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Abstract

Dislocation behaviour of a twinning-induced plasticity (TWIP) steel subjected to high-cycle fatigue tests is investigated in
the present study. Grain boundaries are the important sources of dislocation generation during fatigue tests, contributing to
the increase in dislocation density. Continuous emission of dislocations from grain boundaries is observed in many grains.
Inclusions can sustain large dislocation pile-ups at the inclusion interfaces, leading to a high stress concentration and there-
fore acting as potential sites of microcrack nucleation. In contrast, annealing twin boundaries are relatively weak boundaries
for dislocation pile-ups. When the number of dislocations in a pile-up is large, dislocations can crossover twin boundaries
and glide inside the annealing twins. The stress concentration at the twin boundary is relatively low so that twin boundaries

could not act as the sites for microcrack initiation.
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1 Introduction

Twinning-induced plasticity (TWIP) steels have high
strength and outstanding ductility, making them poten-
tial materials for lightweight structure applications [1-3].
Many studies focused on the strain hardening mechanism
of TWIP steels [1, 4-10]. The strain hardening mechanism
of TWIP steel is still under debate in the literature. One
view considers that dislocation pile-ups at twin boundaries
provide strong back-stress and therefore provide “dynamic
Hall-Petch” effect and high strain hardening rate [11, 12],
which was cited by many researchers [13—17]. However, a
recent view considers that deformation twins play a minor
role in the strain hardening of TWIP steels, while the high
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dislocation density induced by carbon alloying plays the
major role in strain hardening [18-20].

Different to the investigations of strain hardening mecha-
nism of TWIP steels under static tensile tests, studies on
fatigue behaviour of TWIP steels are much less [21, 22].
It has been reported that the fatigue limit of TWIP steels is
close to the yield strength [21-25]. A TWIP steel subjected
to high-cycle fatigue was studied [23], showing that very
few deformation twins can be found during fatigue test, dif-
ferent to the static tensile tests. Instead, dislocation cells are
found at a stress amplitude lower than the yield stress dur-
ing fatigue test [23]. Nevertheless, the dislocation sources
and dislocation pile-ups during fatigue tests have not been
discussed, which are important information for understand-
ing the fatigue behaviour of the TWIP steel. In particular,
dislocation pile-ups are the potential sources of microcrack
formation during fatigue tests. The present work employs
detailed transmission electron microscopy (TEM) char-
acterization to investigate the dislocation sources and the
pile-ups at grain boundaries, annealing twin boundaries and
inclusions in a TWIP steel subjected to high-cycle fatigue.
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2 Experimental

The TWIP steel used in the present study is a hot-rolled
product from Ansteel Group, with a nominal chemi-
cal composition of 18.5%Mn-0.87C%-0.3%Si-0.2%Cr-
0.23%Ni-0.15%V (wt%). Smooth dog-bone specimens
with a thickness of 18.3 mm were machined by electro-
discharge machining from the as-received steel plate. The
sample geometry can be found elsewhere [23]. The large
thickness avoids the bulking during tension—compression
fatigue tests using an MTS Landmark?2 fatigue machine.
The high-cycle fatigue test was carried out at a stress
amplitude of 300 MPa with a stress ratio of R= —1 at
room temperature. Under this stress amplitude, fatigue
failure of the present TWIP steel takes place at 2 x 10°
cycles [23]. In order to investigate the dislocation behav-
iour before fracture, the fatigue tests were terminated
respectively at 10% and 10° cycles, at which no facture
takes place. Transmission electron microscopy (TEM)
samples were cut from the fatigue specimen subjected
to 10* and 10° cycles. Standard TEM thin foils were pre-
pared. Twin-jet electro-polishing in a solution of 5% per-
chloric acid, 15% acetic acid and 80% pure alcohol was
carried out at 263 K for the TEM samples. A TECNAI
G2 operated at 200 kV was used for TEM microstruc-
ture characterization. Initial microstructure was observed
using electron backscattering diffraction (EBSD) carried
out in a LEO 1530 machine operated at 20 kV with a
scanning step size of 2 pm.

3 Results

The TWIP steel has a fully austenitic microstructure with
an average grain size of 34 pm as shown in Fig. 1. There are
many annealing twins shown in red in Fig. 1la. This TWIP
steel has an excellent combination of strength and ductility,
with a yield stress of 380 MPa, an ultimate tensile stress of
1058 MPa and a uniform elongation of 70% [23]. Besides,
this TWIP steel also possesses an excellent fatigue property,
with a fatigue limit (corresponding to a fatigue life of 2 x 10°
cycles) of 300 MPa, equivalent to 78.7% of the yield stress
and 28.6% of the ultimate tensile stress [23].

It is evident that dislocations were emitted continuously
from grain boundaries in many grains during fatigue tests.
Figure 2 shows scanning transmission electron microscopy
(STEM) dark-field images obtained in the fatigue specimen
subjected to 10* cycles. Figure 2a demonstrates two disloca-
tion sources at one grain boundary. These two dislocation
sources continuously emit dislocations into the grain interior.
Dislocations generated from these two dislocation sources
are parallel, indicating that they have the same slip system.
Figure 2b shows that dislocations are emitted from two differ-
ent slip systems which are the typical {111} < 110> slip sys-
tems. Two dislocation sources are operated with Slip System
I, while one dislocation source is operated with Slip System II.
These two slip systems correspond to two different dislocation
sources from two grain boundaries of the same grain. A MnS
inclusion is observed in Fig. 2b, which is typically formed in
steels with a high manganese content. It is interesting to note
that dislocations emitted from one slip system piled up at the
inclusion interface, as indicated by the red arrow (Fig. 2b). The

Fig. 1 a EBSD band contrast figure and b the corresponding inversed pole figure of the initial microstructure of the TWIP steel. Red lines repre-

sent the annealing twin boundaries
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Fig.2 a Dislocations emitted from two dislocation sources at one grain boundary; b dislocations emitted from different grain boundaries glide
at two different slip systems; there is a dislocation pile-up at the interface of the inclusion indicated by the red arrow; ¢ dislocations emitted from
one dislocation source; d dislocations emitted from two dislocation sources at one grain boundary

interaction between dislocations in two different slip systems is
also shown in Fig. 2b, indicated by the white arrow. Figure 2c,
d show dislocation sources in some other typical grains.
Figure 3 shows a STEM bright-field image obtained in
the fatigue specimen subjected to 10* cycles, which shows
that dislocations piled up at the boundaries of an annealing
twin. It is evident that dislocations can crossover the anneal-
ing twin boundaries and glide inside the annealing twins
(as indicated by the white arrows (Fig. 3)), even though the
number of dislocations in the pile-up is not large. Figure 4
shows STEM dark-field images obtained in the fatigue speci-
men subjected to 100 cycles, which show intensive disloca-
tion tangles and cells in the grain interior. The typical size
of dislocation cell is less than 1 um. The cell interior is free
of dislocations, while the cell walls have a dense dislocation
distribution. Dislocation junctions are shown in Fig. 4c.

4 Discussion

The initial fully recrystallized microstructure of the present
TWIP steel has a very low dislocation density in the order
of 10'"" m~2. It is noted that, under the same fatigue test

Fig.3 Dislocations piled up at and crossover the annealing twin
boundary, indicated by the white arrows

@ Springer



172

R.Liuetal.

Fig.4 a Dislocation cells in the grain interior, showing that typical cell size is smaller than one micron, b an enlarged view of the dislocation

cells and ¢ dislocation junctions indicated by the white arrows

condition, fatigue failure of the present TWIP steel takes
place at 2x 10° cycles [23]. Based on the line counting
method [23], the dislocation density of the present TWIP
steel after 10° cycles reaches a high value of 8.6 x 10'* m™2
[23]. The increase in dislocation density during fatigue tests
involves the generation of dislocations from various sources
including grain boundaries as well as Frankie—Read sources
inside the grain interior. It is very clear that grain boundaries
play an important role in the increase in dislocation density.
Frankie—Read sources inside the grain interior may also
operate, but no direct evidences were observed in the present
study. On the contrary, continuous emission of dislocations
from grain boundaries is clearly observed in many grains
(Fig. 2). If there are no obstacles in front of one particular
dislocation source, it could emit dislocations continuously.

It is interesting to note that dislocations emitted from
grain boundaries can be terminated by inclusions. The
inclusion is so large that dislocations cannot bypass it
through the Orowan mechanism, forming dislocation pile-
ups at the inclusion interface as shown in Fig. 2b. If the
inclusion is sufficiently small, dislocations may bypass it
and form Orowan loops. The very dense dislocations in the
pile-up generate a high stress concentration at the inclu-
sion interface, which acts as the potential site for micro-
crack initiation during fatigue tests. Dislocation tangles
could take place at the intersection of two different slip
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systems as indicated by the white arrow in Fig. 2b. How-
ever, such dislocation tangles are not strong enough to
stop the gliding of dislocations in the two different slip
systems. As a result, no high stress concentration could
be formed at such intersections so that they may not act as
the nucleation sites for microcrack formation.

It has been reported in nanotwinned Cu that disloca-
tions can glide through the twin boundaries [26, 27]. It is
also true for the present TWIP steel as shown in Fig. 3.
The annealing twin boundaries are relatively weak in
terms of the maximum number dislocations piled up at
the twin boundary. It is clearly shown that annealing twin
boundary cannot sustain a large dislocation pile-up at the
twin boundary (Fig. 3), which is different from that at the
inclusion interface (Fig. 2b). The stress acting at the lead-
ing dislocation of a pile-up is proportional to the number
of the dislocations in the pile-up [28]. Therefore, the stress
concentration at the twin boundary should be much lower
than that at the inclusion interface. It indicates that the
annealing twin boundaries shall also not act as the poten-
tial sites for microcrack nucleation. It is also noted that
very few deformation twins can be found at the current
high-cycle fatigue test condition [23]. Therefore, it is very
likely that the microcrack initiation of the present TWIP
steel under high-cycle fatigue could originate from the
inclusions where a high stress concentration is induced by
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the large number of dislocations piled up at the inclusion
interface.

5 Conclusion

Based on detailed TEM characterization of a TWIP steel
subjected to high-cycle fatigue, the following conclusions
can be drawn.

1. Grain boundaries are important dislocation sources and
play important role in the accumulation of dislocations
during fatigue tests.

2. A large number of dislocations piled up at the inclu-
sion interface are the potential location for microcrack
nucleation.

3. Dislocations at the front of pile-up can glide through the
twin boundary, indicating that twin boundaries cannot
sustain a large dislocation pile-up.
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