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Abstract: In present study, a novel Nb-V microalloyed Fe-Mn-AIl-C steel and a non-microalloyed
Fe-Mn-Al-C austenitic steel were treated with different thermo-mechanical processes. The mi-
crostructure of the test steels was observed by scanning electron microscope, transmission electron
microscope, electron probe micro-analyzer, and X-ray diffractometer. A tensile test was conducted
to estimate the mechanical properties of the test steels. Results show that the equiaxed austenitic
grains are obtained in both test steels, while hot rolling reduces the grain size significantly. The
grain size of the Fe-Mn—-Al-C steel decreases by 40%-55% after the addition of Nb-V due to the
precipitation of nanoscale (Nb,V)C particles within the austenite matrix. Compared with the solid
solution treated specimens, the strength of the hot-rolled or aged specimens is improved. Meanwhile,
the strength of the Fe-Mn—Al-C steel with Nb-V microalloying is also increased by 55 MPa due to
the precipitation strengthening and fine grain strengthening, while the elongation is decreased. The
Nb-V microalloyed Fe-Mn-Al-C steel, after hot rolling + aging treatment, obtains the maximum
strength, with the yield and tensile strength of 669 MPa and 1001 MPa, respectively. The strengthening
mechanisms that contribute significantly to the yield strength are solid solution strengthening and
dislocation strengthening. They are 185 MPa and 211 MPa, respectively, for the Nb-V microalloyed
Fe-Mn-Al-C steel at hot rolling + aging conditions. Meanwhile, the segregation of carbon atoms
after aging treatment also improves the yield strength significantly.

Keywords: Fe-Mn—-Al-C austenitic steel; mechanical property; Nb-V microalloying; strengthening
mechanisms; thermo-mechanical process

1. Introduction

Energy and environmental issues are becoming increasingly prominent. Due to these
concerns, the use of low-density steel components in the automobile sector is getting
increased attention. Fe-Mn-Al-C austenitic steel has a low density and excellent compre-
hensive mechanical properties [1,2]. This kind of steel includes 12%-30% Mn, 5%—-12%
Al, and 0.6%-2.0% C with mass fraction. The microstructure of Fe-Mn—-Al-C austenitic
steel after solid solution treatment is single austenite, short-range ordered structures, and
precipitated phases uniformly distributed in the austenite matrix [3]. Due to the high
content of alloying elements in the Fe-Mn-Al-C austenitic steel, such as C, Al, and Mn,
solution strengthening plays an important role in its strength [4]. In addition, owing to the
influence of precipitates in austenite grains on dislocation slip and arrangement during de-
formation, precipitation strengthening has become one of the most important strengthening
mechanisms of Fe-Mn-Al-C austenitic steel [5].

The thermo-mechanical process plays a crucial role in the microstructure and me-
chanical properties of Fe-Mn—AI-C steel [6—10]. The effect of annealing temperature on
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microstructural modification and tensile properties in an Fe-3.5Mn-5.8Al-0.35C lightweight
steel was investigated by Sohn et al. [8]. The microstructure was composed of ferrite and
austenite bands in a layered structure when the annealing temperature was higher than the
dissolution finishing temperature of k-carbides. With the increase in annealing temperature,
the tensile strength increased gradually, while the yield strength and elongation decreased
accordingly. This effect was mainly related to the reduction in mechanical and thermal
stability of austenite with the increase in austenite grain size and volume fraction. Lee
et al. [9] explored the microstructure and intrinsic mechanical behavior of an Fe-31.4Mn-
11.4A1-0.89C steel after aging at 550 °C for various periods. The 3-Mn phase nucleated
at both ferrite /austenite phase boundaries and austenite grain boundaries after aging for
300 min and extended into the austenite grains by increasing aging time. The Vickers
hardness increased dramatically after aging for 1000 min. Li et al. [10] analyzed the effect
of rolling and subsequent aging treatments on microstructures and tensile properties of
an Fe-23.38Mn-6.86A1-1.43C austenitic steel. They revealed that the average grain size
decreased and strength significantly increased after hot rolling. The strength increased
gradually by increasing the rolling reduction, with a decreased ductility, which was mainly
related to the increment of dislocation density. The intragranular coarse k-carbides in the
hot-rolled test steel aged at 550 °C caused the increased strength and decreased ductility.
These studies showed that varied thermo-mechanical processes develop different phase
compositions, grain sizes, as well as the content and size of precipitates in Fe-Mn-Al-C
steel, which could further affect mechanical properties.

In current research on precipitation strengthening, k-carbide is the most intensive [11].
The effect of k-carbides on the mechanical properties of Fe-Mn-Al-C austenitic steel is
double-edged, mainly related to its size and distribution. Published studies have shown
that fine intragranular k-carbides can significantly improve the strength and hardness of
Fe-Mn-Al-C austenitic steel. In contrast, coarse intergranular k-carbides destroy plasticity
and toughness [12,13]. The morphology and distribution of k-carbides are mainly related
to the alloying elements and thermo-mechanical processes [14]. Therefore, it is necessary to
strictly control the alloy element content and treatment process parameters for Fe-Mn—-Al-C
austenitic steel, which restricts the production of Fe-Mn-Al-C austenitic steel. Research
has stated that the addition of microalloying elements in Fe-Mn—Al-C steel can strengthen
the austenitic matrix by forming highly stable carbides [15,16]. During the subsequent de-
formation process, precipitated carbides will hinder the dislocation movement, inhibit the
growth of austenite grains, and finally produce precipitation strengthening and fine grain
strengthening [17]. Meanwhile, these microalloying elements will preferentially combine
with carbon atoms in the steel, reducing the precipitation driving force of k-carbides and
thereby preventing the detrimental effect of k-carbides coarsening on mechanical proper-
ties [18]. For example, Zhou et al. [19] investigated the influence of Nb addition on the
microstructure and mechanical properties of a hot-rolled Fe-8Mn-6A1-0.15C-0, 0.02Nb steel.
The Nb-contained steel exhibited excellent mechanical properties, with tensile strength of
940 MPa and elongation of 36%, higher than the steel without Nb. The study showed that
the addition of Nb led to the partitioning of C and Mn from austenite and retarded the v/ o
transformation. In addition, Zhang et al. [20] stated that V would promote the precipitation
of Nb-enriched carbides at lower temperatures, which revealed that the combined addition
of Nb and V could introduce better precipitation strengthening than an individual addition.
However, limited research has been reported on the influences of Nb-V multi-microalloying
on the microstructure and mechanical properties of Fe-Mn—-Al-C austenitic steel.

The presented study investigates the mechanical properties under different thermo-
mechanical processes in Nb-V multi-microalloyed Fe-Mn-Al-C austenitic steel by compar-
ing it with the non-microalloyed one. The effect of Nb-V microalloying on the microstruc-
ture and mechanical properties of Fe-Mn—Al-C austenitic steel is analyzed.
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2. Materials and Methods

The test steels used in the present study are low-density Fe-Mn—-AIl-C and Fe-Mn-Al-
C-Nb-V austenitic steels, hereinafter referred to as ALDS and NbV-ALDS, respectively. The
chemical composition of the test steels is given in Table 1. Both test steels were smelted in a
vacuum induction furnace and then cast into ingots with approximately 100 mm diameter
close to the riser, as shown in Figure 1. The ingots were homogenized at 1150 °C for 3 h
and forged into rods with a diameter of 40 mm. The final forging temperature was above
850 °C. The thermo-mechanical process of the specimen after forging is shown in Figure 2.
The forged specimen was solution treated at 1050 °C for 1 h, followed by water quenching.
Then, it was aged at 550 °C for 5 h and finally air cooled. To improve the strength of the
test steel, hot rolling deformation with a total reduction of 50% was conducted after solid
solution at 1050 °C for 1 h, and water quenching was taken subsequently. The hot-rolled
specimen was also aged at 550 °C for 5 h, followed by air cooling. In the description after,
SS, SSA, HR, and HRA represent the solid solution, solid solution+ aging, hot rolling, and
hot rolling + aging processes, respectively.

Table 1. Chemical composition of test steels (wt.%).

Test Steels C Al Mn Mo Nb A\ S P
ALDS 1.05 7.29 27. 67 0.64 — — 0.042 0.013
NbV-ALDS 1.05 7.33 27.92 0.62 0.16 0.16 0.037 0.014

Figure 1. Image of ingot prepared by induction vacuum furnace.

A
Solid solution Hot rolling Aging treatment

550°C X 5h

Temperature

A 2

Time

Figure 2. Schematic diagram of thermo-mechanical processes for test steel.
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A tensile test was conducted on an MTS tensile testing machine following the ASTM
E8M-16a standard with a strain rate of 3 mm/min. The picture of a tensile specimen is
shown in Figure 3. The gauge diameter and length of the dog-bone-shaped tensile specimen
were 5 mm and 25 mm, respectively, and the tensile direction was parallel to the forging
or rolling direction. The tensile test was repeated three times with the same conditions.
The microstructure of specimens treated by different thermo-mechanical processes was
observed by scanning electron microscope (SEM, Hitachi SU5000, Hitachi, Tokyo, Japan),
transmission electron microscope (TEM, Talos, F200X, FEI, Hillsboro, OR, USA), and
electron probe micro-analyzer (EPMA, JXA-8530F, JEOL, Tokyo, Japan). The specimens
for SEM and EPMA were mechanically polished using diamond paste after ground with
waterproof abrasive papers (ranging from 150 to 1500) and then etched with 4 vol.% nitric
acid alcohol solution. The working voltage, operating current, and working distance were
15 kV, 30 mA, and 5 mm, respectively, during SEM observation. In addition, the working
voltage, operating current, and spot size during EPMA observation were 15 kV, 20 nA,
and 1 um, respectively. The microstructure of the specimen was also analyzed by electron
backscattered diffraction (EBSD) under the EDAX high-resolution probe equipped with
SU-5000 SEM. The working voltage and scanning step while collecting the EBSD data were
20 kV and 0.5 um, respectively. The EBSD data were analyzed using OIM analysis software.
EBSD specimens were cut into a thickness of approximately 0.6 mm by electrodischarging
technique and then mechanically ground to ~30 pm by using waterproof abrasive papers.
The thickness was decreased to perforation by a TenuPol-5 twin-jet electropolishing device
at room temperature with an electrolyte of 10 vol.% perchloric acid alcohol solution under
19-20 V. The preparation scheme of TEM specimens was the same as that of EBSD, and the
acceleration voltage was kept at 200 kV. A D/max-2500/PC X-ray diffractometer (XRD) with
the diffraction source of Cu target K, radiation was used to measure the phase composition
of the test steels. A 620 continuous scanning mode was used with the 26 scanning speed
of 2°/min and scanning range of 40-105°.

Figure 3. Image of bar tensile specimen.

3. Results
3.1. Microstructure of the Test Steels Treated by Different Thermo-Mechanical Processes

The SEM images of the ALDS and NbV-ALDS treated by different thermo-mechanical
processes are shown in Figures 4 and 5, respectively. By combining with the XRD patterns
in Figure 6, it can be observed that the microstructure of both test steels after the solid
solution is equiaxed austenite, and the grain size of the NbV-ALDS is finer than that of the
ALDS. Figure 7 reveals the grain size distributions of test steels treated by different thermo-
mechanical processes. The grain sizes of the ALDS after SS, SSA, HR, and HRA treatments
are 49.1 &+ 20.8 um, 52.5 £ 18.3 pm, 33.5 = 13.1 um, and 35.6 & 11.8 pum, respectively, while
they are 29.4 £ 8.6 um, 30.5 & 13.4 pm, 16.5 £ 6.3 um, and 16.4 + 7.4 um, respectively,
for the NbV-ALDS. With the addition of Nb and V microalloying elements, the grain size
decreases by 40%-55%. Meanwhile, the results show that the grain size of the test steels
significantly reduces by 30%-45% after the hot rolling treatment and is slightly affected by
the aging treatment.
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Figure 4. SEM images of ALDS treated by different thermo-mechanical processes. (a) SS, (b) SSA,
(c) HR, (d) HRA.

Figure 5. SEM images of NbV-ALDS treated by different thermo-mechanical processes. (a) SS,
(b) SSA, (c) HR, (d) HRA.
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Figure 6. XRD patterns of ALDS (a) and NbV-ALDS (b) treated by different thermo-mechanical
processes.
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Figure 7. Grain size distributions of test steels treated by different thermo-mechanical processes.

The TEM images of the NbV-ALDS treated by different thermo-mechanical processes
are shown in Figure 8. Several fine dispersed particles were found to precipitate in the
austenitic matrix. The sizes of the precipitates in the NbV-ALDS after SS, SSA, HR, and
HRA are 82.9 + 29.7 nm, 96.9 £ 59.7 nm, 77.4 £ 24.3 nm, and 106.6 £ 49.7 nm, respectively,
and the corresponding contents (area percentage) are determined to be 0.38%, 0.33%,
0.41%, and 0.40%, respectively. This means that the thermo-mechanical process hardly
influences the content of precipitates. Hot rolling demonstrates a minimal effect on the size
of precipitates, while it slightly increases after aging. The energy dispersive spectroscopy
(EDS) maps and a high-resolution image of the precipitates shown in Figure 9 reveal that
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the precipitated particles are (Nb,V)C with a face-centered cubic structure without any
clear crystal orientation relationship with the austenite matrix. The addition of Nb-V leads
to the formation of (Nb,V)C precipitates, and its pinning effect on grain boundaries makes
the grains finer.

Figure 8. TEM images of NbV-ALDS treated by different thermo-mechanical processes. (a) SS,
(b) SSA, (c) HR, (d) HRA.

Figure 9. EDS maps (a) and corresponding selected area electron diffraction pattern (b) of the
precipitates in NbV-ALDS treated by HRA.
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3.2. Mechanical Properties of the Test Steels Treated by Different Thermo-Mechanical Processes

Figure 10 exhibits the engineering stress—engineering strain curves of the test steels
treated by different thermo-mechanical processes. The detailed tensile properties are given
in Table 2. Both steels show apparent continuous yielding during the tensile deformation
process and ultimately undergo ductile fracture. The strength of the Fe-Mn—Al-C steel
increases by 55 MPa after adding Nb-V, but the elongation decreases slightly at the same
thermo-mechanical process. The test steels treated by HRA obtained the highest strength.
In this condition, the yield, tensile strength, and elongation of the ALDS are 615 MPa,
966 MPa, and 54%, respectively, while those of the NbV-ALDS are 669 MPa, 1001 MPa,
and 49%, respectively. The yield strength of the hot-rolled specimen increases by about
50 MPa compared with the solid solution-treated specimen, while the elongation is slightly
decreased. Moreover, the aging treatment also improves the strength of the test steels.
The yield strength of the ALDS and NbV-ALDS treated by SSA is 524 MPa and 561 MPa,
respectively, which is higher than those of 452 MPa and 516 MPa treated by SS. These
results show that aging treatment is more conducive to improving the yield strength than
the tensile strength; hence, the yield ratio of the test steels increases after aging treatment.

a
( ) 1000 |
g
s 800
o 600
=)
E
3
£ 400 F
oh
&
—SS
200 f - SHA
——HR
ALDS - = HRA
U i 1 i 1 i | i | i | i | i
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Figure 10. Engineering stress—engineering strain curves of ALDS (a) and NbV-ALDS (b) treated by
different thermo-mechanical processes.
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Table 2. Mechanical properties of test steels treated by different thermo-mechanical processes.

Thermo-Mechanical Yield Strength Tensile Strength

. . .o

Test Steel Process (MPa) (MPa) Yield Ratio Elongation (%)
SS 452 872 0.52 64.0
SSA 524 879 0.60 63.7
ALDS HR 503 923 0.54 58.2
HRA 615 966 0.64 54.0

Table 2. Cont.
Thermo-Mechanical Yield Strength Tensile Strength . . .o

Test Steel Process (MPa) (MPa) Yield Ratio Elongation (%)
SS 516 938 0.55 48.8
SSA 561 940 0.60 524
NbV-ALDS HR 574 973 0.59 48.0
HRA 669 1001 0.67 49.0

Figures 11 and 12 show the EBSD maps of the test steels after tensile deformation.
The color of the grain interior gradually changes, indicating the rotation of crystals. In the
figures, the green lines are conventional high-angle grain boundaries, while those with
red are coherent } 3 boundaries. The equiaxed grains are significantly elongated because
of tensile deformation. All grains exhibit the uni- or bidirectional strain markings, some
passing through the entire grain and ending at the grain boundary, while others ending at
the twin boundary [21].

Figure 11. EBSD maps of ALDS treated by different thermo-mechanical processes after tensile
deformation (green lines indicate conventional high-angle grain boundaries, and red lines are coherent
Y3 boundaries). (a) IPF map treated by SS, (b) IQ map treated by SS, (c) IPF map treated by SSA,
(d) IQ map treated by SSA, (e) IPF map treated by HR, (f) IQ map treated by HR, (g) IPF map treated
by HRA, (h) IQ map treated by HRA.

The TEM images of the NbV-ALDS after tensile deformation are shown in Figure 13.
As can be seen in Figure 13a, the moving dislocation is inhibited by a (Nb,V)C precipitate
during the deformation in the solid solution specimen. Classically, when moving dislo-
cations are blocked by precipitates, there will be two types of interaction that occur. One
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is called the shearing mechanism, that is, dislocations cut through the precipitates. The
other is the bypass mechanism, where dislocations cannot pass through the precipitates
but bypass them and form a dislocation loop around the precipitates [22]. The mechanism
of interaction between dislocations and precipitates is mainly related to the size of the
precipitates. It is a cutting mechanism when the size of the precipitates is small. However,
it is a bypass mechanism with the size of the precipitates greater than 40 . In the present
study, due to the large size and high hardness of (Nb,V)C, dislocations can only bypass
them; therefore, it is a bypass mechanism. Meanwhile, deformation microbands with small
spacing are observed in the tensile-deformed specimens, as shown in Figure 13b. Some
inhomogeneous entangled dislocations with high density are also observed in the defor-
mation microbands. The locally sheared deformation bands with narrow band shapes are
usually considered the second-generation microband [23]. The results indicate that the main
plastic deformation mechanism in the Fe-Mn-Al-C steel is microband-induced plasticity.
Figure 13c expresses the parallel arrangement of dislocation lines in the tensile-deformed
NbV-ALDS after HRA treatment, which is a typical dislocation planer slip characteristic.
The spacing of dislocation lines gradually becomes narrow along the direction indicated by
the orange arrows.

Figure 12. EBSD maps of NbV-ALDS treated by different thermo-mechanical processes after tensile
deformation (green lines indicate conventional high-angle grain boundaries, and red lines are coherent
Y3 boundaries). (a) IPF map treated by SS, (b) IQ map treated by SS, (c) IPF map treated by SSA,
(d) IQ map treated by SSA, (e) IPF map treated by HR, (f) IQ map treated by HR, (g) IPF map treated
by HRA, (h) IQ map treated by HRA.
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Figure 13. TEM images of tensile-deformed specimens of NbV-ALDS treated by different thermo-
mechanical processes (a) SS, (b) SSA (the corresponding selected area electron diffraction is shown at
the top-right corner of image), (c) HRA.

4. Discussion
4.1. Effect of the Thermo-Mechanical Process and Nb-V Microalloying on Microstructure and
Tensile Deformation Behavior

Alloying and thermo-mechanical processes are two main factors that influence the
microstructure of metal materials. The grain size of the Fe-Mn-Al-C steel is significantly
reduced after adding the microalloying elements of Nb and V owing to the precipitation of
nanoscale (Nb,V)C particles in the austenite matrix (Figure 8). The precipitated particles
inhibit the growth of austenite grains [24], resulting in an apparent reduction in the grain
size. Hot rolling also significantly reduces the grain size of both test steels, while aging
treatment shows the least effect on the grain size (Figures 4 and 5). As reported, during
the hot rolling process of the test steels, initial equiaxed grains are flattened or stretched
along the rolling direction, forming elongated deformed bands. Meanwhile, the deformed
grains undergo dynamic recrystallization, and refined equiaxed recrystallized grains are
generated [25]. The grain of austenite is almost unchanged after aging treatment because
the aging temperature is not high enough to exceed the recrystallization temperature of
austenite. The size and content of the precipitated (Nb,V)C demonstrates an invisible
change after hot rolling due to the high rolling temperature and short time. In comparison,
the size of the precipitates slightly increases after aging treatment since there is a longer
duration time.

Tensile deformation behavior is determined by the microstructure state [26]. As a
result, the tensile curves present various characteristics in the test steels with different
thermo-mechanical and microalloying treatments, as shown in Figure 10. To further analyze
the deformation behavior, the strain-hardening rate curves of the test steels are calculated,
as shown in Figure 14. It can be observed that the strain-hardening rate values of the
test steels before fracture are positive, indicating that the plastic deformation is dominant
by strain hardening. The variation behavior of the strain-hardening rate can be divided
into three stages. The first is the sharp decrease stage (stage I), where the negative slope
value of the curve is due to the development of moving dislocations and the saturation of
dislocation stacks on the sliding surface [27]. After this, a rising and stable stage (stage II)
of the strain-hardening rate starts, where the positive slope value of the curves is related to
the formation and refinement of deformed microstructures such as unidirectional slip paths
or Taylor lattices [21]. With further increasing the strain, the increased dislocation density
improves the back stress worked on dislocation sources, which is caused by dislocation
accumulation, leading to the depletion of the dislocation source and reduction in the strain-
hardening rate. The curve of the strain-hardening rate tends to stabilize with a slope of
around zero once the hardening effect by the deformation microstructure refinement is
balanced with the softening effect by the depletion of the dislocation source. In the third
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stage (stage III), with the development of necking and fracturing of the test steels, the
deformation ends, and the strain-hardening rate drops sharply.

At the initial tensile deformation, the strain-hardening rate of specimens treated by hot
rolling is higher than that of the solid solution-treated specimens. This is because the grain
sizes of the specimens with hot rolling are smaller. The smaller grains have more grain
boundaries, which are helpful in hindering the dislocation movement during the plastic
deformation process; then, the work hardening rate will be improved and finally result in
higher strength [28]. The work hardening rate of the NbV-ALDS is also higher than that
of the ALDS. Besides the fine grain strengthening caused by the smaller grain size of the
NbV-ALDS, the dislocation movement inhibited by the (Nb,V)C precipitates (Figure 11a)
will also increase the working hardening rate [29]. Since the fine grain strengthening and
precipitation strengthening effects, the strength of the test steels treated by HRA is the
highest. Aging treatment reduces the working hardening rate; the reason will be discussed
in the next section.

5000 5000
(a_) —55 (b) —=55
| -=== §SA ---- SSA
= 4000 H — HR o 4000 _1:EA
& \ ---- HRA & e §
= / =
< 3000 = 3000
2 2
£ 2000 & 2000
1000 “ 1000
ALDS NbV-ALDS
O 1 1 i 1 " 1 " 0 1 1 " 1 i 1 A
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
True Strain True Strain

Figure 14. Strain-hardening rate of ALDS (a) and NbV-ALDS (b).

Generally, the deformation mechanism of fully austenitic steel is influenced by stacking
fault energy (SFE). When the SFE is below 20 mJ/m?, it is a transformation-induced plastic-
ity (TRIP) mechanism. Since the SFE gradually increases to 20~50 mJ/m?, the TWIP effect is
the primary deformation mechanism. Besides, dislocation slip is the dominant deformation
mechanism when the SFE is more than 50 mJ/m? [30]. According to the thermodynamic
method, the SFEs of both test steels are ~77 m]/m? at room temperature [31], indicating that
the dislocation slip dominates during the deformation process. The microbands formed
during tensile deformation (Figures 11 and 12) can increase dislocation density, resulting
in the rise of the work hardening rate, thus making the microband-induced plasticity the
principal deformation mechanism in the test steels.

4.2. Contribution of Various Strengthening Effects to the Yield Strength

The mechanical properties of the test steels are determined by their microstructures.
No systematic research has yet shown the effect of various microstructure parameters on
yield strength in Fe-Mn—AI-C steel. The strengthening effects in Fe-Mn-Al-C steel mainly
include solid solution strengthening, fine grain strengthening, precipitation strengthen-
ing, and dislocation strengthening. The strengthening model can evaluate the relevant
strengthening mechanism based on dislocation density and precipitates [32]. Therefore,
quantitative analysis is essential to determine the influence of microstructure on yield
strength and provide guidance for the production of Fe-Mn-Al-C steel. According to the
strengthening model, yield strength can be expressed as follows:

Uy:0'0+0'ss+0'gh+0'p‘|‘0'd (1)
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where 0y is yield strength, 0y is the friction stress, and o5, Oobs Op, and o; are the con-
tributions of solid solution strengthening, grain boundary strengthening, precipitation
strengthening, and dislocation strengthening, respectively. The different strength contribu-
tions are discussed as follows.

(1) Lattice friction stress

Lattice friction is the force that the lattice blocks the movement of dislocations. The
lattice friction stress of the test steels can be calculated by the following expression [33].

00 = V31 )

where 0y is the friction stress of lattice, 1y is the shear stress of dislocation movement, and
T9 =2 x 1074G, G is the shear modulus (68 GPa) [34]. Using these parameters, the lattice
friction stress of the test steels is 23.6 MPa.

(2) Solid solution strengthening

Solid solution strengthening depends on the volume fraction of alloy elements dis-
solved in the matrix. The solid solution of Nb and V microalloying elements in the NbV-
ALDS is neglected. The following empirical formula is used to calculate the contribution of
solid solution strengthening in Fe-Mn—-Al-C steels [35].

0ss = 4570[C] + 37[Mn] 4 1754[Al] + 11[Mo] ®)

where 05 is the contribution of a solid solution to yield strength, and [i] is the mass fraction
of the alloying element.

(3) Grain boundary strengthening

Theoretically, the finer the grain size, the higher the strength of the steels. This is be-
cause the finer grains contain more grain boundaries within the microstructure, hindering
dislocation movement and producing dislocation pile-up during the plastic deformation
process when deformed and subjected to external forces. For plastic deformations, it is nec-
essary to increase the external force to improve the strength of materials. The contribution
of the grain boundary strengthening calculated based on the Hall-Petch relationship is
given by [36].

Ugb :k/\/ﬁ (4)

where k is a constant, i.e., 14.55 MPa-mm!/2 [37], and d is the average grain size. The
contribution of grain boundary strengthening is given in Table 3.

(4) Precipitation strengthening

Since the nanosized (Nb,V)C particles precipitated in Fe-Mn—-Al-C steels after Nb-
V addition uniformly distribute on the austenite matrix, those become the obstacle of
dislocation slipping and hinder the movement of dislocations. The interaction between
precipitates and dislocations causes a substantial improvement in yield strength in Fe-Mn-
Al-C steel. Scott et al. [38] studied the addition of microalloying elements Ti, Nb, and
V into high-manganese steel. There were TiC, NbC, and VC particles precipitated in the
matrix after heat treatment, which refined the microstructure of high-manganese steel and
improved the yield strength due to a combined effect of the fine grain strengthening and
precipitation strengthening compared with the high-manganese steel without microalloying.
The precipitation strengthening of the test steels can be expressed as follows [39].

1
op = 9.549 x 1031; In(20.417d,) (5)

where 0y, is the contribution of precipitation strengthening, f is the volume fraction of
precipitates in the austenitic matrix, and dj, is the average size of the precipitates.
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(5) Dislocation strengthening

During the plastic deformation, dislocations slip, resulting in interactions. Plastic
deformation is difficult because the slip dislocations are inhibited by tangled dislocations,
thereby improving the strength of the materials. The dislocation strengthening of the test
steel is calculated according to Equation (6) [40].

04 = MaGhp? (6)

where 0y is the contribution of precipitation strengthening, M is Taylor factor (3.06 when
the material is entirely austenite), « is a geometric factor (0.136) [41], G is shear modulus, b
is Burgers vector, and p is dislocation density.
The dislocation density of the test steel is analyzed through XRD and is calculated by
Equation (7) [42].
_23(@)° ,
=" %

where p is dislocation density, (&) 2 is average lattice strain, d is the size of the coherent
diffraction zone, and b is Burgers vector.

The contributions of five strengthening mechanisms to yield strength are displayed
in Table 3. The comparison of these values with the experimental yield strength is shown
in Figure 15. It can be found that the calculated yield strength of the test steels treated by
solid solution and hot rolling treatment is close to the actual experimental yield strength,
indicating that the calculation method and parameters selected are correct. The strengthen-
ing mechanisms that contribute significantly to the yield strength are solid solution and
dislocation strengthening. However, there is a gap of about 100 MPa between the calcu-
lated yield strength and actual yield strength for the test steels treated by aging treatment.
Therefore, it is necessary to explore the evolution in the microstructure of the test steel
before and after aging treatments to clarify the additional strengthening effect.

Table 3. Contribution of different strengthening effects to yield strength.

Thermo-Mechanical

Test Steel Process ) Oss Teb op o4 oy-Calculated
ss 23.6 183.9 65.7 0 1735 446.7
ALDS SSA 23.6 183.9 63.5 0 1416 412.6
HR 23.6 183.9 79.5 0 2205 507.5
HRA 23.6 183.9 77.1 0 210.0 494.6
s 236 184.7 84.9 52.8 178.1 524.1
SSA 23.6 1847 83.3 43.0 154.6 489.2
NbV-ALDS HR 236 184.7 1133 58.2 206.4 586.2
HRA 236 184.7 1136 435 2113 576.7
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Figure 15. Comparison of the sum of contributions to yield strength of the strengthening mechanism
with the experimental strength.

EPMA was used to analyze the specimens of the ALDS and NbV-ALDS treated by
solid solution and aging treatment. The results are shown in Figures 16 and 17. The
distribution of carbon elements in the test steels treated by aging differed from those
treated with a solid solution. The distribution of carbon atoms in the specimens treated
by solid solution is relatively uniform in the grain interior or at the grain boundaries. In
comparison, the carbon atoms after aging treatment show some segregation phenomenon
at grain boundaries, annealed twin boundaries, and (Nb,V)C precipitates. During the
aging process, surplus vacancies in the quenched or hot-rolled specimens will gradually
be annihilated, and as the aging time prolongs, the segregation of carbon atoms will be
aggravated [43]. The segregation of carbon atoms could hinder the dislocation movement
and pin dislocations during plastic deformation. It restrains the dislocation relaxation at the
grain boundary, improving the strength of the test steels [44,45]. The increase in the content
of the carbon atoms at grain boundaries also improves the plastic deformation stress; thus,
the strength of the test steels is enhanced [46], and the yield strength of the test steels after
aging treatment is significantly increased. For the NbV-ALDS, the addition of Nb-V will
reduce vacancies in the specimens and thus reduce the segregation of carbon atoms [43]; on
the other hand, the precipitated (Nb,V)C particles will intensify the segregation of carbon
atoms. The difference value between the calculated and actual experimental yield strength
of the NbV-ALDS treated by aging is smaller than that of the ALDS, indicating that the
Nb-V microalloying will diminish the segregation phenomenon of carbon atoms, which is
consistent with the test results (Figures 16d and 17d). However, the segregation of carbon
atoms towards the grain boundary also causes the concentration of carbon in the austenite
matrix to decrease the strain-hardening rate of the test steels. Therefore, there is a minor
increase in the tensile strength of the test steels compared with the yield strength (Figure 10),
which leads to a larger yield strength ratio after aging treatment.
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10 pm

Figure 16. EPMA maps of ALDS treated by different thermo-mechanical processes. (a) SS,
(b) distribution map of carbons in (a), (c) SSA, (d) distribution map of carbons in (c).

Figure 17. EPMA maps of NbV-ALDS treated by different thermo-mechanical processes. (a) SS,
(b) distribution map of carbons in (a), (c) SSA, (d) distribution map of carbons in (c).
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5. Conclusions

The microstructure and mechanical properties of the ALDS and NbV-ALDS treated by
different thermo-mechanical processes are analyzed and compared. The main conclusions
of this study are as follows:

(1) Hotrolling significantly reduces the austenitic grain size of both test steels by 30%—45%.
The grain size of the NbV-ALDS decreases by 40%-55% compared with that of the
ALDS at the same thermo-mechanical process since the precipitation of nanoscale
(Nb,V)C particles inhibits the growth of austenite grains. The (Nb,V)C particles hardly
change in size and content during high temperature and hot rolling treatment because
of their high thermal stability.

(2) The strength of the test steels treated by hot rolling or aging is improved. The strength
of the Fe-Mn-Al-C steel with Nb-V microalloying increases by 55 MPa due to the
precipitation strengthening and fine grain strengthening of (Nb,V)C particles. How-
ever, the elongation is decreased. The test steels, after hot rolling + aging treatment,
obtain the maximum strength. The yield and tensile strength of the ALDS are 615 MPa
and 966 MPa, respectively, while the yield and tensile strength of the NbV-ALDS are
669 MPa and 1001 MPa, respectively.

(3) The strengthening mechanisms contributing appreciably to the yield strength are
solid solution and dislocation strengthening. These strengthening effects contribute
185 MPa and 211 MPa, respectively, to the yield strength for the NbV-ALDS steel after
hot rolling + aging treatment. The segregation of carbon atoms to boundaries during
aging also improves the yield strength of the test steels. The primary deformation
mechanism is microband induced plasticity.

(4) The addition of forceful carbide-forming microalloying elements is expected to become
the focus of research in the Fe-Mn-AI-C austenitic low-density steel field, utilizing
the advantages of fine precipitates. It is recommended to optimize the chemical
composition of microalloyed Fe-Mn-Al-C austenitic steel and explore its various
application properties, such as magnetism, corrosion resistance, fatigue, and wear
properties, in future studies.
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