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Heterogeneous grain structures with dual-nanoprecipitates have been designed and fabricated in a lightweight
steel. The size and the volume fraction of coherent x’—carbides are increased by aging treatment, while the
volume fraction of B2 precipitates and the heterogeneous grain structure are nearly unchanged after aging
treatment. The aged samples are found to have a better synergy of strength and ductility, as compared to the
unaged samples. The better tensile properties in the aged samples can be owing to the higher hetero-deformation-
induced hardening and the higher density of induced geometrically necessary dislocations during tensile
deformation. Two distinct precipitation hardening mechanisms are revealed for the dual-nanoprecipitates, i.e.,
bypassing mechanism for B2 precipitates and shearing mechanism for coherent k’—carbides. Numerous dislo-
cations can be observed both around and inside coherent x’—carbides. High density of stacking faults and
nanotwins can also be found in the grain interiors of the aged samples, resulting in strong strain hardening by
interaction between them and dislocations. The better tensile properties in the aged samples can also be
attributed to the stronger shearing precipitation hardening effect by larger size and higher volume fraction of

coherent k’—carbides.

1. Introduction

Lightweight steels with high performance, such as high strength,
large ductility and high fracture toughness, are generally needed and
attractive for industrial applications [1-20]. Compared to conventional
steels, the lightweight steels with Fe-Mn-Al-C system have attracted
extensive research interests since the addition of Al can be effective on
both weight reduction and achieving excellent mechanical properties [1,
2,4-10,13,15-19]. A good combination of strength and ductility can be
achieved in the Fe-Mn-Al-C lightweight steels with nanosized L’'1,
k—carbides [4]. The precipitation hardening mechanisms (shearing or
bypassing) for coherent k—carbides are dependent on the size of coherent
k—carbides. The nanosized coherent k—carbides could be sheared under
high stresses to produce weak hardening and cause local strain soften-
ing/localization on one hand, could become incoherent at grain
boundaries to promote crack initiation and embrittlement on the other
hand [18,21]. Therefore, non-shearable incoherent B2 particles were
introduced into the Fe-Mn-Al-C lightweight steels for further improving
the tensile properties [16,17], and the hard B2 particles can provide

strong strain hardening by bypassing precipitation hardening mecha-
nisms. However, large volume fraction of B2 particles are required for
high yield strength, which is generally accompanied by a significant loss
of ductility due to the intrinsically brittle nature of the B2 particles [16,
17]. Moreover, the size of B2 particles was hardly to be controlled in
nanoscale.

Recently, a novel approach with the concept of a dual-
nanoprecipitation (both x—carbides and B2 particles) was introduced
into Fe-Mn-Al-Ni-C lightweight steels, and superior tensile properties
were achieved in these steels [19,22]. In these steels, both shearing and
bypassing mechanisms could be operative, B2 particles could inhibit the
local strain softening and both precipitates could help to nucleate in
grain interiors for each other. Better tensile properties can be obtained in
these steels by optimizing the benefits from nanoprecipitates [19,
22-28].

The low yield strength for metals and alloys with coarse grains (CGs)
generally limits their practical applications, and such limitation can be
resolved by grain boundary strengthening and dislocation strengthening
[29,30]. However, the strength enhancement by these two mechanisms
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in homogeneous structures is generally accompanied with the reduction
in ductility. Heterogeneous grain structures [31-33] and gradient
structures [34-38] have been proven to be effective in obtaining
excellent synergy of strength and ductility due to the
hetero-deformation-induced (HDI) hardening [39,40]. HDI hardening
can be induced by the strain gradients and geometrically necessary
dislocations (GNDs) at the boundaries between hard/soft domains.
Thus, even better tensile properties could be obtained in the afore-
mentioned steels with dual-nanoprecipitation by deploying heteroge-
neous grain structures.

While, how the dual-nanoprecipitates and heterogeneous grain
structures affect the strain hardening behaviors and the tensile proper-
ties is still an open question. Specially, the size and volume fraction of
the coherent nanosize k—carbides could be tailored to further improve
the mechanical properties. In the present study, heterogeneous grain
structures with dual-nanoprecipitates were deployed in a Fe-29.02Mn-
8.76A1-4.99Ni-1.04C (wt.%) steel by cold rolling and subsequent
annealing, and excellent tensile properties were obtained in this light-
weight steel. Moreover, we have shown that better synergy of strength
and ductility can be achieved by adjusting the size and volume fraction
of the coherent nanosize k—carbides through aging treatment after
annealing, and the corresponding mechanisms have been revealed
through the detailed microstructure characterizations.

2. Materials and experimental procedures

The Fe-29.02Mn-8.76A1-4.99Ni-1.04C (wt.%) steel was cast and re-
melted several times by an induction furnace under protection of Ar
atmosphere. The as-cast ingots were then homogenized at 1473 K for 2
h, followed by water quenching. The ingots were hot-rolled at a starting
temperature of 1373 K into 4 mm thick plates, followed by cold-rolling
with a thickness reduction of 60%. The cold-rolling plates were annealed
at various temperatures (1073, 1173 K for 3 min, 1273, 1373 K for 30
min) under vacuum conditions, followed by fast cooling, these samples
are named AN1073, AN1173, AN1273 and AN1373. Some samples were
then aged at 873 K for 30min, and these sample are referred as AG1173,
AG1273 and AG1373.

The gauge dimensions of dog-bone specimens for quasi-static tensile
testing were set to be 18 x 2.5 x 1 mm®. The uniaxial tensile tests and
the load-unload-reload (LUR) tests were performed with an engineering
strain rate of 5 x 10~%/s and at room temperature under displacement
control utilizing an MTS landmark testing machine. The tensile loading
direction was along the rolling direction, and the displacement was
controlled and measured by an extensometer during tensile deforma-
tion. The other details for LUR tests can be found in our previous paper
[31,32]. Electron backscattered diffraction (EBSD), transmission elec-
tron microscope (TEM) and high-resolution TEM (HRTEM) were used to
characterize the microstructures prior to and after tensile testing. X-ray
diffraction (XRD) was used to reveal the phases and the volume fraction
for each phase. Energy disperse spectroscopy (EDS) was utilized to
characterize the element distributions. The other details for EBSD, TEM,
HRTEM, XRD, and EDS observations and sample preparations can be
referred to the previous research [33,41].
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Materials Science & Engineering A 857 (2022) 144085

3. Results
3.1. Microstructure characterizations prior to tensile testing

The heterogeneous grain structures have been characterized by EBSD
observations. The images of inverse pole figure (IPF) for the samples of
AN1073, AN1173 and AG1173 are shown in Fig. 1. In Fig. 1, the un-
recrystallized areas are defined when a value of grain reference orien-
tation deviation (GROD) is greater than 59 These un-recrystallized areas
still show a deformation band feature by cold-rolling, and while the
recrystallized areas display equi-axed grains. Thus these three samples
can all be considered as heterogeneous grain structures since both un-
recrystallized areas and recrystallized grains exist. The volume frac-
tions of the recrystallized areas are estimated to be about 4.1%, 59.6%
and 47.3% for the samples of AN1073, AN1173 and AG1173, respec-
tively. These observations indicate that the volume fraction of the
recrystallized areas increases with increasing annealing temperature,
while aging treatment has little effect on the heterogeneous grain
structures, only altering the size and volume fraction of nano-
precipitates, as shown later on.

XRD spectra for the AN1073, AN1173 and AG1173 samples are
displayed in Fig. 2a. The peaks for both the FCC phase and the B2 phase
can be clearly observed. While, the peaks of the austenite phase and the
k’—carbides are overlapped since they are coherent. Utilizing the (220)
diffraction peaks as examples in the close-up view of Fig. 2b, it is clearly
shown that these (220) peaks are asymmetric. Thus, the asymmetric
overlapped (220) peaks were separated into two peaks for the austenite
phase and the coherent k’-carbides utilizing the Gaussian fitting
(Fig. 2b). Then, the volume fractions of various phases can be calculated
using the integrated areas of diffraction peaks. The volume fractions of
B2 phase were estimated to be about 3.83%, 2.74% and 3.16% for the
AN1073, AN1173 and AG1173 samples, respectively. These observa-
tions indicate that the volume fraction of B2 phase is nearly unchanged
after aging treatment. The relative volume fractions of coherent
k’—carbides in the austenite matrix were calculated to be about 32.1%,
24.7% and 42.0% for the AN1073, AN1173 and AG1173 samples,
respectively. Thus the relative volume fraction of coherent x’—carbides
in the austenite matrix increases significantly after aging treatment. The
phase map by EBSD for the AG1173 sample is shown in Fig. 2¢, in which
both FCC phase and B2 phase can be identified. In the EBSD phase map,
the B2 precipitates can be found mostly at the positions of GBs and
triple-junctions, only a few B2 precipitates can be observed in the grain
interiors. The austenite phase and the coherent x’—carbides can’t be
differentiated by EBSD due to the coherent relationship, and these two
phases will be carefully characterized by TEM and HRTEM observations
later on. The B2 nanoprecipitates can also be observed in the grain in-
teriors by the bright-field TEM images, as indicated in Fig. 2d. Based on
the EBSD observations, the average size and the volume fraction of B2
precipitates at GBs and triple-junctions is estimated to be about 227 nm
and about 1.85%. This estimated volume fraction for B2 phase by EBSD
is much smaller than that obtained by XRD, since the B2 nano-
precipitates with much smaller size can’t be identified by EBSD and can
only be observed by TEM images.

The microstructures for the AN1173 and AG1173 samples were

Fig. 1. EBSD observations for selected samples. IPF images for (a) the AN1073 sample; (b) the AN1173 sample; (c) the AG1173 sample.
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Fig. 2. (a) XRD spectra for the AN1173 and AG1173 samples. (b) The asymmetric overlapped (220) peak and the separated two peaks for the austenite phase and the
coherent k’—carbides utilizing the Gaussian fitting. (c) The phase map by EBSD for the AG1173 sample. (d) Bright-field TEM image for the AG1173 sample showing
smaller B2 precipitates.

further characterized by TEM observations, as shown in Fig. 3. The for these two samples, and the dislocation density is found to be very low
bright-field TEM images for these two samples are displayed in Fig. 3a for the recrystallized CGs. Most of B2 nanoprecipitates with smaller size
and c. Both recrystallized CGs and un-recrystallized areas are observed are in the austenite grain interiors, instead of at GBs, should have

()
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Fig. 3. TEM observations for (a) (b) the AN1173 sample and (c) (d) the AG1173 samples. Bright-field images are given in (a) and (c), while dark-field images are
shown in (b) and (d). The coherent k’—carbides can be identified by the SAED in the insets.
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benefits for better tensile ductility. Based on TEM observations, the
average sizes of B2 nanoprecipitates were calculated to be about 78 nm
and 63 nm for the AN1173 sample and the AG1173 sample, respectively.
The volume fractions of B2 nanoprecipitates with smaller size were
estimated to be about 0.56% and 0.84% based on these TEM images for
the AN1173 sample and the AG1173 sample, respectively. Thus the total
volume fractions of B2 phase based on both EBSD and TEM should be

(b)
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about 2.41% and 3.48% for the AN1173 sample and the AG1173 sample
respectively, which are consistent with the previous XRD results. Based
on the dark-field TEM images in Fig. 3b and d, the average sizes of the
coherent k’—carbides are found to increase from about 2.25 nm to 4.33
nm, and the corresponding relative volume fractions are observed to
increase from about 22.9% to 37.2% for the AG1173 sample, as
compared to the AN1173 sample. These observations further confirm

Austenite
3 (f :t"l g %

Fig. 4. HRTEM images showing the coherent k’—carbides for (a) the AN1173 sample and (b) the AG1173 sample. The corresponding images after FFT and inverse

FFT for (c) the AN1173 sample and (d) the AG1173 sample.
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that the aging treatment has little effect on the grain structure of
austenite phase and on the size and volume fraction of B2 phase, while
produces larger size and much higher volume fraction for the coherent
k’—carbides. The formation temperature for the B2 phase is relatively
high, thus the volume fractions of the B2 phase remain nearly un-
changed during aging treatment (873 K).

The coherent k’—carbides in the austenite matrix are also charac-
terized carefully by HRTEM images, as indicated in Fig. 4. The HRTEM
images for the AN1173 sample and the AG1173 sample are displayed in
Fig. 4a and b respectively, and the insets show the corresponding images
after fast Fourier transform (FFT) for the rectangular areas. Thus, both
austenite phase and coherent k’—carbides can be identified by the images
after FFT. Moreover, the images after FFT and inverse FFT for the
AN1173 sample and the AG1173 sample are displayed in Fig. 4c and
d respectively. In Fig. 4c and d, the coherent x’—carbides are identified
and circled by yellow dash lines. The average sizes of coherent
k’—carbides are estimated to be about 2.15 nm and 3.97 nm, and the
volume fractions of coherent k’-carbides are calculated to be about
21.8%-36.8%, for the AN1173 sample and the AG1173 sample,
respectively. These results by HRTEM observations are consistent with
the aforementioned results by dark-field TEM images. These observa-
tions further confirm that the aged samples have larger size and higher
volume fraction of coherent x’—carbides as compared to the unaged
samples.

Elements distributions in nanoprecipitates are characterized by EDS
mapping. Fig. 5 shows EDS mappings of an area with several B2 particles
for the AG1173 sample. Moreover, the concentration distributions for
various elements along the marked line in Fig. 5a are also displayed in
Fig. 5b. It is clearly shown that Al and Ni elements are highly enriched in
the B2 phase, while Fe and Mn elements are deprived in the B2 particles,
these observations are consistent with the previous paper [19]. Previous
study also shows that C element is highly enriched and Fe element is
slightly deprived in the coherent x’—carbides as compared to the
austenite matrix [19].

3.2. Tensile properties and HDI hardening

The tensile properties for all samples in the present study are dis-
played in Fig. 6. The engineering stress-strain curves for selected sam-
ples (AN1073, AN1173, AN1273, AN1373, AG1173, AG1273 and
AG1373) are shown in Fig. 6a, while the corresponding curves of
hardening rate and true stress as a function of true strain are displayed in
Fig. 6b. As compared to the unaged samples, the corresponding aged
samples have a higher yield strength, but a smaller uniform elongation.
While, the aged sample of AG1173 has a much larger uniform elongation
with a similar yield strength, as compared to the sample annealed at a
lower temperature (AN1073). As shown in Fig. 5b, the highest hard-
ening rate and an up-turn phenomenon are observed in the AN1173
sample. It is also interesting to note that the AG1173 sample shows a
higher hardening rate and a small up-turn phenomenon at the similar
yield strength level as compared to the AN1073 sample, resulting in

(a)
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better tensile ductility. The up-turn phenomenon can be partly attrib-
uted to the HDI hardening. But other issues (yield strength, mobile
dislocation density, etc.) can also be related to the up-turn phenomenon
[42]. The decrease of work hardening capability after aging (AG1173 vs.
AN1173) can be attributed to the reduced free path for dislocation slip
and the weakening in the slip band refinement [43] due to the larger size
and the higher volume fraction of coherent k—carbides after aging. Yield
strength is plotted as a function of uniform elongation for all samples in
the present study, along with the data for the DUPLEX steels [5], the
TRIPLEX steels [3], and the high specific strength steels [15]. It is
interesting to note that the present steel shows better tensile properties
as compared to the other advanced lightweight steels. Moreover, the
aged samples (dash line) display a better synergy of strength and
ductility as compared to the unaged samples (solid line), and the cor-
responding deformation mechanisms will be revealed next.

In our aged samples, various boundaries exist for different domains
with dramatic difference in mechanical properties, such as un-
recrystallized areas for austenite phase, recrystallized austenite grains,
B2 precipitates and k’-carbides. Due to the accumulated GNDs and
strain gradients at these various domain boundaries, HDI hardening
should be produced to result in better tensile properties [31,39,40]. In
this regard, LUR test have been conducted for the selected samples (one
typical unaged sample of AN1173 and the corresponding aged sample of
AG1173), the corresponding LUR curves are displayed in Fig. 7a. The
typical hysteresis loops with close-up views are shown in Fig. 7b, in
which the unloading yield stress (o,,) and the reloading yield stress (o,)
can be determined. Then the HDI stress can be calculated based on the
equations proposed in our previous paper [39]: ogpr = (64 + 0r)/2). In
Fig. 7c, the curves of oyp; as a function of true strain for these two
samples are displayed. It is clearly shown that HDI stress and HDI
hardening play a more important role in the aged sample as compared to
the corresponding unaged sample, resulting in better tensile properties
in the aged sample.

4. Discussions
4.1. Strain hardening mechanisms revealed by EBSD

Generally, HDI hardening can be induced by strain gradients and
GNDs produced at various domain boundaries, and the density of GNDs
can be related to the KAM value in general using the strain gradient
theory [44,45]. Thus, the KAM mappings based on EBSD for the AN1073
sample and the AG1173 sample prior to and after tensile deformation
with a same tensile strain (about 6%) are shown in Fig. 8a-d. Then, the
corresponding distributions of KAM values prior to and after tensile
deformation for the aforementioned two samples are displayed in Fig. 8e
and f, and the average values of KAM increments for these two samples
are also provided. It is shown that the average values of KAM increments
for the recrystallized grains are much larger than those for the
un-recrystallized area. This indicates that the plastic deformation is
mostly accommodated by the recrystallized grains, and strain

(b)
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Fig. 5. (a) EDS mappings of an area with several B2 nanoprecipitates for the AG1173 samples. (b) Element distributions along the marked line in (a).
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Fig. 7. (a) LUR curves for two typical samples (one unaged sample of AN1173 and the corresponding aged sample of AG1173). (b) Close-up views of typical
hysteresis loops showing the determinations for the unloading yield stress (6,) and the reloading yield stress (o,). (¢) oups as a function true strain for the two samples.

partitioning exists between the recrystallized grains and the
un-recrystallized area during tensile deformation. It also should be
noted that the average value of KAM increments for the AG1173 sample
is much larger than that for the AN1073 sample (0.370 vs. 0.10).
Although the deformations of homogeneous structures and heteroge-
neous structures can both induce the KAM increment, the heterogeneous
structures should play a much more important role on the KAM incre-
ment. Thus, the aged samples with higher volume fraction of coherent
k’—carbides can produce higher HDI hardening and higher density of
GNDs, resulting in better tensile properties. Moreover, the higher
ductility of the AG1173 sample (as compared to the AN1073 sample)
can’t only be attributed to HDI hardening, the nature of higher forest
dislocation storage capability of the AG1173 sample with much higher
recrystallized area could also play an important role.

4.2. Deformation mechanisms revealed by TEM

The microstructures after tensile deformation for the AG1173 sample
were also characterized by TEM and HRTEM, as shown in Figs. 9 and 10,
respectively. As indicated in Fig. 9a and b, high density of dislocations
can be found in the grain interiors after tensile deformation, especially at
the adjacent area of B2 precipitates. Numerous dislocations are pinned
by B2 precipitates, and bypassing mechanisms have been revealed for
precipitation hardening of B2 precipitates. These B2 particles serve as
strain hardening agents by blocking dislocations, resulting in bypassing
hardening mechanism. Bypassing precipitation hardening of B2 parti-
cles should have great influence on the strain hardening and tensile
properties since the size and the interspacing of B2 precipitates are
hundreds of nm or less than 100 nm. Stacking faults (SFs) and defor-
mation nanotwins with interspacing at tens of nm can also be observed
in the grain interiors, as indicated in Fig. 9c. In general, SFs and

deformation nanotwins can be formed more easily in metals with low SF
energy (SFE) or medium SFE [46,47]. While, SFs can also be formed due
to the high stress induced under high strain rates or at extreme tem-
peratures in metals with high SFE [48,49]. According to the previous
paper with a similar material [50], the SFE for this steel should be about
80 mJ/m?. SFs can be formed in the aged samples, which might be due
to the induced high stress because of high density of coherent
k’—carbides with nanoscale in the grain interiors. Dislocation slip can be
blocked by SFs and twin boundaries, resulting in strong strain hardening
by interaction between them and dislocations.

Dark-field TEM image after tensile deformation for the AG1173
sample is shown in Fig. 10a. HRTEM image after tensile deformation for
the AG1173 sample is displayed in Fig. 10b. The images after FFT and
inverse FFT are shown in Fig. 10c and e. In Fig. 10e, dislocations are
marked by “L1”. The close-up view showing dislocations is given in
Fig. 10f. The size distributions prior to and after tensile deformation for
the coherent x’—carbides in the AG1173 sample are displayed in
Fig. 10d. It is indicated earlier that the size is larger and the volume
fraction is higher for the coherent x’-carbides in the aged samples
compared to the unaged samples, thus the interspacing should be
smaller for the coherent x’—carbides in the aged samples. The interaction
mechanism between dislocations and coherent k’—carbides is clearly
shown in Fig. 10e. High density of dislocations can be observed both
around and inside the coherent k’—carbides. Moreover, the dislocation
density is found to be significantly higher at the adjacent area of
coherent k’—carbides than that away from them. A shearing precipita-
tion hardening mechanism can be revealed for the interaction between
dislocations and coherent k’—carbides since high density of dislocations
can also be found inside coherent x’—carbides. Thus, the bypassing
precipitation hardening mechanism has been revealed for the harder B2
particles, and the softer coherent k’-carbides can be sheared by
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Fig. 8. KAM mappings for the AN1073 sample: (a) prior to tensile testing; (b) after tensile deformation (at a tensile strain of about 6%). KAM mappings for the
AG1173 sample: (c) prior to tensile testing; (d) at a tensile strain of about 6%. Histogram distributions of KAM values prior to and after tensile deformation for (e) the

AN1073 sample; (f) the AG1173 sample.

dislocations. The average size of coherent k’-carbides is found to be
smaller after tensile deformation as compared to that prior to tensile
deformation, due to the shearing hardening mechanism of coherent
k’—carbides. Thus, larger size of coherent x’—carbides after aging treat-
ment can resist shearing by dislocations and accumulate more disloca-
tions for stronger precipitation hardening. Both precipitation hardening
mechanisms can result in strong strain hardening for superior tensile
properties. Better tensile properties can be achieved in the aged samples
due to the stronger shearing precipitation hardening effect by larger size
and higher volume fraction of coherent k’—carbides, similar to the pre-
cipitation hardening effect for the other coherent nanoprecipitates [51,
52].

5. Conclusions

In the present study, Heterogeneous grain structures with dual-
nanoprecipitates have been designed and fabricated in a lightweight
steel (Fe-29.02Mn-8.76A1-4.99Ni-1.04C) by CR, annealing and aging
treatments. And then, the tensile properties and the deformation
mechanisms of the aged samples were studied and compared with those
of the unaged samples. The concluding remarks are listed as follows:

(€Y

(2

3)

4

The aging treatment is found to have little effect on the hetero-
geneous grain structure and the volume fraction of B2 pre-
cipitates. While, the size and the volume fraction of coherent
k’—carbides are found to be much larger/higher after aging
treatment.

A better synergy of strength and ductility can be achieved in the
aged samples as compared to the unaged samples, which can be
attributed to the higher HDI hardening and the higher density of
induced GNDs.

Two distinct precipitation hardening mechanisms were revealed
for the dual-nanoprecipitates, i.e., bypassing mechanism for B2
precipitates and shearing mechanism for coherent x’—carbides.
Larger size and higher volume fraction of coherent k’—carbides in
the aged samples can result in stronger shearing precipitation
hardening effect for better tensile properties.

High density of coherent k’-carbides at nanoscale can induce
high stress in the grain interiors, thus SFs and deformation
nanotwins are formed in the aged samples. Strong strain hard-
ening can be achieved by interaction between dislocations and
SFs/nanotwins in the aged samples for better tensile properties.
The present results should be helpful for achieving excellent
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Fig. 10. TEM and HRTEM characterizations after tensile deformation for the AG1173 sample. (a) Dark-field TEM image. (b) HRTEM image. (c)(e) HRTEM images

after FFT and inverse FFT. (d) The size distributions prior to and after tensile deformation for the coherent x’—carbides. (f) Close-up view of HRTEM image showing
dislocations.
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