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a b s t r a c t

An investigation was performed to evaluate the effect of vanadium (V) addition on the

microstructure and the tensile behavior of Fee27Mne8Al-1.0C austenite lightweight steel

after annealing and subsequently aging. The grain size of austenite in V-added steels was

effectively refined and many nano-sized VC particles were observed in the austenite

grains, compared to V-free steels, under annealed conditions. Subsequent aging promotes

the precipitation of k-carbide from the austenite matrix, and the dual-nanoprecipitation

consisting of nano-sized VC and k-carbide particles further improves the strength of the

steel. Because of this, the current steels have good ductility (up to 41% total elongation)

even when aged and high yield and ultimate tensile strengths of up to 1009 MPa and

1243 MPa, respectively. By examining the dislocation structure of the specimens during

deformation, it was also possible to determine how precipitates affected the rate of strain

hardening. As a result, the strain hardening rate of the V-added steel after aging is effec-

tively improved at the initial deformation by the precipitation of VC particles, which

compensates for the decrease in strain hardening rate due to shearable k-carbide. This

study provides a strategy to obtain an excellent combination of strength and ductility in

lightweight steel by V microalloying and simple thermomechanical treatment.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The current challenge for automotive steel is to meet fuel

economy, formability, crashworthiness, and safety. High
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manganese austenitic lightweight steels (HMns) are well

suited to meet the requirements for automotive steels

because they combine excellent tensile strength and ductility

with a low density [1e8]. These steels have high manganese

(18e32 wt%) and carbon content (0.6e2.0 wt%), making the
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austenite stable to form a continuous austeniticmatrix [9e13].

This allows higher aluminum content (up to 12 wt%) to be

added to the steel, as the addition of lighter aluminum ele-

ments can significantly reduce the density, each additional

1 wt% of Al content results in a 1.3% decrease in density of

steel [3,8,14,15].

The high aluminum and carbon content in HMns steels

promotes the formation of k-carbide, an L012 ordered phase,

with the ideal stoichiometry of (Fe,Mn)3AlC [16e18]. According

to reports, the spinodal decomposition during quenching after

solution treatment or aging at 450 �C-700 �C causes k-carbide

precipitates from the austenite matrix. k-Carbide uniformly

distribute in the austenite matrix, maintaining a coherent

interface with the austenitic matrix due to the lower lattice

mismatch [19e21]. The strategy of k-carbide precipitation

strengthening in lightweight steels to improve the strength of

the material has been widely investigated recently. Usually,

this nanoscale carbide precipitates in the austenite matrix

during the lightweight steel undergoes aging treatment. It

maintains a coherent interface with the austenite, thus

improving the material's tensile strength while causing less

damage to the ductility [1,20,22,23]. However, there is an

upper limit to the maximum value of material strength

improvement with k-carbide precipitation strengthening.

With increasing aging time, k-carbide coarsens rapidly, and

intergranular k-carbide (up to several mm) precipitates at the

austenite grain boundaries, resulting in no further increase in

material strength and fatal damage to ductility [22,24].

Furthermore, the strain hardening rate of the age-

strengthened lightweight steel is reduced because the nano-

scale k-carbide particles can be cut through by slip disloca-

tions during deformation [24e26]. It is difficult to achieve the

desired strength-ductility balance of the material using k-

carbide precipitation strengthening alone.

Thus, a multi-strategy must be used to achieve the desired

strength and ductility. For example, to refine the austenite

grains and thus achieve grain boundary strengthening, cold-

rolled steel plates undergo recovery and recrystallization

annealing heat treatment [27,28]. However, the short anneal-

ing time poses a challenge for industrial production. In addi-

tion, the B2 phase was introduced in some previous studies to

improve the strength of steel by adding Ni and Cu; however,

controlling the distribution and size of the B2 phase to damage

the ductility is difficult [29,30]. Microalloying effectively im-

proves the mechanical properties of HMn steel. Studies have

shown that adding somemicroalloying elements improve the

microstructure and mechanical properties of HMn steels [3].

For example, the addition of Mo introduces MC-type carbides

to improve the strength of the steel, thereby inhibiting the

precipitation of k-carbides [9]. Moreover, the addition of Si

promotes the coarseness of k-carbides [31]. Other alloying el-

ements, such as Ti, Nb, and V, have been used to improve the

yield strength (YS) and work hardening by precipitation

hardening of nano-sized precipitates (Ti, Nb, V)C. Further-

more, related methods have been widely used to enhance the

YS of ferritic, pearlitic, martensitic, and bainitic steels with a

body-centered cubic (BCC) structure. Compared to Ti or Nb

microalloying, the V microalloying precipitated phase can be

redissolved during reheating [32]. Fine VC precipitates were

introduced into austenitic twinning-induced plasticity steel,
and the results showed that YS was enhanced by 100 MPa

through precipitation strengthening and grain refinement

strengthening. However, V-alloyed HMn steels were rarely

been investigated, and the precipitation behavior of VC and its

effect on the microstructure and mechanical properties of

austenitic lightweight steels remained inadequate [33].

In this study, V-alloyed austenitic lightweight steels were

subjected to a two-step heat treatment (annealing and sub-

sequent aging) to promote the precipitation of VC and k-car-

bide, thereby effectively achieving the optimal combination of

YS and ductility of austenitic lightweight steels. The interac-

tion between the two precipitated phases and their effects on

the microstructure of austenitic before and after deformation

were systematically investigated. This study aimed to provide

a strategy to improve the yield strength and to regulate the

microstructure of austenitic lightweight steels.
2. Experimental

2.1. Materials preparation and processing

The examined steel had a nominal composition

Fee27Mne8Al-1.0C-(0,0.5) V. A 50 kg ingot was prepared in a

vacuum induction melting furnace under an argon atmo-

sphere. It has a density of 6.72 g cm�3 determined using

Archimedes’ principle, which is 14.6% lower than pure Fe

(7.87 g cm�3). The ingots were forged into round bars of

460 mm at 1140 �C and air-cooled to room temperature. Next,

electric discharge wire cutting was used to produce a

60 � 20 � 20 mm square at 1200 �C for 2 h. The experimental

steel was then hot-rolled into 3 mm plates (total deformation

of 85%) in the temperature range of 950 �C-1050 �C, and water

was quenched to room temperature. The hot-rolled plate was

cold-rolled to 1.2 mm at room temperature. The cold-rolled

plate was annealed at 900 �C for 3 min and water cooled to

room temperature. Finally, the annealed specimenswere aged

at 600 �C, held for 120 min, and then water cooled to room

temperature. Thermo-Calc phase diagram calculation soft-

ware was used to determine the annealing and aging tem-

peratures, as shown in Fig. 1. Following, annealed and aged V-

free are abbreviated as A90 and AG60, whereas annealed and

aged V-added steels are abbreviated as VA90 and VAG60,

respectively.

2.2. Sample preparation and characterization

The microstructures of the samples were analyzed by X-ray

diffraction (XRD, Rigaku D/max-2500/PC), scanning electron

microscopy (SEM, Zeiss GEMINI 460, Field Emission Gun),

electron backscattered diffraction (EBSD, EDAX Velocity) and

transmission electronmicroscopy (TEM, FEI Talos F200x). XRD

was used to determine the phase structure of the samples,

with Cu Ka radiation, in the middle part of the RD-TD plane.

The scan step was 0.02� with a scanning time of 2 s. After the

specimens (perpendicular to TD) were electrolytically pol-

ished at�20 �C at 20 V, EBSDwas performed at an accelerating

voltage of 20 kV with a scan step of 0.15 mm. EBSD data were

analyzed using TSL OIM analysis 8 software. TEM specimens

were prepared in 90% ethanolþ10% perchloric acid solution in

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 1 e Phase diagram calculated by Thermo-Calc software of (a) V-free steel and (b) V-added steel.
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a twin-jet electrochemical polishing process at 28 V and

�25 �C.
Dog-bone-shaped tensile samples (gauge geometry:

20 mm � 4 mm � 1.2 mm) were machined by electrical

discharge machining parallel to the rolling direction (RD).

Three tensile samples were tested for each heat treatment

condition. Uniaxial tensile tests (ASTM: E8/E8M-16a) were

performed at room temperature on an Instron 5982 testing

machine, and the strain was measured with an extensometer

at an initial strain rate of 5 � 10�4 s�1. The microhardness of

specimens was measured using FM-ARS9000 Vickers hard-

ness with a load of 500 gf, taking 20 points per specimen.
Fig. 2 e XRD patterns of the V-free and V-added steel after

annealing and aging.
3. Result

3.1. Microstructural characterization

Based on Thermo-Calc results, Fig. 1 showed a slight decrease

in the volume fraction of austenite and k-carbide due to the

addition of V. Fig. 2 shows XRD patterns of the as-annealed

and as-aged 0V and 0.5V steel. The diffraction peaks of g-

austenite were identified in all the samples. Note that the

nanoscale k-carbide and VC precipitate have hardly been

shown due to the small volume fraction and fine size.

Fig. 3aed shows EBSD inverse pole figure (IPF)maps of the A90,

VA90, AG60, and VAG60 steels and the annealed twins are

marked with black arrows. The grain size of steels is calcu-

lated using EBSD analysis, as is shown in Fig. 4. The micro-

structure of annealed 0V-steel consists of equiaxed austenite

with a grain size of about 9.9 mm. The grain size of the 0.5V

steel underwent significant refinement as compared with the

V-free steel, with a grain size of about 4.9 mmand a refinement

of 55.8%. After aging treatment, a minor change in grain size

was observed for V-free and V-containing steels with a grain

size of approximately 12 mm and 5.3 mm, respectively. This

reveals that the aging treatment at 600 �C has little effect on

the grain size.
Fig. 5a and b shows TEM images of the V-free and V-added

steels after annealing, confirming the results observed in Figs.

3 and 4, where the grain size of the V-added steel is signifi-

cantly refined. It is noteworthy that the appearance of k-car-

bide is not observed in both sheets of steel, as is shown in the

selected area electron diffraction (SAED) pattern in Fig. 5a and

b, which is consistent with the results calculated from the

phase diagram in Fig. 1, which demonstrate a dissolution

temperature of 770 �C for k-carbide. However, a nanoscale V

precipitated phase with a size of about 85 nm was found

within the austenite matrix in the VA90 specimen. This V-rich

phase was identified as a VC by SAED and energy-dispersive

X-ray spectroscopy (EDS) mapping analysis (Fig. 5c and d).

After aging, no significant changes in austenite grain size

were observed for the V-added and V-free steels. However, the

presence of ordered phases was observed in addition to the

austenite matrix (Fig. 6) in the AG60 steel. Corresponding

SAED (Fig. 6b) patterns and high-resolution TEM (HRTEM)

(Fig. 6c) observations confirmed the presence of such ordered

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 3 e EBSD rolling direction (RD) inverse pole figure (IPF) maps of (a) and (b) the annealed specimens, (c) and (d) the aged

specimens; (a) and (c) for the V-free steel, (b) and (d) for the V-added steel.
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nanoscale grainswithin the austenitematrix. These SAED and

the Fast Fourier transform (FFT) patterns of the ordered phase

within the austenite matrix are consistent with those of k-

carbide. This nanoscale k-carbide is uniformly distributed

within the austenite grains with a size of about 4 nm. It is

difficult to calculate the volume fraction due to its fine size.

Compared to those in VA90 steel, the size of the VC particles in

the VAG60 steel increased slightly after aging at 600 �C
(Fig. 7a). It is noteworthy that after aging, VAG60 steel exhibits

k-carbide in addition to VC particles. However, the volume

fraction of k-carbide is substantially lower compared to the

AG60 steel, which is confirmed by the weaker brightness of

the spots in the SAED pattern (indicated by the red arrow) of

Fig. 7b.

3.2. Mechanical properties and deformation
microstructure

Fig. 8 shows the tensile stressestrain curves for the A90, VA90,

AG60, and VAG60 specimens and strain hardening rate as a
function of true strain. The engineering stressestrain curves

until fracture 8, as shown in Fig. 8a, respectively. All specimens

exhibit an excellent combination of strength and ductility, with

ultimate tensile strengths exceeding 1000 MPa, while total

elongation (TE) exceeds 40% (Fig. 8b). As shown in Table 1, the

YS and ultimate tensile strength (UTS) of the annealed A90

specimens were 623 MPa and 1086 MPa, respectively, with a TE

of 52%.When 0.5 wt%V element was added, the YS of the VA90

specimens increased to 827 MPa, an increase of about 25%,

while the TE decreased slightly to 45%. After aging at 600 �C, the
YS of both V-free and V-added steels increased substantially to

896 MPa and 1009 MPa, respectively, while exhibiting excellent

TE of 46% and 41%, respectively. Both nanoscale VC and k-

carbide can effectively increase the strength of the material

with less effect on ductility. It can be found that substantially

increased theYS of thematerial with the combined effect of the

two-type carbides precipitate comparing the YS of A90 and

VA60. In this study, the test steel exhibits an excellent combi-

nation of strength and ductility compared to other lightweight

austenitic steels [9,14,26,33e37], as shown in Fig. 8d.

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 4 e The grain size of the test steel was calculated by EBSD. (a) A90 steel; (b) VA90 steel; (c) the trend of grain size in

different states.
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Theworking hardening behavior is shown in Fig. 8d, which

reported the strain hardening rate as a function of the true

strain. Generally, thework hardening rate of the annealed A90

and VA90 specimens increases rapidly to a maximum value

and then decreases with increasing strain until necking. The

work hardening rate of AG60 and VAG60 specimens after

aging was lower than that of annealed specimens. Aging re-

duces the work hardening rate of the alloy, which is common

in aged FeeMneAleC lightweight steels [24,26]. The trend of

the work hardening rate of VAG60 specimens is similar to that

of annealed specimens. It is noteworthy that the work hard-

ening rate of AG60 specimens gradually decreases with

increasing strain until necking.

The main deformation mechanism of the material is

planar dislocation slip in the high Mn lightweight steel,

where dislocations usually slip in the plane, and the pro-

nounced planar slip behavior leads to the formation of

crystal alignment slip bands [38]. The microstructure after

deformation of the aged steels was observed by TEM, and

the representative results are shown in Figs. 9 and 10. Fig. 9a

shows the microstructure of AG60 specimens at different

strains; when the true strain ε ¼ 5% (Fig. 9a), the develop-

ment of planar slip bands appears in the specimen (indi-

cated by yellow dashed lines), with a slip band spacing of
1.2 mm. When the true stress ε ¼ 10%, as in Fig. 9b, another

set of slip systems is activated, and crossed slip bands

appear while the slip band spacing decreases to 320 nm.

Fig. 10a and b demonstrate the microstructure in the VAG60

specimen at true strain ε ¼ 5%, with a large number of

dislocation entanglements and high-density dislocation

walls (HDDWs) observed. In addition, dislocation tangles

were observed in the vicinity of the VC particles. When the

true stress ε ¼ 10%, As shown in Fig. 10c, the planar slip

bands were observed in the VAG60 specimen, which was

typical of planar slip and the SAED pattern confirmed the

presence of k-carbide in the VAG60 specimen. The disloca-

tion cell formation is observed in addition to HDDWs indi-

cated by red arrows in Fig. 10d. Fig. 10e shows a high

magnification plot at the red dashed box in Fig. 10d with

dense dislocation entanglement between the HDDWs. VC

has a strong pegging effect on dislocations, and dense

dislocation entanglement is observed near VC particles

(Fig. 10f).

3.3. Fracture analysis

Fig. 11 represents the fracture morphology of the studied

lightweight steel after uniaxial tensile testing at room

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 5 e TEM bright-field image and corresponding SAED patterns of the specimen (a) A90 and VA90 (b); (c) Magnified

micrograph of the red dotted box in (b); (d) EDS analysis and SAED pattern revealing the presence of VC particles in the

austenite matrix.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 8 4 4 3e8 4 5 78448
temperature. A typical ductile fracture of the ductile-like

morphology was observed in the A90, VA90, AG60, and

VAG60 specimens (Fig. 11). The morphology of the fracture is

shown in the corresponding insets. The fracture morphology

of these specimens was taken in the fibrous zone. The pres-

ence of deep dimples and initial microvoids suggests the

initiation of material failure. As shown in Fig. 11a, the frac-

ture morphology of specimen A90 has a uniform distribution
of deep dimples, which indicates a uniform distribution of

initial microvoids. As a result, the A90 specimen exhibited

excellent ductility (up to 52%). According to the theory pro-

posed by Thomson et al. [39], the nucleation, growth, and

eventual merging of microvoids dominate the micro-crack

formation in the material. As shown in Fig. 11b, smaller

and shallow dimples are observed in the fracture morphology

of VA90 specimens containing V. After aging, the fracture

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 6 e TEM and HRTEM micrographs of the AG60 specimen: (a) bright-field and (b) dark-field images of k-carbide

nanoparticles within the austenite matrix; (c) zone axis of HRTEM images of austenite, and corresponding FFT patterns

revealing the presence of k-carbide.

Fig. 7 e TEM image of the VAG60 specimen. (a) BF TEM

image showing VC particles. (b) SAED image revealing the

presence of few k-carbide indicated by the red circle.
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morphology of the AG60 and VAG60 specimens did not

change significantly compared with the annealed condition.

Still, the number of microvoids was greater, and the dimples

were more shallow. Therefore, it can be concluded that the

dimple type's ductile fracture dominates the material's frac-

ture behavior, which is consistent with the excellent ductility

of the material (TE > 40% for all specimens). Microalloying of

V elements and aging treatment did not change the fracture

behavior of the material, and the fracture form is still a

ductile fracture.
4. Discuss

4.1. Precipitation behavior of VC

In this study, a two-step heat treatment is carried out to

promote the precipitation of different nanoparticles and to

understand their interactions. A schematic diagram of the

formation of the two nano-sized precipitates is shown in

Fig. 12a. After annealing, only the austenite phase is observed

for the V-free steel. By contrast, nanoscale VC particles are

observed for the V-added steel and austenite (Fig. 5c). In

general, V microalloying was used to strengthen ferritic and

martensitic steels with a BCC structure, where the precipita-

tion of nano-sized VC particles and grain refinement
effectively increase the YS of the steel [40]. Given the high

solid solubility of V in austenitic steels, the volume fraction of

VC particles is constrained. However, the volume fraction of

VC particles here is more considerable (Fig. 5). After aging, the

formation of nanoscale k-carbides in V-free steels was formed

observed in maintaining a coherent relationship with

austenite (Fig. 6). The formation of such k-carbides is reported

by spinodal decomposition after quenching or aging [19]. The

fluctuation and segregation of Al and C elements significantly

affect k-carbides, and the minimum solute content required

for k-carbides during water quenching is reported in the

literature (Al > 7% and C > 0.8%) [14]. The presence of k-carbide

was also observed in the VAG60 specimens after aging. Still,

its volume is few (Fig. 7b). The volume of k-carbide decreased

substantially in the VAG60 specimens and was closely related

to the precipitation of particles of VC. It is well known that

adding V to steel is highly susceptible to carbide formation

with C [32]. The formation energies of two precipitation pha-

ses, VC and k-carbide, were analyzed by first-principles cal-

culations as �0.411 and �0.161 eV. The formation energy of

the VC precipitation phase is much lower than that of k-car-

bide, which means that the VC precipitation phase is more

stable in austenite [37]. In addition, according to the calcula-

tions in Fig. 1b, VC does not dissolve until 1080 �C, which

means that it is very stable during aging at 600 �C. Therefore, it
is shown that the C element is enriched near the VC particles,

resulting in an austenite matrix poor in C elements, sup-

pressing the precipitation of k-carbide (Fig. 5). This finding is

confirmed by the Vickers hardness result (Fig. 12b). Under the

annealed condition, the precipitation of VC particles results in

a higher hardness of V-added steels than V-free steels. How-

ever, the hardness of the V-free steel is higher than that of the

V-added steel under aged conditions, indicating that the vol-

ume fraction of k-carbide is greater in the V-free steel than in

the V-added steel. Furthermore, this result confirms that VC

suppresses the precipitation of k-carbide.

4.2. Effect of V addition on the microstructure

The V microalloying is known to be effective in refining the

grain size of steel. The grain sizes of the A90 and VA90 spec-

imenswere 9.9 mmand 4.9 mm, respectively. It can be seen that

the grain size of the annealed V-added steel is significantly

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 8 e (a) Engineering stressestrain curves. (b) Changes in strength and elongation of annealed and aged steel. (c) Tensile

properties of the present steel compared to other lightweight austenite steel. (d) Strain hardening rate as a function of the

true strain of the annealed and aged steel.

Table 1 e Tensile properties of V-free and V-added steels after annealing and aging.

Specimen Yield
Strength (MPa)

Tensile
Strength (MPa)

Uniform
Elongation (%)

Total
Elongation (%)

As-annealed A90 623 1086 42 52

VA90 827 1133 34 45

As-aged AG60 896 1206 35 46

VAG60 1009 1243 29 41

Fig. 9 e Dislocation structures in the AG60 sample at a true

strain of (a) 5% and (b) 10%. (Dashed and dotted lines

indicate plane slip bands in the austenite).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 8 4 4 3e8 4 5 78450
finer (Fig. 3a) compared to the V-free steel (Fig. 3b). This grain

refinement mechanism is strongly related to the VC particles

precipitating during annealing. Based on other previous

studies, V alloying may have retarded the recrystallization of

the experimental steel slightly, resulting in grain size refine-

ment [32]. However, this phenomenon was not observed in

the present study. The Grain Orientation Spread (Fig. 13) maps

before tensile deformation were used to describe the degree of

recrystallization of the test steel. The results showed that V

microalloying has a small effect on the degree of recrystalli-

zation in test steel, as V-added and V-free steels achieve

almost full recrystallization. The possible effect of the addi-

tion of V on the recrystallization behavior of the cold-rolled

steel has not been established, and it will require further

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 10 e Dislocation structures in the VAG60 sample at a true strain of (a and b) 5% and (c, d, e, f) 10%. (b) magnified

micrograph of dislocation in (a) shows the HDDWs and dislocation tangles. The slip bands and dislocation are observed in

(c) and (d), respectively. (e), and (f) the magnified micrograph of the red and yellow dotted box, respectively, in (d) showing

dislocation tangles near the slip band and VC particles.
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work. More details about recrystallization are illustrated using

kernel average misorientation (KAM) maps (Fig. 14) and cor-

responding statistics. The results showed that the average

value of KAM was higher for V-added steels than for V-free

steels, particularly at the grain boundaries. This difference is

attributed to the presence of a considerable amount of VC

precipitates, which is due to the pinning effect of VC on the

austenite grain boundaries, which hinders the growth of the

austenite grains. Therefore, the grain size of V-added steels

was smaller than that of V-free steels. After aging, no
significant changes in grain size were observed in AG60 and

VAG60 specimens compared with their respective annealed

specimens. This shows that the precipitation of k-carbide has

almost no effect on the austenite grain size.

4.3. Effect of V addition on the mechanical properties

The YS of test steel is usually subject to the combined effect of

multiple strengthening mechanisms, expressed by the

following equation [41]:

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 11 e SEM fracture morphologies of the A90, VA90, AG60 and VAG60 samples. The macroscopic features of the fracture

surfaces of the present steel are inserted in the upper right corner.

Fig. 12 e (a) A schematic diagram of the formation of VC

and k-carbide. (b) The Vickers hardness of annealed and

aged steel.
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sYS ¼ s0 þ sg þ sp þ sd (1)

where sYS refers to the YS, s0 includes the lattice friction stress

and solid solution strengthening of alloying elements, sg
refers to the grain boundary strengthening, sp refers to pre-

cipitation strengthening, and sd refers to the dislocation

strengthening.

s0 Is expressed by the following empirical formula [42]:

s0 ¼ 279wt:% C ‒1:5wt:%Mnþ 20:5 wt:% Al (2)

where wt.% ı́ (ı́: C, Mn, Al, and V) is the weight percentages

dissolved in austenite, respectively, which are determined by

TEM-EDS (for Al, Mn, and Fe) and the lever rule (for C). The

calculation of solid solution hardening also considers the ef-

fect of VC precipitation on solute C, which is almost negligible.

sg is calculated using the Hall-Petch relation as follows [42]:

sg ¼ kHPd
e1=2 (3)

where d is the average size of austenite grain (mm), and kHP is

the Hall-Petch coefficient (461 MPa mm1/2 [42]). The precipita-

tion strengthening mainly results from nano-sized VC parti-

cles interacting with dislocation by the Orowan bypassing

mechanism, and k-carbides interact with dislocation by the

shearing mechanism. It should be noted that nanoscale k-

carbides particles to the strength of aged specimens are not

considered since it was not possible tomeasure their fractions

due to their very fine sizes reliably (<5 nm) detectable by TEM.

Here, the precipitation strengthening is mainly calculated

from the contribution of VC particles, which can be estimated

based on the Orowan strengthening mechanism. The

strengthening contribution of the VC particles by the Orowan

mechanism can be expressed as follows [33]:

sp�VC ¼M
0:4Gb

p
ffiffiffiffiffiffiffiffiffiffiffi
1� y

p lnð2Y*=bÞ
2Y*

� ffiffiffiffiffiffiffiffiffiffiffiffi
p
4f � 1

q � (4)

where M is the Taylor factor (3.06) [43]; G and b are the shear

modulus and magnitude of the Burgers vector of austenite

(70 GPa and 0.26 nm) [43], respectively; y is the Poisson's ratio

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 13 e Grain Orientation Spread maps and statistical results: (a) A90; (b) VA90; (c) AG60; (d) VAG60. (Rec-g: Recrystallized

austenite, Rev-g: Non-Recrystallized austenite).
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(0.33) [33]; r* ¼ (2/3)0.5d/2, and d and f are the average size and

volume of the VC precipitates, respectively. The BaileyeHirsch

relationship was used to estimate dislocation strengthening

[43]:

sd ¼MaGbr0:5 (5)

where a is a constant (0.2) [43] and r is the dislocation density.

In the present study, the dislocation strengthening results

from the geometrically necessary dislocations (GNDs) since

the densities of retained statistically stored dislocations after

annealing were very small and negligible [43,44]. The

following expression can calculate the density of GNDs [45]:

r¼2q=mb (6)

where q is the misorientation angle and m is the unit length

(m ¼ 10�5 m) [44]. The misorientation angle can be calculated

by EBSD analysis, which gives the dislocation density of A90,

VA90, AG60, and VAG60 specimens as 9.9 � 1013 m�2,

10.3� 1013m�2, 9.1� 1013m�2 and 9.5� 1013m�2, respectively.

The contributions of individual strengthening factors to

the YS of steels with and without V are shown in Table 2, and

the corresponding column graphs are given in Fig. 15. The

comparative agreement between the calculated and experi-

mentally obtained YS of annealed steels illustrates the

reasonableness of this calculation method. The annealed V-
added steel achieves a higher contribution of grain boundary

strengthening and VC particle precipitation strengthening

than the annealed V-free steel, resulting in a YS increase of

~200 MPa. After aging, the YS of both the V-free and V-added

steel are substantially increased, mainly due to the precipi-

tation strengthening of k-carbide. It is worth noting that the

volume fraction of k-carbide cannot be accurately counted

due to its small size, resulting in the precipitation strength-

ening the contribution of k-carbide cannot be obtained

directly by calculation. As shown in Table 2, there is a signif-

icant difference between the calculated and experimental

values of the YS of the aged steel after aging. This difference

mainly originates from the precipitation strengthening of the

k-carbide. As shown in Fig. 15 and Table 2, the precipitation

strengthening of k-carbide is lower in VAG60 steel than in AG

steel (218 MPa vs. 276 MPa), which is due to the inhibition of k-

carbide precipitation by the precipitation of VC particles,

reducing the volume fraction of k-carbide (Fig. 7). However,

the grain boundary strengthening (~208 MPa) and precipita-

tion strengthening of VC particles (~115 MPa), in addition to

precipitation strengthening of k-carbide, contributed signifi-

cantly to the yield strength of the VAG60 specimen, resulting

in a higher yield strength of the VAG60 specimen. Overall, the

effective combination of fine-grained strengthening, nano-

sized VC particles, and k-carbide precipitation strengthening

https://doi.org/10.1016/j.jmrt.2023.05.090
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Fig. 14 e Kernel average misorientation maps and statistical results: (a) A90; (b) VA90; (c) AG60; (d) VAG60.
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in V-added steels causes a considerable increase in the YS of

lightweight steels.

The volume fraction of VC precipitates in V-added steel

does not change significantly after aging at 600 �C compared to

the annealed state, and the precipitation of VC particles is

limited at low-temperature aging. k-Carbide can precipitate in

high-density at low-temperature aging, but the character of

being easily cut by dislocations lead to low strain hardening

ability. Therefore, the coexistence of the dual-

nanoprecipitation after aging can compensate for the de-

ficiencies of each in precipitation strengthening. A dual-

precipitation structure consisting of VC and k-carbide can

effectively enhance the material's mechanical properties.
Table 2 e The calculation results of the contribution of various

Specimen s0 sg sp-vc sd sYS-1

A90 378 133 ‒ 111

VA90 374 200 115 113

AG60 367 147 ‒ 106

VAG60 359 208 115 109
4.4. Effect of V addition on the strain hardening

As shown in Fig. 8d, adding V significantly affects the strain

hardening rate of both annealed and aged lightweight steels.

The hardening mechanism of nano-sized k-carbide and VC

particles on lightweight steels during deformation needs to be

clarified. In the annealed condition, the work hardening rate

of V-added steels was higher than that of V-free steels under

tensile strains below 6% (Fig. 8d), caused by the strongly hin-

dering effect of nano-sized VC particles on the moving dislo-

cations during the tensile deformation. As the tensile strain

increased (>6%), the work hardening rate of V-added steels

was lower than that of V-free steels, which was related to the
strengthening mechanisms.

(estimated) sYS-2 (experimental) sp-k (sYS-2 ‒ sYS-1)

622 623 ‒
802 827 ‒
620 896 276

791 1009 218
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Fig. 15 e Contribution of individual strengthening factors

to yield strength in the A90, VA90, AG60, and VAG60

samples.
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strain localization caused by VC particles [36,37]. After aging

treatment, k-carbides precipitated in both V-added and V-free

steels. The work-hardening rate of VAG60 specimens was

affected by both VC and k-carbides. k-Carbide precipitation

has been intensively investigated in aged lightweight steels as

an important strengthening method [4,24]. k-Carbide can

effectively increase the strength of lightweight steel; however,

it reduces the strain hardening rate (Fig. 8d), which has also

been confirmed in other studies [24,25]. This is because the k-

carbide can be cut through by moving dislocations, causing a

so-called glide plane softening effect [26]. As themotion of the

first dislocation on the slip surface disrupts the locally ordered

structure, it leads to a decrease in the slip resistance of sub-

sequent dislocations on the slip surface and a strain softening

on the glide plane [24,46]. Therefore, the k-carbide in the AG60

specimen was continuously cut by the dislocations, which

reduced the hindering effect on the dislocation slip, resulting

in a continuous decrease in the strain hardening rate with

increasing strain. However, the precipitation of hard and non-

shearable VC particles in the VAG60 specimens effectively

increased the strain hardening rate of the lightweight steel in

the early stages of deformation compared to the AG60 speci-

mens containing only k-carbides (Fig. 8d). This is because the

VC particles lead to the plugging of dislocations in the vicinity

of the particles, which not only significantly increases the

dislocation density, but also changes the local distribution of

dislocations (Fig. 10). Although the volume fraction of nano-

scale VC particles is small, it can effectively improve the

lightweight steel's YS and strain hardening rate. VC particles

with the Orowan bypassing mechanism can effectively

compensate for the lower work hardening rate due to shear-

able k-carbide in the early stages of deformation. Thus, the

effective combination of both VC and k-carbide particle pre-

cipitation can produce greater strengthening effects.

Fig. 9a and b shows the dislocation structures of the AG60

specimens at strains ε ¼ 5% and ε ¼ 10%, respectively. The

corresponding insets are SAED plots revealing the presence of

k-carbide.With increasing strain, the deformation structure is
characterized by continuous refinement of the spacing be-

tween the slip bands and an increase of the intersecting slip

bands. This is strongly related to the feature that the k-carbide

can be cut through by dislocations, as confirmed in other aged

steels [4]. No appearance of deformation twins was observed,

at which point the strain hardening mechanism of the aged

lightweight steel was the refinement of the slip bands. The

increasing number of such slip bands and their decreasing

spacing result in a strong increase in the stored dislocation

density. The dislocation cutting frequency leads to an increase

in passing stress, which contributes to strain hardening [4,38].

Fig. 10 illustrates the dislocation structure of VAG60 speci-

mens at different strains. VC and a small amount of k-carbide

can be observed in the VAG60 specimens. Fig. 10a and b shows

the dislocation structure at strain ε ¼ 5%, where HDDWs and

dislocation entanglement near VC particles are observed. No

significant slip band is observed, and the main reason for the

reduced slip band activity is the substantially lower volume

fraction of k-carbide. As shown in Fig. 10c, the planar slip

bands were observed in the VAG60 specimen, which was

typical of planar slip. This was attributed to the precipitation

of k-carbide in the austenite matrix, which was consistent

with the experimental results observed in their study [4,25]. It

has been reported that the appearance of shear-orderable

precipitates in face-centered cubic solid solution alloys is

responsible for the planarity of dislocation slips, which caused

by the phenomenon of softening of the slip plane [25]. The

addition of V reduces the volume fraction of ordered k-carbide

in VAG60 specimens, decreasing the activity of planar slip and

has an effect on the dislocation slip mechanism of the speci-

mens. Therefore, dislocation cell (Fig. 10d) was observedwhen

the strain was increased to ε ¼ 10%, which was a typical kind

of wavy-slip type dislocation structure. At the same time,

many dislocations were plugged near the VC particles, leading

to dislocation entanglement (Fig. 10e). Thus, it is concluded

that the precipitation of VC accelerates the rate of dislocation

accumulation during plastic deformation. The strain hard-

ening rate is higher for aging steels containing nano-sized VC

particles in early states of deformation than lighter steels

without VC particles. VC particles compensate for the abrupt

drop in the strain hardening rate at the beginning of defor-

mation due to k-carbide that can be cut through by disloca-

tions and improve the hardening ability of lightweight steel.

The combined effect of nano-sized VC and k-carbide

significantly strengthens the lightweight steel while ensuring

excellent ductility.
5. Conclusions

(1) The grain size of austenite was significantly refined

from 9.9 to 4.9 mmwith the addition of V in the annealed

state, which is primarily attributed to the pegging of

austenite grain boundaries with VC particles. After

aging, no significant changes in grain size were

observed for V-free and V-added steels.

(2) Nano-sized VC and k-carbide particles precipitate in

the austenite matrix after annealing and aging. Simul-

taneously, the precipitation of k-carbide was
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suppressed due to the C-poor solute in the austenite

matrix caused by the precipitation of VC particles.

(3) A two-step heat treatment, including annealing and

aging, is taken to promote the precipitation of VC and k-

carbide particles, thus substantially improving the

strength of the material. The yield and UTS of aged V-

added specimens reached 1009 MPa and 1243 MPa,

respectively, and the TE reached 41%. The aged V-added

steels exhibit an excellent combination of tensile

strength and ductility, mainly resulting from grain

boundary strengthening and dual-nanoprecipitation

strengthening.

(4) The strain hardening rate of the V-free steel decreases as

k-carbide precipitates after aging.With the addition of V,

this deficiency is compensated. The precipitation of non-

shearable VC particles in the austenite grains effectively

pins dislocations during deformation and improves the

strain hardening rate of the aged steel in the initial

stages of deformation. The synergistic effect of VC and k-

carbide ensures a high hardening capacity, consequently

increasing the lightweight steel's tensile strength.
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