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ARTICLE INFO ABSTRACT

The recrystallization behavior of a high-Mn high-Al lightweight steel (Fe-28.4Mn-8.3A1-1.27 C (wt%)) with 50%
cold rolling deformation is investigated at the annealing temperature of 800 °C, 900 °C and 1000 °C. The detailed
microstructure evolution is characterized by optical microscopy (OM), scanning electron microscopy (SEM),
electron backscatter diffraction (EBSD), X-ray diffraction (XRD), electron probe micro-analyzer (EPMA) and
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Grai_n size . . transmission electron microscopy (TEM). The partial recrystallized bimodal austenite grains and k-phase (Fe,
Strain hardening behavior N R . . . ) N N
Toughness Mn)sAIC form at 800 °C, while fully recrystallized austenite grains without k-phase appear at 900 °C and 1000 °C.

With the increase in annealing temperature, the increased frequency of annealing twin boundaries reduces the
average austenitic grain size and the dispersion of the austenite grain size effectively. The effect of austenite
grain size on the tensile properties is discussed. The strain hardening behavior is also investigated by Hollomon
analysis and C-J analysis, and the later one is better to explain the strain hardening behavior in different four
stages. The recrystallization behavior significantly improves the tensile toughness from 59 MJ/m® to 436 MJ/m?
at the expense of tensile strength decrease from 1460 MPa to 890 MPa, due to the homogenous fine austenite
grains and high frequency of high misorientation angle. The steel with fully recrystallized austenite grains of
10.0 pm annealed at 900 °C exhibits the optimum mechanical properties with excellent tensile strength of

965 MPa, ductility of 48.3%, and good toughness of 400 MJ/m>.

1. Introduction

The lightweight Fe-Mn-Al-C steels have drawn much attention in
recent years for the application in automotive industry, due to their
excellent mechanical properties and low-density potential [1-11]. Ac-
cording to the chemical composition, Fe-Mn-Al-C steels can be classified
into ferritic steels, duplex steels and austenitic steels [3]. Austenitic
steels containing a high Mn content of 12-20 wt%, high Al content of
5-12 wt% and 0.6-2 wt% C content are the most attractive for material
researchers due to their extraordinary tensile properties and superior
strain hardening behavior [7]. This type of steels has two states: aged
and non-aged.

For the aged austenitic Fe-Mn-Al-C steels, k-phase precipitation
hardening is a significant strengthening method, and the related work
about k-phase precipitation behavior and strain hardening mechanisms
have been intensively studied [12-34]. The nano-sized intragranular k-
phase strengthening can provide high yield strength of 800-1200 MPa
and good ductility of 30-50% [12-14], while the intergranular k-phase

precipitation controls the toughness and leads to low ductility [7],
depending on the chemical composition, aging temperature and aging
time [15-18]. The deformation mechanism in the lightweight high-Mn
high-Al steels is controversially discussed in previous studies. Yoo et al.
[19,20] reported that the formation of microbands contributes to the
excellent plasticity and high strength in Fe-28Mn-9Al-0.8 C alloy and
Fe-28Mn-10Al-1.0 C alloy, named microband induced plasticity (MBIP).
However, the work from Choi et al. [12] reported less tensile elongation
with the same steel composition of Fe-28Mn-9A1-0.8 C and explained
the plastic deformation behavior with the formation of planar slip
bands related to the shearing of k-phase by dislocations. The de-
formation mechanism of Fe-30.4Mn-8Al-1.2C steel was also in-
vestigated with two states: solution treatment at 1100 °C for 2h and
annealed at 600 °C for 24h [21,22]. The deformation microstructure
observed by electron channeling contrast imaging (ECCI) indicated the
formation and refinement of planar slip bands with the increasing of
true strain, regarded as dynamic slip band refinement (DSBR). For non-
aged austenitic Fe-Mn-Al-C steels, short-range ordering (SRO) clusters
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[22-25] in the solution state also contribute to planar glide and has the
same restriction influence on the interaction of dislocations as k-phase,
called ‘glide plane softening’ [35]. These proposed mechanisms are
suitable for the explanation of strengthening mechanism for both aged
and non-aged Fe-Mn-Al-C steels [19-23].

Grain size refinement is also an important strengthening mechanism
[36-38], especially for non-aged Fe-Mn-Al-C steels. The recrystalliza-
tion annealing combined with cold rolling is a very effective approach
for the austenitic grain size refinement, since most of the automobile
steels with thin gauge are produced by cold rolling and subsequent
annealing [39-42]. Thus, recrystallization behavior is an important
factor to control the mechanical properties. Although many literatures
focus on the isothermal control of k-phase precipitation and the related
strain hardening mechanisms on the precipitation-hardened steels, the
investigation on the recrystallization behavior for the non-aged Fe-Mn-
Al-C austenitic steels is inadequate, especially for the steels produced by
thin strip casting process.

In the present study, the purpose is to clarify the recrystallization
behavior in such material produced by thin strip casting process and
50% cold rolling deformation. SEM and EBSD techniques are employed
to characterize the microstructure evolution at different annealing
temperature. The combination of XRD, TEM and EPMA focuses on the
phase constitutes and k-phase precipitation during the annealing pro-
cess. The austenite grain size effects on the mechanical properties and
the strain hardening rate are discussed. In addition, the tensile tough-
ness is also analyzed according to the related fracture surface and
tensile strength.

2. Experimental procedure

The investigated material in this work is high-Mn high-Al steel
produced by thin strip casting process. The exact chemical composition
determined by wet chemical analysis method is Fe-28.4Mn-8.3Al-
1.27C-0.25Si-0.01S-0.01 N (wt%). The density of the investigated ma-
terial was measured to be 6.75 g/cm® by Micromeritics gas pycnometer
(AccPyc Pyknometer 1330), 14.2% lower than the conventional steels
with density of 7.87 g/cm®. According to the subregular solution ther-
modynamic model [43], the stacking fault energy (SFE) of this steel was
calculated to be about 88.4 mJ/m? In order to determine appropriate
recrystallization annealing temperature, the equilibrium phase fraction
as a function of temperature for the investigated material was calcu-
lated using the Thermo-Calc software [44] and Hallstedt database [4],
shown in Fig. 1. It indicates that the x-phase (KAPPA_E21) emerges
below 805 °C, thus the recrystallization annealing temperature here is
set to 800 °C, 900 °C and 1000 °C, respectively.

The schematic material preparation process is presented in Fig. 2.
The material was melt under Ar atmosphere and strip cast into sheets
with 2.0 mm thickness through twin-roll strip casting machine at the
Institute of Metal Forming (IBF) of RWTH Aachen University. To
moderate the as-cast dendrites and the chemical segregation, the sheets
covered with protective foil were reheated to 1150 °C for 5h in Ar at-
mosphere and subsequently water quenched to room temperature. In
order to study the recrystallization behavior, the sheets were cold rolled
to 1.0mm thickness with 50% reduction to provide driving force of
recrystallization. The subsequent recrystallization annealing was car-
ried out at 800 °C, 900 °C and 1000 °C for 20 min, respectively. For the
convenience of description in the following sections, they are termed as
state 800, state 900 and state 1000, respectively.

The microstructure evolution of strip cast state, homogenization
state, and cold-rolled state with different recrystallization annealing
heat treatment was observed using an optical microscope (OM). The
metallographic specimens for OM observation were color etched in LB-
Atzung solution. A field emission scanning electron microscope (FE-
SEM, Zeiss SIGMA) combined with Oxford electron backscatter dif-
fraction (EBSD) and energy dispersive X-ray spectroscopy (EDX) was
used to perform the further microstructure analysis. The specimens for
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Fig. 1. Equilibrium phase fraction of the investigated material as a function of

temperature.
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Fig. 2. Schematic process of the investigated material after thin strip casting, in
order to study the recrystallization behavior.

SEM observation were etched in a solution with 5% Nital for 15 min at
room temperature. The specimens for EBSD analysis were electro-po-
lished using a Struers A2 electrolyte with about 85% ethanol, 10% 2-
butoxyethanol and 5% water for 15s at 30 V. The EBSD measurements
were operated at a voltage of 20 kV to scan areas of 600 pm x 450 um
with a step size of 1 ym. The characterization of OM, SEM and EBSD
techniques was performed on the rolling direction (RD) plane, i.e. the
plane which is perpendicular to the rolling direction.

The EBSD data analysis was carried out using HKL Channel-5 soft-
ware. The grain boundary distribution and Kernel average misorienta-
tion (KAM) [39] of the substructure were obtained to determine the
recrystallization behavior. Low angle grain boundaries (LAGBs) were
defined as the misorientation angles ranging from 2° to 10°, and high
angle grain boundaries (HAGBs) were defined as the misorientation
angles higher than 10°, including the twin boundaries (TBs)
(3 =60° < 111 >). The boundaries with misorientation angles
smaller than 2° were ignored to remove the inaccurate points. Mis-
orientation angle distributions of different annealing states were
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obtained to discuss the relationship between grain boundaries and
toughness.

X-ray diffraction (XRD) patterns were measured on the normal di-
rection (ND) plane (the plane which is perpendicular to the normal
direction) with power diffractometer Stadi MP at room temperature in
the range of 5°-85° with Mo K, radiation source and step size of 0.015°
(2Theta) to characterize the phase constituents before and after the
recrystallization annealing. In addition, electron probe micro-analyzer
(EPMA) was also applied to acquire the 2D element maps of the ele-
ments distribution.

Detailed microstructural characterization were performed with a
field-emission transmission electron microscopy (TEM, FEI Tecnai G?)
equipped with energy dispersive X-ray spectroscopy (EDX) at 200 kV.
The samples were ground mechanically to 50 pm in thickness, punched
into disks of a diameter 3 mm, and then twin-jet polished in an elec-
trolyte containing 8% perchloric acid and 92% ethyl alcohol at —30 °C.

Tensile tests were performed with a constant strain rate of 1 x 103
s~ ! at room temperature in a Zwick-100 tensile machine. According to
DIN EN ISO 6892-1, the flat tensile samples were prepared perpendi-
cular to the rolling direction, with the dimension of gauge length
20 mm and width 6 mm. After tensile tests, the fracture surfaces were
observed using FE-SEM with EDX and the fractographic images com-
bined with the misorientation angle distribution were also discussed.

3. Results
3.1. Initial microstructure

The initial microstructural images after strip casting, homogeniza-
tion at 1150 °C for 5 h and cold rolling process are shown in Fig. 3. The
dendritic structure nucleated at the interface between the casting strip
and the cooled casting rolls and grew towards the strip center reaching
up to 800 um during strip casting, and the columnar dendrites stopped
to grow and partially broken at the front, shown in the inset of Fig. 3a.
The strip center area has pronounced Mn element microsegregations,
shown in Fig. 3g-h. The homogenization after strip casting eliminates
the dendritic structure and forms large long grains along the normal
direction and small equiaxed grains along with annealing twinning
(Fig. 3b). Homogenization annealing can easily dissolve microsegra-
tions [45]. Compared with cast strip, both deviation and wavelength of
the Mn element after homogenization at 1150 °C for 5h decrease,
shown in Fig. 3h.

In the inset of Fig. 3c, numerous deformation bands exist in the
deformed austenitic grains after the 50% reduction in cold rolling
process, which provide the driving force for further recrystallization
behavior. SEM observation of the cold rolled sample shows the de-
formation bands along two principal directions in a grain and appear
wavy in some areas, shown in Fig. 4a, and they depict the narrow lo-
calized deformed areas at the macroscopic scale. Details of the de-
formation bands are analyzed using TEM, shown in Fig. 4b—c. It pre-
sents intensive refined slip bands with a high density of dislocations
along {111} slip plane, and their bandwidth is about 60 nm. The de-
formation is typical planar dislocation glide. With the increase in strain,
the dislocation sources are activated first and then emit dislocations on
the slip planes; the slip planes filled with dislocations appear as slip
bands throughout the grain. Subsequently, more dislocation sources are
activated to accommodate further plastic strain and stimulate the for-
mation of new slip bands, leading to the reduced spacing between slip
bands during plastic deformation. This phenomenon is called the dy-
namic slip bands refinement (DSBR), resulting in high continuous strain
hardening. The results shown in Fig. 4 resemble those in ref. [22].

3.2. Recrystallized microstructure

The optical microstructure images of recrystallization annealed
samples are shown in Fig. 3d-f. For state 800, the fraction of
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recrystallized grains accounts for 80%, and non-recrystallized grains
still exist within the dot lines. It indicates that the microstructure at
annealing temperature 800 °C is partial recrystallization. The micro-
structure of state 900 and state 1000 is fully recrystallized grains, and
the grain size is increased with the increase in annealing temperature.

The EBSD boundary maps of the material with different states are
shown in Fig. 5. Low angle grain boundaries (LAGBs), high angle grain
boundaries (HAGBS) and twin boundaries with
%3 =60° < 111 > coincidence orientation relationship are plotted by
green lines, black lines and red lines, respectively. For the cold-rolled
state, the large elongated austenitic grains with diameter about 200 um
are full of LAGBs, observed in Fig. 5a. For state 800, the microstructure
exhibits a bimodal structure: ultra-fine recrystallized grains and some
large non-recrystallized grains within dense LAGBs, shown in Fig. 5b. It
indicates that partial recrystallization causes severe inhomogeneous
grains size distribution. For state 900, the microstructure is fully re-
crystallized fine austenite grains with the annihilation of LAGBs, shown
in Fig. 5c. For state 1000, the fully recrystallized microstructure shows
coarse equiaxed grains. Most of the recrystallized grains contain
abundant annealing twin boundaries [46], similar results are also ob-
tained in Fig. 5c-d.

Due to the existence of twin boundaries, two different average grain
sizes have been measured: the grain size without considering twin
boundaries and the grain size considering twin boundaries, shown in
Fig. 6. The austenitic grain size distribution without considering twin
boundaries is more scattered than that of considering twin boundaries
(Fig. 6a). The statistics of £3 twin boundary frequency in Fig. 5b-d is
29%, 39% and 49% at the annealing temperature of 800 °C, 900 °C and
1000 °C, respectively. When the twin boundaries are considered, the
average austenitic grain size increases from 7.0 um to 10.0 pm and fi-
nally to 21.2 um with the annealing temperature increase from 800 °C
to 1000 °C; on the other hand, the average austenite grain size increases
from 8.5 um to 16.3 um and finally to 44.0 um without considering twin
boundaries. The annealing twin boundaries effectively reduce the
average austenitic grain size and the dispersity of the austenitic grain
size. In the following sections, the mentioned average austenitic grain
size is regarded as the austenite grain size considering twin boundaries.

In order to distinguish the initial deformed grains and the re-
crystallized grains, the KAM maps are also obtained from the EBSD
measurements for different states, shown in Fig. 7. The degree of mis-
orientation related to the stored strain energy [47] is presented with
different colors. Most of the green areas with KAM higher than 2°
correspond to high stored energy area with high density of geome-
trically necessary dislocations (GNDs) [48], shown in Fig. 7a-b, and the
recovery and recrystallization lead to approximately zero local mis-
orientation due to the annihilation and rearrangement of GNDs. The
high annealing temperature is beneficial for fully recrystallization and
relaxation of the stored energy, shown in Fig. 7d. The similar results
were also found in the ref. [49].

The misorientation angle distribution of samples with different
states is shown in Fig. 8. It demonstrates that most of the grain
boundaries in the samples with different annealing temperature are
high misorientation angles, and this phenomenon reveals the re-
crystallization behavior [36]. The relative frequency of small mis-
orientation angle in the cold-rolled state is higher than that of other
states; on the other hand, the relative frequency of high misorientation
angle (especially above 55°) increases with the increase in annealing
temperature, which is related to the high toughness due to the large
energy consumption for crack propagation encountered large-angle
grain boundaries [50].

3.3. Carbide precipitation
Fig. 9 shows the SEM images of particles in the samples annealed at

800 °C and 900 °C, respectively. The white particles precipitated in state
800 have three different morphologies. The first type is spherical



F. Jietal Materials Science & Engineering A 733 (2018) 87-97

Mn Level
104

@
o

Mn content (wt.%)

N
o
T

k] As cast
2% —— Homogenization
Wi ; 3 18 10 L ! 1 L
g gl e 3 bl 12 strip 200 400 600 800 strip
% Strlp surfme ) ~ {100 pm 6 surface Distance (um) center

Fig. 3. Optical images and elemental analysis of steel under different processing conditions: (a) strip casting, (b) homogenization at 1150 °C for 5h, (c) cold rolling
with 50% reduction, (d) state 800, (e) state 900, (f) state 1000, (g) element mapping of Mn in (a), and (h) concentration profiles of Mn in the cast strip (black line)
and homogenization strip (red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

particles with size about 2 um distributed at the grain boundaries (de- grain boundaries (Fig. 9b-c). According to the EDX analysis results, the
picted in Fig. 9a), the second type is spherical particles with the size less atomic mass ratio of particle A in the red circle in Fig. 9a is C: Al: Mn: Fe
than 2 pm inside the grains (Fig. 9b), and the third type is needle-like =17.01: 10.69: 29.39: 42.50, while the atomic mass ratio of the aus-

particles of 4 um distributed within the austenite grains adjacent the tenitic matrix in the green circle B is C: Al: Mn: Fe= 6.21: 8.31: 29.05:

Fig. 4. (a) SEM image, (b—c) TEM high magnification images of deformation bands in the 50% cold rolled steel and (c) the corresponding selected area electron
diffraction pattern.
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Fig. 5. EBSD boundary maps of the material with different states: (a) cold-rolled state, (b) state 800, (c) state 900 and (d) state 1000. The LAGBs, HAGBs, and £3
boundaries are plotted as green lines, black lines and red lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.).

56.35. It indicates that the carbon content and Al content of the par-
ticles are much higher than that of the matrix, while the Mn content is
comparable. In addition, the EPMA results in Fig. 9e-f also exhibit
higher C and Al contents of the particles, which are consistent with the
EDX analysis results. The similar result obtained by atom probe tomo-
graphy (APT) is also reported in ref. [21]. The material annealed at
900 °C does not manifest the white particles, and there are only a few
AIN/ MnS inclusions observed within the matrix.

The X-ray diffraction (XRD) diagrams of the investigated material
with different states are depicted in Fig. 10. The diffraction result shows
austenitic peaks in the cold-rolled sample, state 900 and state 1000.
However, the XRD result of state 800 displays small peaks (111) and
(200) of kappa phase additionally with a lattice constant of 0.3778 nm,
shown in Fig. 10a. It indicates that the white particles in Fig. 9a-c is x-
phase (Fe, Mn);AIC precipitated at the annealing temperature of 800 °C.
The XRD result is consistent with the SEM result in Fig. 9 and the cal-
culated Thermo-Calc result in Fig. 1. In addition, the austenitic peaks
slightly shift to the lower angle with the increase in annealing tem-
perature, shown in Fig. 10b. It indicates that the lattice constant in-
creases with the annealing temperature, since high temperature pro-
motes the elemental solution into the crystal lattice [51]. It should be
noted that every austenite peak splits into two peaks here, probably
because the inhomogeneous microstructures stemmed from strip
casting process lead to carbon-enriched austenite grains and carbon-
depleted austenite grains. The similar phenomenon was also found in
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the work studied by in-situ synchrotron X-ray diffraction [52,53].

Fig. 11 shows the detailed TEM dark field micrographs of the mi-
crostructure in the annealed samples. It is found that very fine coherent
ordered clusters about 1 nm distribute uniformly within the austenite
matrix in the samples annealed at 800 °C, 900 °C and 1000 °C, respec-
tively. The intensity of these superlattice reflections is very low and
indicates a low volume fraction of precipitates. Since the significant
elemental partitioning is not possible during quenching, full k-carbide
formation is unlikely to occur [22]. The high temperature austenite
decomposes into low temperature solute-rich austenite and solute-lean
austenite and the former one transforms into the ordered L'1, phase via
ordering reaction [24].

3.4. Mechanical properties

The tensile engineering stress-strain curves of the samples with
different states are shown in Fig. 12. The cold-rolled sample exhibits the
highest tensile strength of 1460 MPa and the smallest elongation of
4.5%. After recrystallization annealing, the strength reduces and the
elongation rises with the increase in annealing temperature. The yield
strength (YS), ultimate tensile strength (TS) and total elongation (EL)
are plotted against the annealing temperature in Fig. 12b. For state 800,
the ultimate tensile strength is 1050 MPa with the total elongation of
24.5%. For state 900, the ultimate tensile strength reduces to 965 MPa
and the elongation rises up to 48.3%. For state 1000, the ultimate
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Fig. 6. (a) Relative frequency of grain size distribution with and without considering twin boundaries, and (b) variation of the average austenitic grain size and the

twin boundary frequency with the annealing temperature.
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Fig. 7. KAM maps and EBSD grain boundary maps as a function of annealing temperature: (a) cold-rolled state, (b) 800 °C, (c) 900 °C and (d) 1000 °C. The LAGBs and
HAGBs are plotted as green lines, and black lines, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).

tensile strength drops to 890 MPa and the elongation increases to
o010 L I Colcrolle 57.8%. On the other hand, the yield strength is also decreased with
I 500 °C increase in annealing temperature, which is related to the dislocation
I 000 °C Correlated (25064) annihilation and grain coarsening. Moreover, the gap between yield
008 - [ 1000 °C strength and tensile strength gradually increases with the increase in
® Random (theoretical) annealing temperature. Consequently, the product of ultimate tensile
strength and total elongation increases roughly from 25.7 GPa-% to
46.6 GPa-% and 51.4 GPa-% when the annealing temperature increases
from 800 °C to 1000 °C.
= = From the tensile results shown in Fig. 12, the refined austenite grain
" size enhances the yield strength and ultimate tensile strength. The Hall-
002 - Petch relationship, 0 = 0, + k/d~ %> [38] for the yield strength and
ultimate tensile strength is calculated according to the fully re-

crystallized samples, respectively.
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Fig. 8. Misorientation angle distribution of samples with different annealing

states obtained by EBSD technique. g, = 725 + 760/d-0> 2)

where oy is yield strength, o, is ultimate tensile strength, and d is the
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Fig. 9. SEM micrographs showing the carbides in the samples at state 800 (a—c) and state 900 (d), and EPMA element distribution maps presenting the C, Al, Mn and
Fe distributions (e-h) of carbides within the orange frame section in (c).
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state 1000.

Fig. 11. TEM dark field micrographs of the investigated material in the (a) state 800, (b) state 900 and (c) state 1000.

average austenitic grain size considering twin boundaries.

The values of initial strength and Hall-Petch parameter k are dif-
ferent from those obtained in the ref. [37], which may be due to the
difference of austenite grain size and chemical composition. The re-
finement of austenitic grain size considering the twin boundaries can
effectively block the dislocation motion and provide strengthening
[54]. When the recrystallized austenite grain size is larger than 10 um,
the total elongation significantly promotes to 48.3% and even 57.8%.

The total elongation increased with the increase in austenite grain size
was also reported in ref. [20,38]. Comparing all the results, the state
900 with fully recrystallized grains exhibits the optimum mechanical
properties with excellent strength of 965 MPa and ductility of 48.3%.
The control of austenite grain size through recrystallization behavior is
important to obtain the balance of strength and ductility.
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Fig. 12. (a) Engineering stress-strain curves of the cold-rolled and annealed samples at 800-1000 °C for 20 min, and (b) changes in strength and elongation with the

annealing temperature of the investigated steel.
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Fig. 13. True stress-strain curves and strain hardening rate-true strain curves of the investigated material.

4. Discussion
4.1. Strain hardening behavior

Fig. 13 shows the strain hardening behavior as a function of true
strain for the annealed samples. The strain hardening rate is nearly
around 2 GPa and maintains constant or slightly increases up to large
strains, especially for state 900 and state 1000, rendering high strength
and ductility to this recrystallized Fe-Mn-Al-C steel.

Generally, the strain hardening behaviors are characterized by the
strain hardening exponent n, obtained from the true stress-true strain
curve [55,56]. The most commonly used method to determine the n
value is Hollomon analysis, as shown in Eq. (3).

3
where o is the true stress, ¢ is the true strain, k is a constant and n is the

strain hardening exponent. The natural logarithmic form of differ-
entiation with respect to ¢ in Eq. (3) is written as

o = ke"

C)

where n is the slope of Ino-Ine curve and Ink is the related intercept.
The Hollomon analysis of the annealed samples is shown in
Fig. 13b. Each Ino-Ine curve has an upward curvature and none of them
shows a linear Ino- Ine relationship over the whole uniform strain
ranges. The n value continuously increases with the increase in strain
and the strength coefficient k decreases with the increase in austenite
grain size. G. Dini et al. [38] also reported the similar results about the
Fe-31Mn-3Al1-3Si TWIP steel. These values of strain hardening exponent
n are not constant like that of the conventional DP steels with a straight-
line in the Ino- Ine plot reported in ref. [57]. To reflect the change of n
value with the strain, the instantaneous n; value [58] is calculated to

Inc=nlne+Ink
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show the variations in the strain hardening behavior, depicted in
Fig. 13c. The sample annealed at 1000 °C with the largest grain size of
21.2 um has the highest n;-values over the entire strain range and the n;-
value decreases with the reduction of austenite grain size. It is worth
mentioning that a higher instantaneous n;-value does not mean a higher
strain hardening rate.

Compared with Hollomon analysis, Crussard-Jaoul (C-J) analysis
can reveal clear distinction of strain hardening behavior with various
plastic deformation mechanisms in different stages [59]. It is described
as

o =0y + ke"

)

where 0 is the true stress, 0y is the yield stress, ¢ is the true strain, k is a
constant and n is the strain hardening exponent. The natural loga-
rithmic form of differentiation with respect to ¢ in Eq. (5) is expressed
as

In(do/de) = (n — Dln e + In(nk) )

where (n-1) is the slope of In(do/de)-Ine curve.

Fig. 13d shows the In(do/de)-Ine curves of the annealed samples by
the C-J analysis. The curves show stage I, stage II, stage III and stage IV
with different slopes. The deformation mechanism of the investigated
steel here can be explained with dynamic slip band refinement (DSBR)
proposed in ref. [22], as well as the “glide plane softening” hypothesis
proposed in ref. [23] valid for the non-aged steel with high temperature
recrystallization. The strain hardening exponent n first decreases after
the onset of plastic deformation (stage I) due to the initiation of mobile
dislocations, and then rapidly decreases (stage II) due to the saturation
of dislocations fill-up on slip planes. After then, it slightly decreases
(stage III) due to the newly formed slip bands and their interactions
causing the refinement of the slip bands substructure, and finally
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Fig. 14. SEM images of the fractured surface for the tensile samples with (a) cold-rolled state, (b) magnification of area A shown in (a), (c) magnification of area B

shown in (a), (d) state 800, (e) state 900 and (f) state 1000.

decreases to fracture without obvious necking rapidly (stage IV). In
addition, the smaller austenitic grain size is easier to fill up dislocations
and faster to refine the slip bands substructure. Therefore, the strain
hardening rate of state 800 with small grain size is higher than those of
other samples with larger grain size. Consequently, the C-J analysis is
better than Hollomon analysis deviated from linearity over the whole
uniform strain range to explain the strain hardening behavior of the
investigated steels.

4.2. Tensile toughness

The SEM images of fracture surface for tensile samples with dif-
ferent states are presented in Fig. 14. For cold-rolled state, the fracture
surface is characterized by the presence of flat shear area flats and
brittle cleavage facets (in Fig. 14a-b) and microcracks along boundaries
(in Fig. 14b), as well as quasi-cleavage fracture including tear ridges (in
Fig. 14c). Due to the grain boundary sliding [60], the shear flat surfaces
with shallow dimples exhibit intergranular decohesion. The general
tensile cleavage planes in FCC alloy are {001} planes [61], and result in
the large shear area and brittle cleavage facets in Fig. 14a. The fracture
of cold-rolled state is the typical brittle fracture mechanism. For state
800, the fracture surface consists of not only brittle fracture facets,
microcracks, and quasi-cleavage fracture involving microvoid coales-
cence and tear ridges, but also many fine and shallow dimples, in-
dicating locally brittle and ductile failure mechanisms. For state 900
and state 1000, the fracture surfaces are typical ductile fracture domi-
nated by abundant dimples with various sizes, as shown in Fig. 14e-f.
The size distribution of dimples for state 1000 is more even and deeper
than that of state 900, which is related to the average grain size [41]. It
indicates that the toughness of state 1000 is better than state 900. The
inclusions of MnS, AIN, or Al,O3 located at the bottom of large dimples,
shown in Fig. 14e-f, lead to decohesion between the particles and
matrix during tensile deformation [62]. The interface between the
brittle inclusions and austenite matrix has stress field, and easily form
microvoids during the deformation process. With the increase of stress,
the microvoids growth and coalescence lead to cracks formation and
fracture.

The grain refinement not only influences the strength and elonga-
tion but also the toughness. Refined grains undertaking the external
stress lead to small local stress concentration between intergranular and
intragranular areas, which effectively hinder the initiation of cracks
[63]. Due to the disordered atomic configuration areas, grain
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boundaries can effectively impede crack propagation into the adjacent
grains, and can change the crack propagation direction with strain
energy consumption when they go through the grain boundaries [50].
Refined grains provide more grain boundaries, thus it is beneficial to
resist fracture and improve toughness. Although the average grain size
of state 800 is the smallest, its fracture surface is brittle and ductile
mixing mechanism. The reason is that the bimodal grain distribution is
easier to generate local stress concentration, as well as the large k-phase
precipitated at the grain boundaries. The average austenitic grain size
of state 900 is smaller than that of state 1000, but the toughness of the
former one is less than that of the later one. From Fig. 8, the frequency
of high misorientation angle for state 1000 is higher than that of state
900. It means that the refined austenite grain size is not the only factor
to influence the tensile toughness, the frequency of high misorientation
angle is also significant for the improvement of tensile toughness.

The tensile toughness is the ability to absorb energy for materials
before rupturing, and it can be calculated by integrating the area under
the engineering stress-strain curves up until fracture. The modulus of
resilience is the area under the stress-strain curves up until yield point,
and it is the elastic energy absorption per unit volume without plastic
deformation. Fig. 15 presents the calculated results: the tensile tough-
ness increases from 59 MJ/m> to 436 MJ/m> with the decrease in
tensile strength from 1460 MPa to 890 MPa, and the related modulus of
resilience decreases from 4.40 MJ/m? to 0.89 MJ/m? with the decrease
in yield strength from 1218 MPa to 495 MPa. It indicates that large
amount of deformation stress accumulated inside the material with
high tensile strength is easier to crack and provide low plastic energy
absorption, and the recrystallization behavior eliminates the dete-
rioration effect and improves the fracture toughness at the expense of
tensile strength. Conversely, the decrease in yield strength corresponds
to low elastic toughness.

5. Conclusions

The recrystallization behavior of lightweight high-Mn high-Al steel
with 50% cold rolling deformation has been investigated in this work.
Comprehensive microstructure characterization is performed in the
cold-rolled sample and samples annealed at different temperature to
determine the austenite grain evolution and k-phase precipitation be-
havior. The effect of grain size on tensile mechanical properties is
analyzed. The strain hardening behavior and fracture toughness are
discussed subsequently. The following conclusions are drawn:
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Fig. 15. (a) The relationship between tensile strength and tensile toughness, (b) the relationship between yield strength and modulus of resilience.

(1) The microstructure of the sample annealed at 800 °C is the partial
recrystallized bimodal grains and k-phase precipitates. Fully re-
crystallized austenite grains are obtained in the samples annealed at
900 °C and 1000 °C, and the grains grow with the increase in an-
nealing temperature. The annealing twin boundaries effectively
reduce the average austenitic grain size and the dispersity of aus-
tenite grain size.

After recrystallization annealing, the strength reduces and elonga-
tion rises with the increase in annealing temperature. The steel
annealed at 900 °C with fully recrystallized fine grains of 10.0 um
exhibits the optimum mechanical properties with excellent tensile
strength of 965 MPa, ductility of 48.3% and good toughness of 400
MJ/m?>.

The strain hardening rate continuously increases with the in-
creasing of strain in the curves plotted by Hollomon analysis, and
the C-J analysis is better to explain the strain hardening behavior of
the investigated steels with various plastic deformation mechanisms
in different four stages.

The recrystallization behavior can improve the tensile toughness
from 59 MJ/m? to 436 MJ/m? at the expense of tensile strength
decrease from 1460 MPa to 890 MPa. Both the homogenous fine
grains and high frequency of high misorientation angle generated
from the recrystallization process are beneficial for the improve-
ment of fracture toughness.
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