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ABSTRACT

A new martensitic low-density steel was designed, and the behavior of austenite grain growth, along with
the influence of niobium Nb and V microalloying, was investigated. The results indicated that the austenite
grain growth rate in the new martensitic low-density steel was rapid, the austenite grains gradually increased
in size with rising austenitizing temperatures, reaching a coarsening temperature of approximately 1000°C. Nb
microalloying significantly refined the austenite grain structure and elevated the coarsening temperature to about
1200°C. Nb microalloying resulted in the formation of two size ranges of NbC precipitates: those smaller than
0.3 um and those larger than 2 um. The formation of NbC precipitates was the primary reason for the reduced
grain growth rate in the Nb microalloyed experimental steel. The NbC precipitate phase hindered the migration
of austenite grain boundaries, thereby slowing down the grain growth rate. The NbC precipitates smaller than
0.3 um dissolved in large quantities when heated above 1200°C, weakening the nailing effect on grain bound-
aries, which was the main reason for the rapid grain growth observed in the experimental steel. Conversely,
the NbC precipitates larger than 2 um were difficult to eliminate, even when subjected to prolonged heating
at 1250°C. The austenite grain growth model for the newly designed martensitic low-density steel was calcu-
lated as: D = 1.47 x 10% - 0097 - ¢52423RT (900—1150°C) D = 3.45 x 10" - ¢ 0108 . g73673VRT (1200-1250°C).
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1. INTRODUCTION

In recent years, the automobile industry has seen an increasing demand for lightweight materials [1-3], mak-
ing high-strength steel a promising candidate for body structural components due to its exceptional strength
and formability [4, 5]. This type of steel can contribute to a lighter and safer vehicle body. Fe-Al-Mn-C
low-density steel, recognized as the third generation of high-strength steel, is particularly valued for its low
density and high strength, positioning it as a favorable material for automotive applications [6]. The high alu-
minum content in this steel leads to lattice expansion by decreasing the average molar mass of the material,
which in turn reduces the mass density of the steel [7, 8]. Current research on Fe-Mn-Al-C low-density steel
primarily focuses on low-density steel plates, with insufficient attention given to low-density steel bars. This
paper investigates a novel type of martensitic low-density steel, 45SMn5Al4, with the aim of its application in
automotive bars. The research and application of this steel are significant for advancing the lightweight design
of automobiles.

In recent years, the application of microalloying elements in high-strength steels has become a focal
point of research [9]. For instance, XIE ef al. [10] investigated the effects of annealing temperature and vana-
dium addition on Fe-Mn-Al-C low-density steel, finding that the incorporation of vanadium refines the grain
structure and enhances the strength and hardness of the material. SUN et al. [11] demonstrated that Nb and V
microbial loys effectively refine the recrystallized grains, significantly improving high-temperature plasticity.
The addition of Nb, V, Ti, and other strong carbonitride-forming elements can produce fine carbonitride pre-
cipitates, resulting in a precipitation-strengthening effect that enhances the properties of steel. Among these
elements, Ti (C, N) exhibits high stability and dissolves at elevated temperatures, effectively pinning grain
boundaries to inhibit grain growth [12]. Similarly, Nb (C, N) can impede the recrystallization process, refine
the grains, and also dissolve at high temperatures [13]. The dissolved Nb atoms may be solubilized in austenite,
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influencing the stability of austenite and the subsequent phase transition process. Additionally, when V (C, N)
is heated to a specific temperature and dissolved, it may re-precipitate during the subsequent cooling process,
contributing to the precipitation-strengthening effect [10]. Collectively, these mechanisms highlight the critical
role of carbonitride-forming elements in optimizing the microstructure and mechanical properties of steel.

In addition, structural design and process optimization are essential strategies for enhancing the perfor-
mance of low-density steel. Among these strategies, the refinement of austenite grains is particularly crucial
for the performance of high-strength steels [14]. YANG et al. [15] investigated the refinement and isothermal
growth behavior of austenite grains in low-carbon vanadium micro-alloyed steels and found that the addition
of vanadium effectively inhibits the growth of austenite grains, thereby refining the final microstructure.
YUAN et al. [16] discovered that as the austenite grains are refined, the ferrite transformation temperature
increases during cooling, resulting in a higher ferrite content in the microstructure after cooling. AKHTAR
and KHAJURIA [17] examined the impact of the original austenite grain size in boron-modified P91 steel on
the microstructure and creep properties of the simulated heat-affected zone. They found that fine austenite
grains can significantly enhance the creep resistance of the material.

Consequently, this paper examines the grain growth behavior of 45Mn5Al4 steel and elucidates the
influence mechanisms of microalloying elements and their precipitation on austenite grain growth behavior.
In particular, it focuses on the effects of different sizes of niobium carbide precipitates, providing a theoretical
foundation for optimizing the heat treatment process and microalloying design.

2. MATERIALS AND METHODS

The chemical composition of the experimental steel is presented in Table 1. The test steel was forged into a
¢130 mm bar after melting. The initial forging temperature was 1150°C, while the final forging temperature was
900°C. Subsequently, the steel was annealed at 700°C for 1 hour.

The experimental steel was cut to dimensions of § mm % 8§ mm X 12 mm using wire cutting. The sam-
ples were divided into Group A and Group B. Group A samples were utilized to study austenite grains, while
Group B samples were used to investigate precipitated phases. To examine the effect of heating temperature on
grain growth, two groups of experimental steel, A and B, were heated and maintained at various temperatures
(950, 1000, 1050, 1100, 1150, 1200, and 1250 °C) for 30 minutes in a box heating furnace. Group A samples
were rapidly cooled to 600 °C and held for 90 minutes before being water-cooled to room temperature. This
method enabled the researchers to observe the grain boundaries of austenite clearly. After quench-ing, Group B
samples were directly cooled with water to room temperature to prevent oxidation.

Following quenching, the samples from Group A were cut in half, polished, and then subjected to electro-
lytic corrosion. The corrosion reagent used was a 2% oxalic acid solution, with a current intensity of 0.15 A, and
the corrosion process lasted for 30 seconds at room temperature to reveal the original austenite grain boundaries.
The samples from Group B were also cut in half after quenching, polished, and then etched with nitrate alcohol
to observe the microstructure and precipitated phases.

In order to investigate the effect of holding time on grain growth, the experimental steel was maintained
at various temperatures (950, 1000, 1050, 1100, 1150, 1200, and 1250 °C) for different durations (15 min, 30
min, 90 min, 120 min). Subsequently, the original austenite grains were examined using optical microscopy. The
average grain size was measured using Nano Measurer software. The microstructure of the test steel was ana-
lyzed with a scanning electron microscope (SEM), while the precipitated phases were studied using a transmis-
sion electron microscope (TEM). The chemical composition of the precipitated phases was analyzed using an
energy-dispersive spectrometer (EDS). The carbon film replica method was employed to extract the precipitated
phases from the experimental steel for TEM analysis.

3. RESULTS
3.1. Original microstructure observation

Figure 1 illustrates the original structure of the two experimental steels. It is evident that both steels contain
a significant number of precipitates, with an average size ranging from 0.3 to 1.5 um, uniformly distributed
throughout the matrix. The 45Mn5AI14VND steel exhibited additional precipitates, with sizes not exceeding 0.3
pm and not smaller than 2 pm.

The results of the EDS analysis of the precipitates, along with the TEM morphology and diffractograms,
are presented in Figure 2. EDS analysis was conducted on the MC depicted in Figure 1(c), with the results pre-
sented in Figure 2(a). Additionally, EDS analysis was performed on NbC depicted in Figure 1(c); the results for
point 2 are displayed in Figure 2(b), while the results for point 3 are presented in Figure 2(c).
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Table 1: Chemical composition of 45Mn5Al14 steel (in mass%).

STEEL C Al Mn Si P S Cr v Nb Fe
45Mn5Al4 0.44 3.62 5.14 0.45 0.025 0.003 0.11 — — Bal.
45MnSAI4VNb 0.45 3.38 5.07 0.48 0.03 0.003 0.11 0.13 0.09 Bal.

Figure 1: SEM images of the original microstructure of the experimental steel. (a) 45Mn5Al4 steel, (b)(c) 45Mn5A14VNDb
steel.
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Figure 2: EDS analysis results of precipitates. (a) size 0.3~1.5 um, (b) size no smaller than 2 pm, (c) size no larger than
0.3 pm. and TEM image of the precipitates. (d) size 0.3~1.5 um, (e) size no smaller than 2 pm.

The EDS results indicate that the Fe and Mn elements are present in greater quantities in the precipitates
measuring 0.3 to 1.5 pm, while the diffractogram calibration results confirm that these are M23C6 precipitates,
as shown in Figures 2(a) and 2(d). In 45Mn5Al4 steel, both small and large precipitates are identified as NbC
precipitates. The small precipitates typically have a diameter of less than 0.3 um, while the large precipitates
have diameters greater than 2 um. The distribution and morphology of these precipitates are clearly illustrated
in Figures 2(b), 2(c), and 2(e).

Generally, the size of small precipitates is less than 0.3 microns, while the diameter of large precipitates
exceeds 2 microns, as illustrated in Figures 2(b), (c), and (e).
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3.2. Austenite grain growth behavior

The austenite grain diagrams of the experimental steel at various heating temperatures are presented in
Figures 3 and 4. It is evident that the grain size increases with rising heating temperatures. The grain growth of
45Mn5Al4 steel occurs rapidly. In contrast, the grain size of 45SMn5AIl4VND steel remains fine at temperatures
ranging from 900 to 1200°C. However, at 1250°C, the austenite grains exhibit significant coarsening. Abnormal
growth of austenite grains in both 45Mn5Al4 steel and 45Mn5AI4VND steel is observed at 950°C and 1150°C,
respectively.

Figure 5 illustrates the average austenite grain size of the experimental steel at various heating tem-
peratures and holding times. It is evident that the grain growth rate increases with rising heating temperatures
and remains relatively stable with prolonged holding times, indicating that holding time has minimal effect.
This phenomenon can be attributed to thermodynamic and kinetic factors. Higher temperatures provide atoms
with increased energy, which accelerates diffusion. Diffusion is a critical mechanism for grain growth, as it
enables atoms to migrate across grain boundaries, leading to the enlargement of larger grains at the expense
of smaller ones, thereby promoting grain growth. After extended holding periods, grain growth primarily
occurs at the grain boundaries. The reduction in boundary area limits the sites available for atomic diffusion,
resulting in the stabilization of the grain growth rate [18].

The austenitic grain size of 45Mn5Al4 steel exhibits a linear increase. In contrast, the austenitic grain
size of 45Mn5AI4VND steel grows slowly between 900°C and 1200°C but accelerates at 1250°C. Notably, at
the same temperature, the austenitic grain size of 45SMn5AI4VND steel is larger than that of 45SMn5Al4 steel.

3.3. Analysis phase observation

Figures 6(a) and 6(b) illustrate the microstructure of the experimental steel at 950°C, while Figure 6(e) presents
the TEM morphology and diffraction patterns of the precipitated phase in 4SMn5A14VND. In 45Mn5Al4 steel,
M23C6 and NbC precipitates were completely dissolved. In 45SMnS5AI4VND steel, the M23C6 precipitated
phase was entirely dissolved in the matrix at 950°C, while the NbC precipitated phase retained its integrity,
showing no significant dissolution. These NbC precipitates stabilize the austenitic grain boundaries, thereby
refining the grains and significantly reducing the grain size of 45Mn5AI4VND steel [19], which is notably
smaller than that of 45Mn5Al4 steel without the addition of the Nb element [15].

Figure 6(c) and Figure 6(d) depict the microstructure of 45Mn5Al4VNbD steel at 1200°C and 1250°C.
Compared to the images, it is evident that the number of precipitates smaller than 3 microns at 1200°C was
significantly reduced compared to that at 950°C. Consequently, NbC precipitates with a particle size of no
more than 0.3 pm remain dissolved at 1200°C. This size of NbC particles can effectively inhibit the migration

Figure 3: Morphology of austenite grains of the 45Mn5Al4 steel at different heating temperatures for 30 min, (a) 900°C,
(b) 950°C, (¢) 1000°C, (d) 1050°C, (e) 1100°C, () 1150°C.
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Figure 4: Morphology of austenite grains of the 45SMn5AI4VND steel at different heating temperatures for 30 min.
(a) 900°C, (b) 950°C, (c) 1000°C, (d) 1050°C, (e) 1100°C, (f) 1150°C, (g) 1200°C, (h) 1250°C.
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Figure S: Average austenite grain size at different heating temperatures(a) and average austenite grain size at different
holding times. (b) 45Mn5Al14 steel, (c) 45Mn5AI4VND steel.

of grain boundary elements, allowing the steel to form fine austenite grains at a heating temperature of 1200°C.
However, it is observed that NbC precipitates with sizes no larger than 0.3 um dissolve at 1250°C, leading to
a significant decrease in the pinning force of NbC particles. Consequently, the austenite grains can escape the
inhibition of NbC and grow rapidly.

The NbC precipitates were usually nanoscale, but there were NbC precipitates larger than 2 pm in the
45Mn5A14VND steel. These larger NbC precipitates were likely formed during the smelting process, which
can adversely affect the mechanical properties of the steel, particularly its toughness [20, 21]. It was observed
that the NbC precipitates remained difficult to eliminate even after 12 hours at 1250°C, as shown in Figure 7.
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Figure 6: SEM image of the experimental steel after holding at 950 °C for 30 min. (a) 45Mn5Al4 steel, (b) 45SMn5A14VNb
steel. and SEM images of the 45Mn5Al4VNb steel after holding at different temperatures for 30 min. (a) 1200°C,
(b) 1250°C, and (e) TEM image of the precipitates.

Figure 7: Large-size niobium carbides after heating for 12 h at 1250°C.
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The temperature required for the complete dissolution of NbC precipitates is influenced by the concentrations of
Nb and C [22], and the solubility product can be expressed by Equation (1):

logKs = log[Nb][C] = A —B/T (1)

A and B are constants, K_is the equilibrium constant, [Nb] is the mass fraction of dissolution Nb (wt%), [C] is
the dissolution amount of C (wt%), and 7 is the absolute temperature (K). The constants A and B are not fixed,
they are influenced by various factors, including the experimental conditions, the materials under investigation,
and the specific thermodynamic model employed.

It can be observed from Equation (1) that the complete dissolution temperature of NbC precipitates
increases with higher C and Nb content. The 45Mn5AI4VND steels contain up to 0.6% carbon and 0.08%
niobium, leading to elevated complete dissolution temperatures of NbC precipitates. When designing the com-
position of medium- and high-carbon steels, it is essential to control the niobium content to prevent the forma-
tion of large NbC precipitates.

3.4. Mathematical model of austenite grain growth

From the analysis above, heating temperature and holding time are two critical factors influencing austenite
grain growth behavior. To thoroughly investigate the austenite grain growth in the experimental steel, both the
heating temperature (T) and holding time (t) must be taken into account.

At present, the mathematical model commonly used for predicting austenite grain size during isothermal
processes is the Arrhenius model [23], as represented by the following equation (2):

D=A-t"-exp (—Q/RT) 2)

Where D is the average austenite grain size after coarsening, um; ¢ is the holding time, s; 7 is the heating
temperature, K; R is the molar gas constant, J/(mol-K); Q is the activation energy of grain growth; 4, n and B
are experimental parameters.

By logarithmic transformation of equation (2), equation (3) is derived:
InD = InA + nint — Q/RT 3)

When the heating temperature was held constant, the fitted relationship of InD versus Int was obtained, as shown
in Figure 8. Based on this curve, the grain growth index (n) can be calculated, where n represents the index of
the grain growth rate. The grain growth indices for 45Mn5Al4 steel were 0.194, 0.205, and 0.214 at tempera-
tures of 950°C, 1000°C, and 1100°C, respectively. In contrast, the grain growth indices for 45Mn5A14VNb
steel were 0.082, 0.095, 0.100, 0.108, and 0.111 at 950°C, 1000°C, 1100°C, and 1250°C, respectively.
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Figure 8: InD-Int curves of experimental steel in the process of isothermal austenitization. (a) 45Mn5Al4 steel,
(b) 45Mn5A14VND steel.
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Figure 9: InD-1/T curve of experimental steel in the process of heating. (a) 45Mn5Al4 steel, (b) 45SMn5AI14VND steel.

When holding time constant, the fitted relationship curve of InD-T~! was shown in Figure 9, from which
the grain boundary activation energy (Q) can be obtained.

The activation energy Q in 45Mn5Al4 steel was measured at 208695J - mol™ and /nd was 22.16. In
contrast, the activation energy Q in 45Mn5Al4VND steel were 52423 - mol™ and 367311J - mol™* from 900°C
to 1200°C and above 1200°C, respectively, and the /n4 at 900°C to 1200°C and above 1200°C was 7.29 and
33.47. The grain growth models for 45Mn5Al4 steel and 45Mn5AI4VNbD steel, both below and above the grain
coarsening temperature, are presented in equations (4), (5), and (6).

D =421 x 1079 . %204 . g=208695/RT (45Mn5Al14 steel) 4)
D = 1.47 x 103 - t%097 . ¢=52423/RT (45Mn5AI4VND steel (900-1150°C)) %)
D =3.45 x 101% . £0108 . p=367331/RT (45Mn5AI4VND steel (1200-1250°C)) (6)

The predicted grain size values were derived from the mathematical model, while the measured values
are presented in Figure 10. The experimental results demonstrated a strong correlation with the predicted values,
exhibiting relative deviations of 8.8% for 45SMn5Al4 steel and 7.7% for 45SMn5A14VND steel. Consequently, the
model holds significant reference value.

4. CONCLUSIONS

From the investigation of Nb microalloying in the new martenstic low-density steel, the following conclusions
were drawn:

(1) Inthe temperature range of 900—1100°C, the austenite grains of 45Mn5Al4 steel exhibited a linear increase.
In the range of 900-1200°C, the austenite grain growth of 45SMnS5AI4VND steel was relatively slow; how-
ever, at a temperature of 1250°C, the austenite grains of 45SMn5Al4VND steel underwent significant coarsen-
ing. This phenomenon can be attributed to the substantial dissolution of NbC precipitates in 45Mn5AI4VNb
steel, which were no larger than 0.3 pm. The dissolution weakened the pinning effect, leading to a marked
increase in grain size.

(2) The experimental steel was annealed with a significant amount of M23C6-type precipitates, which ranged
in size from 0.3 to 1.5 um and dissolved at 950°C. The 45Mn5AI4VNbD steel contained additional NbC
precipitates, which were no larger than 0.3 um and no smaller than 2 um. The NbC precipitates measuring
no larger than 0.3 um dissolved at 1250°C, while those measuring no smaller than 2 pm remained difficult
to dissolve even after 12 hours at 1250°C.
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Figure 10: Correlation between experimental and predicted grain size values. (a) 45Mn5Al4 steel, (b) 45SMn5SAI4VND steel.

(3) The kinetic model for austenite growth of experimental steel were constructed:

D =421 % 10° . t0%204. g=208695/RT (45\Mn5Al14 steel)
D = 1.47 x 103 - t0097 . ¢=52423/RT (45Mn5AI4NDV steel, 900-1150°C)

D = 3.45 x 101 . t0-108 . g=367331/RT (45Mn5AI4NDV steel, 1200-1250°C)
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