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Fe–25Mn–3Si–3Al steels obtained much attention because of their excellent mechanical properties. However, the fracture behavior
of the steels remains unclear. In this study, Fe–25Mn–3Si–3Al steels were ex situ tensile strained and tested by a transmission
electron microscope to investigate the relationship between crack and twins. The propagation of crack was examined and related
to the dislocation slip and twinning. Cracks initiate related to the moving of dislocations and propagate along the slip bands. Twins
parallel and inclined to the crack are produced during crack propagating. The inclined twins notably block and blunt the crack,
whereas the parallel twins exhibit an insignificant effect.
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Twinning-induced plasticity (TWIP) steels are
expected to be used in the automotive industry due to
their high strength and high elongation.[1,2] TWIP steels
exhibited no ductile-to-brittle transition even at −196 ◦C
and showed ductile behavior over the whole temperature
range.[3,4] The specific energy absorption value of the
TWIP steels was about 0.5 J/mm3, whereas the values of
the conventional deep drawing steels were only between
0.16 and 0.25 J/mm3.[5] The deformation twins were
considered to be responsible to the excellent mechani-
cal properties.[6] Plenty of nanotwins were observed in
the strained microstructure.[7–10] The formation of twins
blocked the movement of dislocations effectively. Several
models of interaction of twin boundaries with disloca-
tions were proposed to explain the twinning strengthening
mechanism.[11,12] Deformation at a high-strain area
would be restrained due to the twinning and the defor-
mation would be transferred to a low-strain area. As
a result, the whole specimens could deform homoge-
neously and the necking would be delayed, leading to
the large uniform elongation.

Several in situ technologies were adopted to deeply
investigate the relationship between excellent mechanical
properties and microstructure of TWIP steels.

∗Corresponding author. Email: liujiabin@zju.edu.cn

The evolution of lattice strains was studied via
in situ neutron diffraction during cyclic loading and a
pronounced Bauschinger effect resulting from the dislo-
cation pile-ups at the intersection of stacking faults was
found.[13]

TWIP steels presented a dimpled and ductile
fracture surface under scanning electron microscopy
investigation.[14] The evolution of ductile damage was
investigated by three-dimensional X-ray tomography in
situ tensile test. It was found that the ductile damage
process of TWIP steels involved intense nucleation of
small voids combined with the significant growth of the
biggest cavities.[15] Studies of the fatigue behavior of
TWIP steels showed that the crack propagation took
place mainly transgranularly, resulting in ductile stria-
tions and protrusions on fracture surfaces.[16] Fatigue
cracks tended to nucleate on grain and twin boundaries
besides slip bands.[16] The fatigue crack passed along
different paths, such as grain boundaries, twin bound-
aries and slip bands. However, the reason for the cracks
propagating along the slip bands and twin boundaries
still remains unclear. The purpose of this study is to
investigate the crack initiation and propagation by a
transmission electron microscope (TEM).
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Table 1. Chemical composition (wt.%) of the alloy deter-
mined by ICP-MS.

C Mn Si Al P S Fe

0.018 24.3 3.22 2.89 0.004 0.003 Bal.

Figure 1. Schematic illustration of the micro-strain holder.

The alloy was melted in a vacuum induction fur-
nace and cast into ingot (200 mm × 200 mm × 400 mm).
The chemical composition of the alloy was measured by
inductively coupled plasma mass spectrometry (ICP-MS)

as given in Table 1. There is a little difference between the
measured composition and the designed composition due
to the burning loss during the high-temperature melting
process. The ingot was homogenized at 1,250 ◦C for 12 h
and then hot-rolled to a thickness of 6 mm at a tempera-
ture above 1,000 ◦C. The hot-rolled plate was cold-rolled
at room temperature to a thickness of 2 mm. The cold-
rolled sheets were annealed at 1,050 ◦C for 30 min and
then quenched into water.

The microstructure was analyzed by TEM (JEM-
2010) operating at 200 kV. The specimens for TEM
observation were mechanically thinned to about 100 μm
in thickness and then electrolytically thinned by the
twin-jet polishing technique using a mixture of 5 vol.%
perchloric acid and 95 vol.% alcohol at 20 V. Ex situ TEM
tensile test was performed on a micro-strain holder as
shown in Figure 1. The φ3 mm TEM sample was fixed to
the holder and tensile strained by drawing the movable
arm carefully. The strained sample was transferred into
the TEM for observation. Then, the sample was taken
out from the TEM and further strained for the next obser-
vation. Similar operations were performed to investigate
the microstructure evolution with an increasing strain. To
repeat the stress condition at each strain, lines were scored

(a) (b)

(c) (d)

Figure 2. Microstructure of the TEM specimen: (a) before strain, (b) after first tensile strain, (c) after second tensile strain with
g = [002] and (d) after second tensile strain with g = [022], insets are the corresponding SAED patterns.
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(a) (b)

(c)

Figure 3. Microstructure of the TEM specimen after third tensile strain at (a) g = [002] (deformation twins are assigned by white
arrows), (b) SAED patterns and (c) high-resolution TEM image of the deformation twins corresponding to the white circle in
Figure 3(a).

on both the TEM specimen and holder arms to help locate
the TEM specimen at the same position on the holder.

There is nearly no dislocation in the specimen before
strain as shown in Figure 2(a). After the first tensile strain,
a micro-crack is generated from the edge of thin area
of TEM specimen (Figure 2(b)). High density of dislo-
cations ahead of the micro-crack is observed. After the
second tensile strain, some stacking faults (signed as ‘S’
in Figure 2(c)) nearly inclined to the crack are observed
when g = [002], where g is the operating reflection. Most
of the stacking faults are invisible except some partial dis-
locations when g = [022] (Figure 2(d)), which indicates
that the stacking faults should be instinct stacking faults.

The microstructure of the TEM specimen after the
third tensile strain is shown in Figure 3. The former stack-
ing faults in Figure 2(c) disappear. Some deformation
twins (signed as ‘T’ in Figure 3(a)) inclined or parallel
to the crack are observed near the crack (Figure 3(a)).
The former stacking faults are confirmed to evolve into
deformation twins by comparing the microstructure in
Figures 2(c) and 3(a) carefully. The deformation twins
are further confirmed by the corresponding selected
area electron diffraction (SAED) patterns (Figure 3(b)).

High-resolution TEM image shows that the twin bound-
ary is flat and the width of the twin is only several
nanometers (Figure 3(c)).

The crack in the second and third strained specimens
is compared as shown in Figure 4(a). The crack in the
second strained specimen is rather sharp. The sharp crack
expands obviously at the place where some inclined twins
interact with the crack as shown by the red arrow in the
third strained specimen. It seems that the inclined twins
not only block the crack propagation, but also blunt the
crack tip. Similar results that the crack is blunted by the
inclined twins are found elsewhere (Figure 4(b)).

Although there are twins parallel to the crack at
the head of crack tip (Figure 4(a)), the crack tip still
keeps sharp. This result suggests that the twins paral-
lel to the crack have little effect on blocking or blunting
the crack. From the investigations of low-temperature
fracture of many austenitic steels with high Mn content,
transgranular cracking was also observed along {111}
planes and twin boundaries.[16,17] Those results are con-
sistent with the observation that crack could propagate
along the deformation twin boundaries without blunting
in this study. Previous studies show extensive evidences
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(a) (b)

Figure 4. (a) Schematic illustration of the crack propagation during straining and (b) crack interaction with twins.

that twins could serve as favorable sites for the formation
of fatigue cracks.[18,19] Twin boundary cracks were the
dominating crack events at medium amplitudes in 316
austenitic stainless steels.[19,20] Finite element simu-
lations also confirmed the substantial enhancement of
the driving force for the crack formation in a twinned
crystal relative to a single crystal.[21] Coherent twin
boundaries in face centered cubic (FCC) metals are the
ones with the lowest energy among all grain bound-
aries. In an energetic concept of material damage, such
high-coincidence boundaries should be relatively stable
and they are generally considered to be a strong bar-
rier to deformation.[22,23] How the crack propagates
along the twin boundary easily? This twin boundary
crack phenomena has been well explained by Heinz and
Neumann.[24] They evaluated the effects of twin bound-
aries using anisotropic elastic models and concluded that
twins induced local stress concentration, which increased
the probability of nucleating a fatigue crack at a twin. It
has been confirmed that the orientation of twin boundary
with the crack played an important role in affecting the
crack propagation. An inclined twin boundary orienta-
tion is more effective in enhancing the fracture toughness
than the parallel orientation.[25] The blunting of crack
by the inclined twins could change the propagation way
of the crack. However, once the crack turns to parallel
with the former inclined twins, it could also propagate
along those twin boundaries easily. Although the propa-
gation path of crack is changed and elongated, the crack
still keeps sharp along the twin boundary and the driving
force for the crack propagation is not released adequately.
That may be the reason why the post-uniform elongation
is very short in TWIP steels. In other words, although the
deformation twins improve the plasticity, they are of little
help or even are harmful for the fracture once a crack had
originated.

It should be pointed out that the fracture behaviors
observed in the thin TEM specimens are not all the same
as those in the corresponding bulk materials due to the

morphology difference. However, some characterizations
of the initiation and propagation of the crack should be
hold both in thin specimens and bulk materials.

In conclusion, Fe–25Mn–3Si–3Al TWIP steels were
ex situ tensile strained and observed using TEM to inves-
tigate the initiation and propagation of crack. Cracks
initiate related to the moving of dislocations and propa-
gate along the slip bands. Both twins parallel and inclined
to the crack are produced during the crack propagation.
The twins inclined to the crack notably block and blunt
the crack, whereas the parallel twins exhibit no effect on
the propagation of the crack.
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