized by intermittent Type B stress drops. To track localized plastic deformation,
Point B was designated as a distinct grain boundary protrusion in Figure 8a. The strict
temporal synchronization of its displacement jumps with Type B stress drops supports
that the captured motion is physically real. The complete displacement-time record in
Figure 8b, covering 81.00-201.75 s, shows that Point B has an overall leftward migration
trend; however, its displacement does not evolve continuously or steadily. Instead, the
curve shows discontinuous stepwise migration, characterized by alternating rapid forward
motion, short arrest, local retreat, and renewed forward motion. The image sequence
in Figure 8c—g is a representative 6.00 s interval (114.25-120.25 s) selected from this full
record to visualize these intermittent events. In this representative interval, Point B un-
dergoes rapid leftward motion from 114.25 to 116.25 s, a temporary arrest at 116.50 s, a
local rightward return at 118.25 s, and renewed leftward motion at 120.25 s. This behavior
indicates that local plastic deformation at this stage is highly intermittent and localized
rather than uniformly continuous. Overall, the discontinuous displacement trajectory of
point B corresponds well to Type B serrated flow. Rapid forward motion can be regarded as
instantaneous activation of localized deformation bands and concentrated plastic-strain re-
lease, whereas short arrest and local retreat reflect strain redistribution and elastic recovery
after stress drops. Thus, macroscopic Type B stress drops correspond in the in situ images
to discontinuous jump-like propagation of localized plastic deformation rather than stable
homogeneous plastic flow.

The local migration trajectories of surface features tracked via NCC may be influenced
by grain-orientation heterogeneity and intergranular compatibility constraints. Although
crystallographic orientations were not measured directly in the present study, deformation
incompatibility between neighboring grains and the constraint imposed by grain bound-
aries can affect the local propagation of PLC-related deformation. During the Type A stage,
localized deformation may undergo repeated advance, temporary arrest, and renewed
advance as deformation is transferred between adjacent constrained grains, giving rise
to the observed unidirectional stepwise migration. During the Type B stage, macroscopic
stress drops may induce local stress redistribution and elastic strain relaxation in neigh-
boring constrained regions. Under high-magnification CLSM tracking, these transient
processes may manifest as short arrests, local backward displacement shifts, or path de-
flections before renewed forward motion. Therefore, while macroscopic serration modes
are primarily governed by temperature and strain rate, the local trajectory fluctuations of
selected surface features may additionally reflect intergranular compatibility constraints
and local microstructural heterogeneity.
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Figure 8. Motion characteristics of the tracked surface feature associated with Type B serrations:
(a) initial and final positions of point B, with the green and red markers indicating their positions at
114.25 and 120.25 s, respectively; (b) displacement-time curve of point B; (c—g) sequential trajectory
of point B during 114.25-120.25 s.

Under 100 °C and 1 x 1072 s71, two relatively pronounced Type C stress drops were
identified in the stress—strain curve at approximately 27 min 14 s and 27 min 56 s. In the in
situ image sequence acquired at the same timestamps, no persistent directional propaga-
tion of a trackable surface feature could be resolved, in contrast to the relatively regular
migration behavior observed during the Type A and Type B serration stages. Instead, only
localized optical-contrast changes and slight positional adjustments were observed. These
observations suggest that the deformation associated with Type C serrations is more instan-
taneous and spatially localized than the trackable band-like migration associated with Type
A and Type B serrations. Such behavior is consistent with the commonly accepted inter-
pretation that Type C serrations are associated with localized, random, and abrupt plastic
events [16-18]. After dislocations are strongly pinned by solute atoms, abrupt depinning
may occur and cause rapid stress reduction; however, because this process is transient and
spatially confined, a reproducible continuous feature trajectory cannot be readily resolved
within the temporal resolution and field of view of the present in situ observation.
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4. Conclusions

(1) Thermodynamic calculations and solution-treatment experiments show that a
relatively homogeneous single-phase austenitic microstructure can be obtained in Mn13
high-manganese steel after being held at 1050 °C for 1-1.5 h and then water-quenched.

(2) The flow behavior of Mn13 steel exhibits significant sensitivity to temperature
and strain rate. The most pronounced and persistent serrated flow is observed at room
temperature at 1 x 1073 s~ and 100 °C at 1 x 1072 s~1. Under these conditions, marked
intermittent Type B stress drops occur during the later stage of deformation. In contrast,
Type C serrations mainly occur at high strains during the later stages of tensile deformation
under the conditions of 100 °C at 1 x 1073 s71,200 °C at 1 x 1072 s~, and 200 °C at
5 x 1072 s~1. No serrations of any type are observed at 200 °C and 1 x 1073 s~1. These
results demonstrate that different temperature-strain rate combinations significantly alter
the occurrence mode of PLC-type plastic instability.

(3) In situ microscopic observation and marker tracking reveal distinct local deforma-
tion behaviors corresponding to different serration types. During the Type A stage, the
tracked surface feature mainly exhibits unidirectional stepwise migration, characterized
by forward motion, arrest and renewed forward motion. During the Type B stage, discon-
tinuous pulsed migration occurs through alternating rapid forward motion, short arrest,
local backward motion and renewed forward motion, indicating jump-like propagation of
localized deformation bands accompanied by strain redistribution and elastic recovery after
stress drops. Near Type C stress drops, no regular macroscopic migration trajectory is ob-
served; only local brightness variations and slight positional adjustments occur, indicating
that the corresponding plastic instability is more instantaneous and localized.
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