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ABSTRACT
Herein, we explore the effect of dynamic strain aging (DSA) on dislocation evolution using nanoin-
dentation and transmission electron microscopy (TEM). DSA is primarily manifested as serrations on
the load-displacement curves at lower strain rates (10−2 and 10−3 s−1), whereas these serrations are
substantially less at higher strain rate (10−1 and 100 s−1). Interestingly, despite variations in strain
rates andDSAoccurrence, detailed TEMobservations beneath the indentations reveal no discernible
differences in dislocation density and substructure. The present study indicates that although DSA
can increase the gliding resistance of dislocations, it does not affect the evolution of dislocation.
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1. Introduction

Dynamic strain aging (DSA) is a phenomenon in which
the solute atoms diffuse to dislocations that are temporar-
ily arrested at pre-existing strong obstacles, e.g. forest
dislocations, thereby hindering dislocation motion [1,2].
DSA can occur in a wide range of engineering metal-
lic materials including alloys of Al [3], Mg [4], Cu [5],
and Ti [6], steels [7,8] and complex concentrated alloys
[9,10]. Generally, DSA leads to negative strain rate sensi-
tivity (nSRS) [11–13] and plastic instabilities detrimental
to formability [14–16]. Therefore, it is crucial to ascertain
the mechanism of DSA and its influence on mechanical
performance. DSA is typically manifested macroscopi-
cally through serrations in stress–strain curves during
uniaxial tension, which are attributed to the pinning
effect of solute atoms on dislocation motion. It has been
shown by experiments and analytical modeling that the
DSA induced slip resistance is generally a few tens ofMPa
depending on strain rate [17–19]. Besides, as the waiting
time of temporarily arrested dislocations increases with
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strain, more solute atoms can segregate into dislocations,
leading to the increase of DSA induced slip resistance
with strain and thereby strain hardening [20,21]. Con-
sidering the additional slip resistance, it has been pro-
posed that the presence of DSA can reduce dislocation
mean free path and thus promote dislocation multipli-
cation [22]. In a recent investigation, the increasing rate
of dislocation density per strain in a Fe-Mn-C twinning-
induced plasticity (TWIP) steel with DSA is generally
higher than some face-centered cubic (FCC) alloys with-
out DSA [23]. In addition, a higher dislocation density is
obtained in a ferritic stainless steel after deformation at
673 K, which has been attributed to the restraining effect
of DSA on dislocation cross-slip [24]. Although previ-
ous studies have offered preliminary insights into the
DSA effect on dislocation evolution, it remains unclear
how and to what extent the DSA affects the dislocation
evolution and thereby contributes to strain hardening.

Existing investigations correlated to DSA are mainly
based on typical uniaxial tensile tests, which involve

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2024.2380101&domain=pdf&date_stamp=2024-07-24
mailto:liangziyuan@sslab.org.cn
mailto:hebb@sustech.edu.cn
https://doi.org/10.1080/21663831.2024.2380101
http://creativecommons.org/licenses/by/4.0/


720 X. SHANG ET AL.

the use of bulk polycrystal specimens. However, the
DSA effect is susceptible to some microstructural fac-
tors, such as grain boundary [25,26], phase boundary
[27,28], and crystal orientation [29,30]. Therefore, con-
ducting mechanical tests within a single grain could be
an ideal approach to exclude these factors and allow for
a more accurate evaluation of DSA effect on dislocation
evolution. Instrumented nanoindentation, which enables
the investigation of mechanical behavior within a sin-
gle grain [31,32], can be an effective method to achieve
this objective. Additionally, the occurrence of DSA can
be controlled via the strain rate used for nanoindenta-
tion tests, analogous to uniaxial tension tests [30,33–36].
Therefore, in this study, rate-controlled nanoindenta-
tion tests were systematically performed within single
grains of a TWIP steel. Microstructures beneath the
indents were comprehensively characterized to explore
the impacts of DSA on the evolution of dislocations in
terms of density and substructure. Interestingly, despite
variations in strain rates and DSA occurrence, detailed
transmission electron microscopy (TEM) observations
beneath the indentations reveal no discernible differ-
ences in dislocation density and substructure. DSA can
affect mechanical properties without influencing disloca-
tion multiplication and evolution of substructure.

2. Materials andmethods

Herein, we intend to clarify the effects of DSA on the evo-
lution of dislocations, utilizing TWIP steel as our model
material due to its known susceptibility to DSA [22].
In our previous investigation, this TWIP steel exhibited
DSA-induced plastic instabilities during indentation over
a certain range of strain rates [33]. The chemical com-
position of the TWIP steel is Fe-12Mn-1.2C (in wt.%).
A 20 kg cast was produced in a vacuum furnace, forged
into a billet ingot, and subsequently hot rolled into a
4 mm thick strip at 900°C. Then, the strips were sub-
jected to cold rolling with 50% reduction. A specimen
with dimensions of 10× 10× 2mm3 was cut from the
cold-rolled sheet by electrical discharge machining and
subjected to annealing at 1373K for 1 h to obtain suf-
ficiently large austenite grains for the nanoindentation
tests. Specimen surface was mechanically ground with
sandpapers, followed by polishing with diamond sus-
pensions. Final polishing was conducted in a Buehler
VibroMet 2 vibratory polisher using a colloidal silica sus-
pension. X-ray diffraction (XRD) was performed using
a Rigaku SmartLab diffractometer to achieve the lattice
parameter for dislocation density calculation. Crystallo-
graphic orientation normal to the sample surface was
determined by electron backscatter diffraction (EBSD)
using a ZEISS Gemini 300 scanning electron microscope

(SEM) operating at 30 kV. Several grains with the normal
directions close to [001] crystal orientation were cho-
sen to conduct nanoindentation tests by a Bruker TI980
nanoindentation system using the constant strain rate
(CSR) method. The indentation strain rate is defined as:
ε̇i = ḣ

h = Ṗ
2P , where h is the displacement, ḣ is the dis-

placement rate,P is the load, and Ṗ is the load rate [30,37].
The load is increased at a constant value of Ṗ

P , thus main-
taining a constant strain rate. For the TI980 system, the
resolutions of displacement and load are below 0.01 nm
and 1.4µN, respectively. The frequency of data acquisi-
tion was 200 points per second. A Berkovich indenter
with a half angle of 65.3o was selected for the nanoinden-
tation tests. Thermal drift was monitored before loading
and after unloading, and themeasured drift rate was used
to correct the displacement [38]. All tests were initially
performed at a strain rate of 10−1 s−1 until 20mN and
then at the strain rates of 10−3, 10−2, 10−1 and 100 s−1 till
60mN. Microstructures beneath the indents were char-
acterized using TEM in a Talos F200X G2 operating at
200 kV. TEM samples were fabricated using a FEI Helios
600i focused ion beam (FIB). To evaluate the dislocation
densities beneath the indents at different strain rates, the
TEM samples were also characterized by transmission
EBSD (t-EBSD) using an Apreo2 S Lovac SEM operating
at 25 kV.

3. Results and discussion

The present steel sample exhibits a single austenitic phase
with a fully recrystallized microstructure (Figure 1(a)).
The average austenite grain size is estimated to be
49.5± 26.1µm according to the linear intercept method.
The grain marked with a dashed circle (Figure 1(a)),
where three indents had developed at different strain
rates, was chosen for nanoindentation tests (Figure 1(b)).
Spacings between indents are sufficiently large to avoid
possible interference among them (Figure 1(b)). Notable
serrations can be observed in the P–h curves (>20mN)
at the strain rates of 10−3 and 10−2 s−1, whereas they
are substantially less at the strain rate of 10−1 s−1

(Figure 1(c)). The occurrence of serrations in the P-
h curves indicates plastic instability which is due to
DSA [33,34]. To further evaluate the plastic instability, a
normalized displacement fluctuation factor (�h/h) was
acquired from the P–h curve (Figure 1(d)). The step-like
serrations on theP-h curves at the strain rates of 10−3 and
10−2 s−1 can be identified by the spikes with values of
�h/h larger than 0.003. In comparison, no step-like ser-
ration was observed on the P-h curve at the strain rate
of 10−1 s−1, and the values of �h/h are below 0.003 dur-
ing loading. The abovementioned observation in Figure 1



MATER. RES. LETT. 721

Figure 1. (a) EBSD inverse pole figure (IPF) of the present TWIP steel sample; lower right inset shows the XRD profile, confirming a single
FCC structure. (b) SEM imageof the three indents in the [001]-orientedgrain; inset depicts theposition for thepreparation of TEMsamples
using FIB lift-out. (c) Load–displacement (P–h) curves of thenanoindentation tests at different strain rates; (d) plot of normalizeddisplace-
ment fluctuation (�h/h) versush;�h represents thedisplacement residual between the experimental and smootheddisplacement–time
(h–t) curve (Figure S3).

was verified in the nanoindentation tests in other grains
(Figure S1 and S2).

To exam the correlation betweenmicrostructural evo-
lution andmechanical properties, three additional [001]-
oriented grains were selected in the same specimen
to conduct nanoindentation tests at the strain rates of
10−3, 10−2, 10−1 and 100 s−1. Notable serrations can be
observed in the P–h curves of the nanoindentation tests
at strain rates of 10−3 and 10−2 s−1, whereas they are
substantially less pronounced at strain rates of 10−1 and
100 s−1 (Supplementary Figure S4a), consistent with our
previous observations (Figure 1, S1 and S2). The rela-
tion between the hardness and strain rate is shown in
Figure 2, with the corresponding Young’s modulus vs.
strain rate plot provided in Supplementary Figure S4b.
The crystal orientations of all grains used for nanoin-
dentation tests and the measured hardness & modu-
lus are summarized in Supplementary Table S1 and S2,
respectively. The average Young’s modulus of all tests is
189.52± 2.89GPa. The variation of Young’s modulus is

within 5% of the average value, demonstrating the valid-
ity of nanoindentation tests. Hardness decreases with the
increase of strain rate within the range of 10−3–10−1 s−1

(Figure 2), showing nSRS. The rate-dependent serrated
behavior and nSRS demonstrate the presence of DSA at
strain rates of 10−3 and 10−2 s−1 and the absence of DSA
at strain rates of 10−1 and 100 s−1.

To investigate the effects of DSA on the evolution of
dislocations, the cross-sections of indents at strain rates
of 10−1 and 10−3 s−1 (sampling positions in Figure 1(b))
were examined by TEM. Both dislocations and defor-
mation twins are observed beneath the indents at the
strain rate of 10−1 s−1 (Figure 3(a)). Dislocations propa-
gate throughout the TEM sample, extending to a depth
of over 9µm (Figure 3(a)) and the dislocation density
decreases progressively with increasing distance. Pro-
fuse dislocations and slip traces are noticed beneath
the indent. Magnified views reveal entangled disloca-
tions between slip traces (Figure 3(b)). Additionally,
super-jogs are observed (Figure 3(c)), indicating the
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Figure 2. The relation between the hardness and indentation
strain rate.

occurrence of dislocation cross-slip. Curved deforma-
tion twins are discovered on the right side of the TEM
lamella (Figure 3(a,d,e)), which are inclined at an angle
of approximately 24 degrees to the loading direction
(Figure 3(e)). It is proposed that the interaction between
twin boundaries and dislocations may have consider-
able influence on dislocation evolution [39]. Therefore,
the amounts and thicknesses of deformation twins are

Figure 3. (a) Scanning transmission electronmicroscopy (STEM) dark-field image of the microstructure beneath the indent at the strain
rate of 10−1 s−1; lower right inset shows the selected area diffraction pattern (SADP) of the area represented by the dashed red circle. The
zoneaxis is [0 11]. Twin spots and streaking lines in SADP indicate theexistenceofdeformation twins and stacking faults. (b), (c) and (d) are
the magnified images of the regions denoted by dashed rectangles in (a), revealing the presence of dislocations and deformation twins
beneath the indent. (e) TEM dark-field image of the region denoted by a dashed blue rectangle in (a), demonstrating the morphologies
of deformation twins.

Table 1. Characteristics of the deformation twins beneath the
indents at different strain rates; Tt is the total twin thickness. Tm
denotes the mean value of the thickness of each twin bundle and
N is the number of twin bundles.

Strain rate (s−1) Tt (nm) Tm(nm) N

10−1 1234 35.25 35
10−3 1316 43.87 30

determined from the dark-field TEM image (Figure 3(e))
and summarized in Table 1.

Figure 4 shows the microstructure beneath the indent
at a strain rate of 10−3 s−1. Dislocations can travel
distances exceeding 8.5µm (Figure 4(a)), analogous to
the case at the strain rate of 10−1 s−1 (Figure 3(a)).
Magnified images of the corresponding dashed areas in
Figure 4(a) confirm the generation of dislocation tangles
(Figure 4(b)) and the occurrence of cross-slip activities
(Figure 4(c)), resembling the situation observed at the
strain rate of 10−1 s−1 (Figure 3(b,c)). Deformation twins
are also noticed on the right side of the TEM lamella of
indent at the strain rate of 10−3 s−1 (Figure 4(a,d,e)),
with average thickness and number of twins compara-
ble to those at 10−1 s−1 (Table 1). It is also worth noting
that the alignments of deformation twins relative to the
loading direction exhibit minor differences (22° and 24°)
for indents made at different strain rates (Figure 3(e) and
Figure 4(e)). Therefore, the alignments, quantities, and
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Figure 4. (a) STEM dark-field image of the microstructure beneath the indent at the strain rate of 10−3 s−1; lower right inset depicts
the SADP of the area represented by the dashed red circle. The zone axis is [0 1 1]. Twin spots and streaking lines in SADP indicate the
existence of deformation twins and stacking faults. (b), (c) and (d) are themagnified images of the regiondenotedbydashed rectangles in
(a), revealing the presence of dislocations and deformation twins beneath the indent. (e) TEM dark-field image of the region represented
by a dashed blue rectangle in (a) showing the morphologies of deformation twins.

total thicknesses of deformation twins for the indents at
different strain rates are rather similar (Figures 3–4 and
Table 1), suggesting that the influence of deformation
twins on dislocation evolution can be dismissed. How-
ever, despite the similarity of deformation twins at both
strain rates, their P–h curves are quite different. A higher
number of serrations are evident at a slow strain rate com-
pared to a high strain rate (Figure 1(c)). Therefore, it can
be concluded that the formation of deformation twins is
not the primary reason for the occurrence of serrations.

Since there are no significant differences in disloca-
tion substructures and activities of the indents at dif-
ferent strain rates (Figures 3 and 4), quantitative evalu-
ation of dislocation density becomes crucial. However,
accurately measuring dislocation density is challenging
due to the difficulty in resolving individual dislocation
lines, especially when the dislocation density is very high
beneath the indent. Additionally, the quantification of
dislocation density is related to the sample thickness,
which can be measured by convergent beam electron
diffraction (CBED) using the Kossel–Möllenstedt (KM)
fringes (Figure 5(a,b)) [40]. The thickness of the TEM
foil is extrapolated to be 96 and 111 nm for the indents
at the strain rates of 10−1 and 10−3 s−1, respectively
(Figure 5(c)). Then, t-EBSD was performed on the TEM
lamellae (Figure 5(d,e)), densities of geometrically nec-
essary dislocations (GNDs) were evaluated based on
the kernel average misorientation (KAM). Average GND

densities are estimated to be 2.85× 1016 and 3.07× 1016
m−2 for the indents at the strain rates of 10−1 and 10−3

s−1, respectively (Figure 5(f)). Therefore, the dislocation
density at the strain rate of 10−3 s−1 is approximately
7.6% higher than that at the strain rate of 10−1 s−1. How-
ever, after normalizing the GND density over the sample
thicknesses of TEM lamellae (Figure 5(c)), the disloca-
tion density at the strain rate of 10−3 s−1 is found to
be approximately 6.7% lower than that at the strain rate
of 10−1 s−1. Thus, concluding that the dislocation den-
sity beneath the indent at a low strain rate (10−3 s−1)
is higher than that beneath the indent at a high strain
rate (10−1 s−1) is difficult. Considering the significantly
higher number of serrations (DSA) in the P–h curves at
10−3 s−1 as compared to the case of 10−1 s−1 (Figure 1,
S1 and S2), the influence of DSA on dislocation multipli-
cation is deduced to be negligible.

This study investigates the effects of DSA on dislo-
cation evolution in a single austenite grain. Typically,
the evolution of dislocation density during deforma-
tion is determined by the competition between dislo-
cation generation and annihilation. Dislocation genera-
tion is inversely dependent on the dislocation mean free
path [41], which is the average distance between strong
obstacles including forest dislocations, precipitates, grain
boundaries and twin boundaries [42]. Solute atoms are
comparatively weaker obstacles, which enhances slip
resistance without blocking dislocation motion [42].
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Figure 5. KM fringes in CBED patterns under a two-beam condition with (31̄1) strongly excited for TEM lamellae of the indents at the
strain rates of (a) 10−1 and (b) 10−3 s−1; (c) plot of (si/nk)2 against (1/nk)2, TEM foil thicknesses for (a) and (b) are extrapolated to be 96 and
111 nm from the intercepts of (1/t)2, respectively (Details can be found in Section 3 of Supplementary Materials). t-EBSD IPF overlapped
with image quality maps of the TEM lamellae of the indents at the strain rates of (d) 10−1 and (e) 10−3 s−1; (f ) corresponding statistical
histograms of the GND densities of (d) and (e).

DSA induce additional slip resistance via solute segre-
gation at dislocations [43]. Here, the DSA induced slip
resistance was estimated based on the measured hard-
ness. The average hardness of the current TWIP steel
increases from 2.43 to 2.64GPa with strain rate decreases
from 10−1 to 10−3 s−1 due to DSA (Figure 2). Accord-
ing to the Tabor relation [44], hardness (H) can be linked
to flow stress (σ ) as: H = 3σ . Besides, flow stress holds
a relation with the slip resistance (τRSS) as: σ = MτRSS,
whereM is the Taylor factor equal to 3.06 [45]. Using the
above equations, the DSA induced hardness difference
can be converted to the DSA induced slip resistance to
be 23MPa. This value is consistent with the literature that
the slip resistance increment due toDSA is generally a few
tens of MPa [17–19,22]. In this investigation, the densi-
ties of GNDs beneath the indents made at strain rates of
10−1 and 10−3 s−1 were measured to be 2.85× 1016 and
3.07× 1016 m−2, respectively. According to the Taylor
hardening law, the slip resistance due to forest disloca-
tions (τf ) can be related to dislocation density (ρ) as
follows: τf = αGb√ρ, whereα represents the dislocation
interaction strength, G is the shear modulus, and b is the
Burgers vector. The magnitude of b for the TWIP steel in

this study is determined from the XRD pattern as 0.2559
nm. Using parameters from another TWIP steel sample
with a similar composition [46], i.e. α = 0.136,G = 62.8
GPa, the dislocation-induced slip resistance is estimated
to be 369 and 383 MPa for the abovementioned indents.
Hence, the additional slip resistance owing to DSA (23
MPa) is an order of magnitude lower than that induced
by forest hardening. Therefore, the effect of DSA on dis-
location generation should be insignificant. According
to the Kocks–Mecking model [41], dislocation annihi-
lation at room temperature is accomplished by dynamic
recovery via cross-slip. DSA has been proposed to induce
considerable pinning effect on dislocations and thus sup-
press dislocation cross-slip [22,24,47,48]. Nevertheless,
this suppression effect should be minor as the addi-
tional pinning effect due to DSA is typically a few tens
of MPa. Herein, the dislocation substructures beneath
both indents (Figures 3 and 4) are similar, demonstrating
no significant influences of DSA on dislocation cross-
slip and thus dislocation annihilation. However, it should
be noted that nanoindentation typically involves a more
complex stress state compared to uniaxial tensile or com-
pressive tests. Additionally, we minimize the influence



MATER. RES. LETT. 725

of grain boundaries and crystal orientations by conduct-
ing nanoindentation experiments within single grains.
Therefore, the negligible effect of DSA on dislocation
evolution may be limited to the context of nanoindenta-
tion.

In brief, although DSA restrains the mobilities of
dislocations, it does not considerably impact disloca-
tion generation and annihilation during nanoindenta-
tion, leading to similar dislocation densities and sub-
structures in the current TWIP steel sample.

4. Conclusions

In summary, this study investigates the effects of DSA
on the evolution of dislocation density and substruc-
ture within single austenite grains by nanoindentation.
DSA is primarily manifested as serrations in the load-
displacement curves at lower strain rates (10−2 and 10−3

s−1), whereas these serrations are substantially less at a
higher strain rate (10−1 and 100 s−1). The presence of
DSA (serrations in P–h curves) leads to nSRS on hard-
ness. Comprehensive characterization of the microstruc-
tures beneath the indentations was performed using both
TEM and t-EBSD. Interestingly, despite variations in
strain rates and DSA occurrence, no discernible differ-
ences were observed in terms of dislocation density and
substructure. This observation can be explained by the
fact that although DSA restrains the mobility of dis-
locations, it does not substantially impact dislocation
generation and annihilation during nanoindentation.
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