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Abstract

Twinning-induced plasticity (TWIP) steels can exhibit high ultimate strength and
ductility, but low yield strength and thermal stability. Here we approach this problem
by introducing a heterogeneous microstructure comprised of soft, hard and thermally
stable regions in a model composition of Fe-22Mn-0.6C TWIP steel. This target
microstructure is achieved via a three-step processing route: cold rolling to introduce
nanotwin bundles, an aging treatment to transform highly defective regions to
thermally stable pearlite nano-lamellae, and an annealing step for relatively large,
ductile grains. We show that this microstructure generates a good balance between
high yield strength, good ductility, high ultimate tensile strength, and good thermal
stability. The main deformation mechanism of this unique heterogeneous structure is
deformation twinning. The high thermal stability can be attributed to the
transformation of the shear bands, introduced by cold rolling, into pearlite during the
aging process, and into the composite of nanograined austenite and nanograined
cementite formed during the subsequent isothermal annealing.
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1. Introduction

High-manganese, twinning-induced plasticity (TWIP) steels has attracted a great
deal of attention in the automotive industry due to an outstanding combination of
mechanical properties, such as high ultimate strength and high ductility [1, 2]. One
factor limiting the application of TWIP steels is, however, its relatively low yield
strength, which varies from 200 MPa to 400 MPa [2, 3]. High yield strength, at which
the material begins to deform permanently, is particularly important for most of the
frequently encountered service conditions, while high ultimate strengths and
toughness, for example, are important for the infrequent situations, such as impacts,
and the crash-relevant parts of the automobile. Therefore, improving the yield
strength, while maintaining, at the same time, high ultimate strength,
elongation-to-failure, and thermal stability of TWIP steels, is ideal.

Over the years many attempts to increase the properties of TWIP steels have
been reported and they include compositional adjustments [4-9], precipitation
strengthening [10], pre-straining by cold rolling [11, 12], recovery and partial
recrystallization of pre-strained sheet [13-17]. These methods either led to insufficient
increases in yield strength or successfully increased the yield strength but with
unacceptable losses in ductility and/or thermal stability.

One promising avenue to overcome these trade-offs is to design the TWIP steel
material with a heterogeneous microstructure [18, 19]. Heterogeneous structures can
be regarded as a hybrid material composed of “hard domains”, providing the
prominent strength, and “soft domains”, providing the ductility [18, 19]. This class of
material microstructure has proven to be effective in achieving the best combination
of strength and ductility. Examples include bimodal grain-size distributions [20-22],
gradient structures [23-25], bimetal laminate structures [26, 27], dual-phase or
multi-phase steels [28-30] and partially recrystallized structures [31-34]. Cold
deformation plus partial recrystallization is the most common method to fabricate

heterogeneous microstructure with single-phase materials [22, 31, 32]. However, the



heterogeneous microstructure produced by these methods are thermally less stable
[35]. The reason is that this type of heterogeneous microstructure comprises
nano-grained regions containing high densities of grain boundaries and defects, which
induce grain growth during exposure to elevated temperatures, even for relatively
short times (e.g., minutes).

Here we present an approach to produce a heterogeneous microstructure that
exploits the desirable features manifesting at both the micron scale and the nanoscale
in the same TWIP material. The key microstructural features span five orders of
magnitude and combines the ductility benefits of large grains, and the thermal
stability and high strength of coherent nanotwinned boundaries and nanosized
metal-matrix ceramic lamellar composite grains. The proposed processing route to
achieve this heterogeneous microstructure involves three steps: one mechanical and
two thermal treatments that induce phase transformations. Microscopy reveal how
each processing step relies on the prior one and leads to the target nanoscale features,

and in turn, how each feature contributes to the intended structural performance.

2. Experimental procedures

The Fe-22Mn-0.6C steel was cast in a medium frequency induction furnace using
pure raw material powders (purity higher than 99.9 wt%). The cast ingot was
homogenized at 1150 °C for 2 hours, then water quenched, and finally cold-rolled (at
room temperature) to a 50% reduction in thickness. To reveal the effect aging and
annealing on the microstructure, cold-rolled samples with and without aging (—Ag)
and with and without annealing (—A) were made. The aging step was performed at
400 °C for 336 hours and the annealing step was done at 600 °C for either 5 or 10
minutes (—A5 or —A10). The types of samples studied are summarized on Table 1.

From these samples, specimens were prepared and analyzed via transmission
electron microscopy (TEM), scanning electron microscopy (SEM), and tensile testing.
The TEM specimens were cut along the longitudinal direction of rolling. After
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mechanically grinding down to a thickness of ~100 um, disks with a diameter of 3
mm were punched out from the thin foils. The disks were then subjected to a twin-jet
electrochemical polishing in a solution of 5% perchloric acid and 95% ethanol at 25 V
and a temperature of around -20 °C. TEM observation was performed in an FEI Tecnai
G2 F30 transmission electron microscope, equipped with a high-angle
angular-dark-field (HAADF) detector and X-ray energy-dispersive spectrometer (EDS)
systems, operated at 300 kV.

To quantify the volume fraction of each region (nanotwinned bundles, shear
bands, etc) in each sample, SEM was performed in the normal direction (ND) plane in
both the transverse direction (TD) and rolling direction (RD). The scanning electron
microscope used a Hitachi SU-70 field emission gun (FEG-SEM) equipped with a
low-voltage, high-contrast detector (vCD) for the backscattered electron (BSE) mode.
To get representative data from the image analysis, areas in an range from ~ 0.6 mm x
0.25 mm to ~1.5 mm x 2.5 mm for different samples were analyzed using the Image J
software (available at http://rsh.info.nih.gov/ij). The SEM images are not shown for
brevity.

The effect of microstructural differences due to the intermediate aging step on
mechanical performance was evaluated by tensile testing. Uniaxial tensile tests of the
two sets of samples were performed on a universal testing machine at room
temperature with a nominal strain rate of 5x10 s™. All tensile specimens were flat
and dog-bone-shaped with a gauge length of 12 mm, a width of 2 mm, and a thickness
of 2.4 mm. The longitudinal axes of the tensile specimens were parallel to the rolling
direction. Moreover, the strain less than 5% was measured by extensometer. After the
tensile tests, TEM specimens were cut from the gauge sections along the load

direction.

3. Results

SEM and TEM analyses found that all the thermomechanical schedules in Table
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1 created samples with heterogeneous structures comprised of both micron and
nanoscale microstructural features.

First, the microstructure of the sample in the cold-rolled initial state after 50%
reduction (CR), before partial recrystallization and aging, is studied via SEM and
TEM. Nanotwin bundles and shear bands are typical deformation structures of TWIP
steel subjected to cold rolling [36]. Consistent with prior studies, many nanotwin
bundles and shear bands formed as a result of the deformation as shown in Fig. 1(a).
Statistical SEM analysis (see the supplementary material for details), finds the volume
fractions of the twin bundles (NT) and shear bands (SB), in the cold rolled sample, are
~84%, and ~16%, respectively.

Fig. 2(a) is a typical transmission electron microscopy (TEM) image of the
nanotwin bundles in the CR sample. These nanotwins bear a high density of
dislocations at the twin boundaries (TBs) and within the alternating twin/matrix (T/M)
lamellae. The cold rolling induced unstable shear bands. TEM analysis finds that the
shear bands crossed the NT bundles. Fig. 2(b) is an image of a typical shear band
about 200 nm thick intersecting the T/M lamellae. This band, like the others, is
comprised of weakly textured, nano-sized grains, as indicated by the SAED pattern at
the top right.

Next we examine the microstructure after cold rolling and the aging step (R-A).
Fig. 3(a) is a typical bright-field TEM image of this R-A sample. From analysis of
100 images, two regions bearing nanoscale structures are frequently seen: 1) nanotwin
bundles and 2) a lamellar structure. Based on the SAED pattern (Fig. 3(b)), the latter
region is indexed as a composite SAED of [111]-oriented a-ferrite and [010]-oriented
(Fe, Mn)3C cementite. The orientation relationship (OR) between o ferrite and (Fe,
Mn)sC cementite is: a [111] // (Fe, Mn)sC [010] and a (011) // (Fe, Mn)sC (103),
which is the well-known Isaichev OR between ferrite and cementite [37, 38]. The
two-phase pearlite region is the consequence of the decomposition of the austenite

phase during aging. The EDS results (Fig. 4) indicate the darker and thinner lamella is



cementite enriched with Fe, Mn, C, and the brighter and thicker lamella is a-ferrite
enriched with Fe. The average thicknesses of the a-ferrite and cementite lamellae

(based on 100 lamellae) are 27.5 = 10.3 nm and 47.6 £ 20.6 nm, respectively.

Another interesting finding is that the aging step removes the shear bands. It can
be inferred that shear bands were transformed into pearlite colonies since the
distribution and shape of the pearlite colonies in CR-Ag samples (Fig. 1(d) are
basically the same as those of the shear bands in the CR sample (Fig. 1(a)). The
excess energy stored in the shear bands containing high density high-angle grain
boundaries is much higher than that in the twin bundles [39]. Meanwhile, it has been
reported that pearlite prefers to nucleate in the regions of high-energy defect storage
[40]. The volume fraction of the pearlite is ~21% according to statistical measure
from SEM images (see the supplementary material for details), which is larger than
the volume fraction of the shear bands before aging treatment. Taken together, while
the CR and CR-Ag samples are both heterogeneous, consisting of nanotwinned
bundles and relatively larger grains, the annealed structure of the CR-Ag has much
more pearlite and less defective shear bands.

Tensile testing was carried out on several samples of CR and CR-Ag. Figs. 5(a)
and (b) show typical tensile engineering stress-strain curves of these samples. The
curves show a high yield stress (MPa) but failure immediately after yielding. To
summarize, these two samples, after just cold rolling, and also after cold rolling and

the aging treatment, lacked ductility.

To establish the last reference, the microstructures of samples that were cold
rolled and annealed for five or ten minutes (CR-A5 and CR-A10) were analyzed. In
essence, the annealing step introduced micron-sized static recrystallization (SRX)
grains into the cold-rolled structure. Figs. 2(b) and (c) show that the morphologies of
these samples exhibit a small volume fraction of nanotwin bundles, remaining from
the cold-rolled microstructure, embedded in micron-sized SRX grains. The shear
bands formed during rolling, and parts of the nanotwin bundles, have been consumed

by the growth of these SRX grains. With increasing annealing time from 5 mins to 10
6



mins, the volume fraction and the grain size of the SRX grains increase. Statistical
analysis of SEM data (see the supplementary material for details) indicates that the
volume fractions of the SRX grains in CR-A5 and CR-A10 are ~56% and ~89%,
respectively. The average sizes are 5.34 + 3.06 um and 6.56 + 3.50 um, respectively,
for the CR-A5 and CR-A10 samples.

Tensile testing of CR-A5 and CR-A10 is performed to determine the influence of
the SRX grains on the deformation response. The results are shown in Fig. 5(a).
Compared to the CR samples, the strength decreases and ductility increases after
annealing. The deformation microstructures contain high defect densities that tend to
recrystallize too quickly during even the shortest annealing time. The result is usually
a great loss in strength. As a pertinent example, Tian et al. [35] demonstrated that
when a cold rolled TWIP steel was annealed at 550 °C for only 4 minutes, the yield
strength dropped dramatically from 1810 MPa to 793 MPa.

Finally, the microstructures of the samples that were cold-rolled (CR), aged (Ag),
and annealed (A5 or A10), denoted as CR-Ag-A5 and CR-Ag-A10, were studied
using TEM and SEM. Unlike the other samples that were rolled only, rolled and aged
only or rolled and annealed only, these samples had the desired multi-phase
heterogeneous structure. Three distinct regions characterize this new structure:
micro-grained SRX grain region, NT bundles region, and nano-sized grain region.

Figs. 1(e), (f) and Fig. 6(a) show typical SEM and TEM images of these samples.
As shown, parts of the NT bundles transform into soft microcrystalline SRX grains.
According to SEM statistics (see the supplementary material for details), the volume
fraction and grain size of the SRX grains increase with the increasing annealing time
from 5 to 10 mins. The SRX grain volume fractions are ~22% in CR-Ag-A5 and ~35%
in CR-Ag-A10, respectively, and the concomitant SRX grain sizes are 3.54 £ 2.07 pm
t0 5.27 + 3.51 pm.

During annealing, the pearlite region that formed during the aging treatment

spheroidizes and evolves into a dual-phase region mixed with nano-sized grains of



austenite and cementite. Fig. 6(b) shows a typical TEM observation, with their
corresponding SAEDs, of this mixed nano-sized grain region, comprised of
elliptical-shaped cementite and polygonal-shaped austenite. The volume fraction of
the nano-sized grain region remains unchanged with increasing annealing time,
accounting for 18% volume fraction. Meanwhile, the average grain sizes of austenite
and cementite increases slightly from 220.44+74.10 nm to 254.13 + 78.72 nm and
from 66.10 + 22.73 nm to 72.50 + 24.11 nm, respectively.

Tensile testing of CR-Ag-A5 and CR-Ag-Al0 was used to determine the
deformation response of this heterogeneous structure. Fig. 5(b) show typical tensile
engineering stress-strain curves. For CR-Ag-A5 sample, the yield strength, ultimate
strength, and elongation-to-fracture were 850 MPa, 1200 MPa and 28%.
Comparatively, in the CR-Ag-A10 sample, the yield and ultimate strength decrease
and the ductility increases slightly. The sample CR-Ag-A5 exhibits the best
mechanical performance in all the samples studied.

To determine the deformation mechanisms underlying the tensile response, TEM
was used to characterize the microstructure of the CR-Ag-AS5 sample after tensile test,
two morphological changes were found. First, micron-sized bundles of nanotwins,
containing a high density of dislocations (Fig. 6(c)) were found, in greater volume
fraction than that in the sample before tensile testing. It is envisioned that the
micron-sized SRX grains deformed via twinning during the tensile test. Second, the
nano-sized grain region dramatically evolves. While the elliptical shaped, nano-sized
cementite remains un-deformed, as labeled with black arrows in Fig. 6(d), the
nano-sized austenite has transformed into nanotwin bundles with thinner and denser
nanoscale lamellae than those in the micrometer sized grains (Fig. 6(c)), as labeled
with white arrows in Fig. 6(d). These results indicate that twinning is a major

deformation mechanism in the optimized heterogeneous structure.

4. Discussion



Incorporating the intermediate aging treatment enhanced the thermal stability of
the TWIP steel. After the 5-minute anneal, the volume fraction of the SRX accounts
for ~65% in CR-AS5, while it is only ~22% in CR-Ag-A5. When prolonged the
annealing time to 10 minutes, the volume fraction of the SRX grains accounts for ~89%
in CR-A10, while its value just accounts 35% in CR-Ag-A10. Besides, comparing the
tensile properties of the CR-Ag-A10 sample and the R-A5 sample finds that the aged
structure presents both a higher yield strength and ultimate strength after the
10-minute anneal than the cold-rolled structure after the 5-minute anneal.

The enhancement in thermal stability caused by the aging treatment can be
explained through its effect on the microstructure. First, aging causes a substitution of
an unstable, high-energy deformed structure with a thermally stable one. For TWIP
steels with low SFEs, typical deformation structures such as twin bundles and shear
bands, would be induced by pre-straining [36]. Static recrystallization preferentially
occurs in the shear band region due to its high excess energy [31]. During the aging
treatment, however, the high-energy shear bands were substituted by laminar pearlite,
and then in the subsequent annealing treatment, this region transformed into a region
mixed with nano-sized cementite and austenite grains. In this mixed dual-phase
structure, most of the grain boundaries between the two phases can be pinned
significantly retarding their movement [41]. As a result, the grain sizes of austenite
and cementite within the nano-sized region will grow slowly during the annealing
process. Finally, another important reason is that the aging treatment at 400 °C could
have also recovered some of the dislocations that had accumulated within the
nanotwin bundles. It has also been reported that dislocation density could be reduced
by the aging treatment [42, 43].

It is realized that while adding the intermediate aging treatment provides the
desired thermal stability it extends the overall material processing time. Future
attention could be paid to optimizing the intermediate aging process to attain the

target thermal stability for the minimum aging time.



The high strength of the heterogeneous TWIP steel made here originates from the
two harder regions of the microstructures: the nanotwin bundles and the nanograin
regions, with volume fractions of 60% and 18%, respectively. Within the nanotwin
bundles, the twin boundaries are strong obstacles to the movement of dislocations
[44]. The strength of the twin bundles can reach ~2.0 GPa according to previous
reports [31]. According to the Hall-Petch effect, the nano-sized grain region,
containing a mix of nanograins of austenite, also contributes to the high strength.
Within the nanograin regions, the austenite/cementite interface provides another
obstacle for dislocation motion, which is also an important strengthening mechanism,
as has been extensively demonstrated in steels [45, 46].

Comparing the microstructure evolution and tensile properties of the two sets of
samples, we can conclude that adding the intermediate aging treatment decreases
speed of recrystallization that transforms the deformed structure into SRX grains.
The SRX grains can give rise to the trade-off in strength and ductility seen in
conventional metals, leading to a weaker material while extending ductility. The
heterogeneous microstructure created by adding the intermediate aging treatment
delays the softening of the material.

The micron-sized SRX grains are responsible for the relative high ductility. They
have good ductility with an elongation-to-fracture about 80% according to the
CR-A10 sample with almost full recrystallization structure. The microstructure of the
heterogeneous TWIP steel shown by TEM observation reveals that during the tensile
test both the SRX austenite and the nano-sized austenite in the nano-sized region
deforms mainly by twinning. Thus, the microstructure still exploits the characteristic
TWIP effect in deformation, profusely activating nanoscale deformation twinning

known to result in good ductility [47].

5. Conclusions

In summary, we present an approach for making a TWIP steel with an unusually
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highly heterogeneous microstructure, containing sizeable amounts of micron-sized
austenite grains, nanotwin bundles, and nano-sized austenite/cementite composite
grains. The manufacturing route involves cold rolling, an intermediate aging treatment,
and final annealing step. The new heterogeneous structure enables a two-fold increase
in yield (850 MPa) compared to TWIP steels, while remarkably maintaining a high
ultimate tensile strength (1200 MPa), excellent thermal stability (compared with its
traditional TWIP counterpart), and a uniform elongation of 28%. The possible
mechanisms responsible for the microstructural changes resulting from each
processing step are discussed. The high thermal stability comes from substitution of
unstable shear bands with stable laminar pearlite and then mixed with nano-sized
cementite and austenite grains. Testing and microscopy analysis find that the main
deformation mechanism of this unique heterogeneous structure is deformation

twinning.
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Fig. 1. Typical SEM images of the two sets of sample (a) the CR sample; (b) the
CR-A5 sample; (c) the CR-A10 sample; (d) the CR-Ag sample; (e) the CR-Ag-A5
sample; (f) the CR-Ag-A10 sample.

Fig. 2. Typical TEM images of CR sample: (a) a bright-field TEM image and its
corresponding SAED pattern showing the existence of nanotwins; (b) a characteristic
bright-field TEM image showing a shear band labeled as “SB” that intersects with the
T/M lamellae, and a SAED pattern acquired from the white circle region.

Fig. 3. (a) Characteristic TEM image of CR-Ag consisting of two regions: the
nanotwin bundles region labeled as “NT” and the pearlite region. (b) Microstructure
of the pearlite region and the corresponding composite SADP of the [111] zone axis
reflections of a ferrite and [010] zone axis reflections of (Fe, Mn)3C cementite.

Fig. 4(a) HAADF image showing the typical morphology of the lamellar pearlite. The
numbers 1 and 2 are positions of the EDS measurements. (b) and (c) EDS displaying
the composition of the points 1 and 2 in (b).

Fig. 5. Tensile engineering stress-strain curves of (a) the cold rolled set of samples; (b)
the aged set of samples;

Fig. 6. (a) A typical TEM image of a CR-Ag-A5 sample, showing a multi-phase
18



heterogeneous structure consisting of three typical regions: micro-grained SRX grain
region, nanotwin bundles region (labeled as NT), and nano-sized grain region (labeled
as NG). (b) A close TEM observation of the nano-sized grain region showing elliptical
cementite (Fe, Mn)3C and polygonal y austenite and their corresponding SADPs
inserted. Typical bright-field TEM images of the CR-Ag-A5 sample after tensile test
(c) showing the nanotwin bundles with high density of dislocations and the
corresponding SADP; (d) showing un-deformed cementite labelled with white arrows

and nanotwin bundles labeled as “NT” with thinner and denser twin lamellae.

Table 1. Specific processing parameter of the two sets of samples.

Cold rolling Annealing time
reduction Aging treatment (minutes) Referred to as
in thickness at 600 °C
— CR
S 5 CR-A5
10 CR-A10
50%
— CR-Ag
400°/336h 5 CR-Ag-A5
10 CR-Ag-A10
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