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Abstract: Steels used for high-speed train wheels require a combination of high strength, toughness,
and wear resistance. In 0.54% C-0.9% Si wheel steel, the addition of 0.075 or 0.12 wt % V can refine
grains and increase the ferrite content and toughness, although the influence on the microstructure
and toughness is complex and poorly understood. We investigated the effect of 0.03, 0.12, and
0.23 wt % V on the microstructure and mechanical properties of medium-carbon steels (0.54% C-0.9%
Si) for train wheels. As the V content increased, the precipitation strengthening increased, whereas
the grain refinement initially increased, and then it remained unchanged. The increase in strength
and hardness was mainly due to V(C,N) precipitation strengthening. Increasing the V content to
0.12 wt % refined the austenite grain size and pearlite block size, and increased the density of
high-angle ferrite boundaries and ferrite volume fraction. The grain refinement improved the impact
toughness. However, the impact toughness then reduced as the V content was increased to 0.23 wt %,
because grain refinement did not further increase, whereas precipitation strengthening and ferrite
hardening occurred.

Keywords: medium-carbon steel; grain refinement; precipitation strengthening; strength and
toughness

1. Introduction

Steels for high-speed train wheels must have good strength, toughness, and wear resistance.
Pearlite steel, which has a lamellar microstructure obtained by special processing, is exceptionally
strong and is often used for this application. The performance of the microstructure mainly depends
on the proeutectoid ferrite and pearlite content, and the size of the pearlite substructure.

Microalloying is used to improve the performance of wheel steel by increasing its strength
and preventing crack propagation via obtaining a microstructure with good toughness. V has a
high solubility in γ-Fe, and it exists in solution or as a precipitate below austenitizing temperatures.
The addition of V results in solution strengthening, precipitation strengthening, grain refinement, and
hardening. Thus, V has an important effect on the toughness of steel [1–3]. Adding 0.1 wt % V to
eutectoid steel can delay the pearlite transformation and effectively refine the pearlite colony size
and interlamellar spacing [4]. The dissolution and precipitation of V in medium-carbon steel has a
beneficial effect on microstructure refinement and ferrite content, and increases the steel strength [5,6].
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Studies have shown that ferrite volume fraction and grain size, pearlite colony/block size, pearlite
interlemellar spacing, and austenite grain size all contribute to the toughness of hypoeutectic steel [7,8].
The addition of V increases the hardness of steel, while a high V content decreases the impact
toughness [9]. A previous study reported that in steel containing 0.4 wt % C, the toughness of
the steel dropped sharply when the V content reached 0.2 wt %, but a detailed explanation was not
given [10]. Most research focuses on low-carbon or medium-carbon steels with a C content of 0.4 wt %,
or steels with a low Si content, so that the volume fraction of proeutectoid ferrite is high. There has
been limited research on wheel steel with a C content of around 0.54 wt %, a high Si content, and a low
ferrite content. In 0.54% C-0.9% Si wheel steel, increasing the V content from 0.03 to 0.075 or 0.12 wt %
can substantially refine the grains and increase the ferrite content and toughness, although it has a
complex effect on strength [11]. The effect of the V content on the microstructure and toughness of
medium-carbon wheel steel (0.54% C-0.9% Si) with a low ferrite content remains poorly understood.
Thus, in this paper, we investigate the effect of V content on the microstructure and toughness of
medium-carbon wheel steel with a low ferrite content.

2. Materials and Methods

2.1. Materials and Processing Technology

Three experimental steels were prepared by smelting in a vacuum induction furnace and rolling.
The equilibrium phase-transformation temperatures of the steels were calculated by using Thermo-Calc
(TCFE7) software (TCFE7 database, Stockholm, Sweden). The chemical composition of the steel
samples and the Ae3 (γ/α temperature) and Ae1 (γ+α/γ+α+θ temperature) equilibrium temperatures
are listed in Table 1. The size of the rolled specimen was 250 mm (length, rolling direction) × 125 mm
(width) × 60 mm (thickness). The rolling process involved heating to 1280 ◦C for 2 h, several passes of
continuous rolling, and finishing rolling above 900 ◦C, followed by air cooling to room temperature.

For the heat treatment experiments, samples of 65 mm (length)× 62 mm (width) × 15 mm
(thickness) were used. The heat treatment process was heating to 860 ◦C for 1 h, air cooling to room
temperature (an average cooling rate of about 3 ◦C/s in the range of 700–500 ◦C), tempering at 520 ◦C
for 2 h, and air cooling to room temperature. The schematic of the thermo-mechanical treatment of the
investigated steels is shown in Figure 1.

Table 1. Compositions of the investigated steels (wt %), Ae3, and Ae1 (◦C).

Sample C Si Mn P S Cr V N Ae3 Ae1

0.03 V 0.54 0.88 0.78 0.0079 0.0077 0.17 0.03 0.0014 768.2 740.5
0.12 V 0.54 0.87 0.78 0.0072 0.0078 0.18 0.12 0.0016 769.3 740.2
0.23 V 0.54 0.95 0.80 0.0071 0.0071 0.18 0.23 0.003 779.0 740.0
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China) with a load of 10 g and a loading time of 10 s. Before measuring the microhardness, the 
sample was polished and slightly etched with 2% nitric acid in alcohol to distinguish the 
proeutectoid ferrite and pearlite. The Charpy V impact tests were conducted on an impact tester 
(JBW-300N, Shanghai Zhujin Instrument Co., Ltd., Shanghai, China) using transverse specimens (10 
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heat-treated samples were examined by optical microscopy (OM, GX51, Olympus, Tokyo, Japan) 
and scanning electron microscopy (SEM, S-4300, Hitachi, Tokyo, Japan). Since the pro-eutectoid 
ferrite is formed at the austenite grain boundary, we used the intercept method to measure the 
amount of pro-eutectoid ferrite per unit distance, to obtain the spacing of the pro-eutectoid ferrite, 
thereby estimating the austenite grain size. The volume fraction of the proeutectoid ferrite was 
measured from the OM images by the point count method, and there were at least 15 photographs 
with a magnification of 100×. The intercept method was used to measure the pearlite colony size and 
the lamellar spacing from the SEM images. The pearlite block size was measured from a large-angle 
interface diagram with an electron backscatter diffraction (EBSD, Nordlys F+, Oxford, London, UK) 
step size of 0.5 μm. The density of the high-angle ferrite interface was the ratio of the total length of 
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2.2. Mechanical Properties

Standard tensile samples with a diameter of 5 mm and a standard length of 25 mm were tested
at room temperature on a tensile testing machine (WE-300, Jinan Kairui Machinery Equipment Co.,
Ltd., Jinan, China), to obtain the yield strength (Rp0.2), tensile strength (Rm), section shrinkage (ψ), and
elongation (δ).

The heat-treated samples were mechanically ground and polished, and then etched with 4%
nitric acid in alcohol. The hardness was measured using a Vickers hardness tester with a load of
5 kg and a loading time of 10 s. Microhardness measurements were performed made using a Vickers
hardness tester (VH-5, Univer, Qingdao Fupida Electromechanical Technology Co., Ltd., Qingdao,
China) with a load of 10 g and a loading time of 10 s. Before measuring the microhardness, the sample
was polished and slightly etched with 2% nitric acid in alcohol to distinguish the proeutectoid ferrite
and pearlite. The Charpy V impact tests were conducted on an impact tester (JBW-300N, Shanghai
Zhujin Instrument Co., Ltd., Shanghai, China) using transverse specimens (10 mm × 10 mm × 55 mm)
at test temperatures of −20 and 20 ◦C.

2.3. Microstructure Analysis

After mechanical grinding, polishing, and etching with 4% nitric acid in alcohol, the heat-treated
samples were examined by optical microscopy (OM, GX51, Olympus, Tokyo, Japan) and scanning
electron microscopy (SEM, S-4300, Hitachi, Tokyo, Japan). Since the pro-eutectoid ferrite is formed at
the austenite grain boundary, we used the intercept method to measure the amount of pro-eutectoid
ferrite per unit distance, to obtain the spacing of the pro-eutectoid ferrite, thereby estimating the
austenite grain size. The volume fraction of the proeutectoid ferrite was measured from the OM
images by the point count method, and there were at least 15 photographs with a magnification of
100×. The intercept method was used to measure the pearlite colony size and the lamellar spacing
from the SEM images. The pearlite block size was measured from a large-angle interface diagram with
an electron backscatter diffraction (EBSD, Nordlys F+, Oxford, London, UK) step size of 0.5 µm. The
density of the high-angle ferrite interface was the ratio of the total length of the interface greater than
15◦ to the measured area in the ferrite interface diagram per unit area. The cementite thickness (tc) was
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calculated from the relationship between the pearlite interlamellar spacing (S) and the carbon content
(wt % C) [12].

tc =
S × 0.15(wt % C)

V
(1)

where V is the volume fraction of pearlite.
The samples were examined by SEM and EBSD after electrolytic polishing. Thin-film samples

with a diameter of 3 mm were prepared using a double-spout electrolytic polishing device in 8%
perchloric acid in ethanol, and the microstructure and precipitation of the samples were analyzed by
transmission electron microscopy (TEM; H-800, Hitachi, Tokyo, Japan) at an acceleration voltage of
200 kV.

The precipitated phase in the steels was qualitatively and quantitatively investigated by
physicochemical phase analysis. Six 20 mm × 60 mm samples were prepared, subjected to electrolysis,
and then cleaned to remove residues. The samples were analyzed by X-ray diffraction (XRD),
quantitative analysis, and X-ray small angle diffraction to determine the particle size. The residue after
electrolysis was also analyzed by XRD (APD-10, Phillips, London, UK). The element mass fraction
was determined by inductively coupled plasma-atomic emission spectrometry, and the particle size
analysis of the MC phase was performed by Kratky small-angle X-ray scatterometry.

3. Results and Discussion

3.1. Microstructure

The microstructure of the heat-treated samples was lamellar pearlite with a small amount of
proeutectoid ferrite. The OM (Figure 2a–c) and SEM (Figure 2d–f) images show the microstructure
of the steels. The microstructural parameters of the steels are shown in Table 2. As the V content
was increased from 0.03 to 0.12 wt %, the sizes of the austenite grains, pearlite colonies, and pearlite
blocks decreased, and the proeutectoid ferrite volume fraction and the density of high-angle ferrite
boundaries increased. The changes in these parameters were small when the V content was further
increased from 0.12 to 0.23 wt %. In addition, the proeutectoid ferrite size decreased and the cementite
thickness did not change significantly as the V was content increased.
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Figure 2. OM (optical microscopy) and SEM (scanning electron microscopy) images showing the
microstructures of the investigated steels. (a,d) Sample 0.03 V; (b,e) sample 0.12 V; (c,f) sample 0.23 V.
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Table 2. Microstructural parameters of the investigated steels.

Sample AGS (µm) fα (%) dα (µm) PS (µm) NS (µm) S (µm) tc (µm) ρα (µm)

0.03 V 32.4 ± 1.8 2.0 ± 0.4 4.02 ± 1.5 9.3 ± 1.5 12.1 ± 0.4 0.158 ±
0.03 0.014 7.76

0.12 V 16.6 ± 0.8 11.1 ± 0.4 3.66 ± 0.4 5.5 ± 1.0 7.4 ± 0.3 0.143 ±
0.02 0.014 14.36

0.23 V 15.7 ± 0.7 11.2 ± 0.3 3.41 ± 0.2 5.2 ± 0.5 6.6 ± 0.3 0.131 ±
0.02 0.012 15.01

Austenite grain size (AGS); proeutectoid ferrite volume fraction ( fα); proeutectoid ferrite size (dα); pearlite colony
size (PS); pearlite block size (NS); interlamellar spacing (S); cementite thickness (tc); density of high-angle ferrite
boundaries (ρα).

Figure 3 shows the results of the Thermo-Calc calculations. V solid solution in austenite in steel
samples 0.03 V and 0.12 V had a small amount of precipitate from 830 ◦C to 940 ◦C. In contrast, sample
0.23 V showed precipitate from 1010 ◦C, the amount of solid solution decreased from 0.23 to 0.11 wt %
at 940 ◦C, and subsequently, the amount of solid solution was the same as that of sample 0.12 V.

Compared with samples 0.03 V and 0.12 V, V precipitation gradually increased with the increase
in V content. The precipitated V(C,N) was formed at the austenite grain boundary, preventing the
grain from growing, and thus refining the grain. Grain refinement provides more nucleation positions
and facilitates proeutectoid ferrite transformation. Compared with samples 0.12 V and 0.23 V, as the
V content continued to increase, a large amount of V was coarse precipitate, which had little effect
on the austenite refinement as the temperature was decreased from 1010 to 940 ◦C, due to the high
temperature and low N content. When the driving force of the grain growth is balanced with the
resistance of the second-phase particles to grain growth, high-V steel can precipitate too many particles
at a high temperature, and the resistance to grain growth exceeds the driving force for balancing grain
growth. Thus, some precipitated particles do not produce a refinement effect [13].

The higher the V content in the experimental steels, the higher the precipitation temperature of
VC; the initial precipitation temperatures of VC for samples 0.03 V, 0.12 V, and 0.23 V were 830 ◦C,
940 ◦C, and 1010 ◦C, respectively. In austenite at a temperature of 860 ◦C, V is completely dissolved
in 0.03 V steel and only partially dissolved in 0.12 V and 0.23 V steels. Furthermore, the amount of
undissolved precipitates (VC) present in 0.23 V steel was higher than that in 0.12 V steel, and the
solution content of V was the same.

Comparing samples 0.03 V and 0.12 V, V precipitation gradually increased with increasing
V content. The precipitates formed at the austenite grain boundary, preventing the grain from
growing, and thus refining the grain. Grain refinement provides more nucleation sites and facilitates
proeutectoid ferrite transformation. As shown in Figure 4, the amount of VC precipitated in 0.03 V
steel was small, leading to weak grain refinement. The amount of VC precipitated in 0.12 V and 0.23 V
steels was relatively higher, resulting in an obvious grain refinement effect. According to Zener’s
formula, the relationship between the precipitates and grain size is:

DC = A
d
f

(2)

where DC is the critical grain size (µm), A is a proportionality factor, d is the S of the precipitate (µm),
and f is the volume fraction of the precipitate.

Since the precipitation temperature of VC and the content of undissolved V are both higher for
0.23 V steel, the VC size precipitated at 860 ◦C will be greater than that for 0.12 V steel. Meanwhile, as
can be seen from Figure 3, the volume fraction of VC in 0.23 V steel at 860 ◦C is also higher than that in
0.12 V steel, and the values of d/f should be essentially equivalent. Therefore, the grain-refining effect
of VC on 0.23 V steel and 0.12 V steel is basically the same.

The dissolved V contents in 0.03 V, 0.12 V, and 0.23 V steels were 0.03, 0.045, and 0.045 wt %,
respectively, while the solution contents of C were 0.54, 0.52, and 0.50 wt %, respectively. The solute
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drag effect of V plays a role in grain refinement. The solid solutions of V in samples 0.12 V and 0.23 V
were the same, and there was no further refinement effect. Therefore, the austenite size of sample 0.12
V was substantially smaller than that of sample 0.03 V, whereas those of samples 0.12 V and 0.23 V
were similar. The change in proeutectoid ferrite content was mainly caused by the austenite grain size
and the C solid solution content. The austenite refinement of sample 0.12 V was considerably greater
than that of sample 0.03 V, the C solid solution content was lower, and the proeutectoid ferrite content
was higher. The austenite refinement of sample 0.23 V was not obvious compared with sample 0.12 V,
the C solid solution was lower, and the proeutectoid ferrite content was similar.
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Figure 4. Content of V(C,N) precipitate in austenite in steel samples 0.03 V (red), 0.12 V (green), and
0.23 V (blue).

As the V content increases, the amount of proeutectoid ferrite at the austenite grain boundary
increases. This destroys the continuity between the austenite grains, and reduces the size of the
austenite grains that transformed to pearlite, thus refining the sizes of the pearlite colonies and blocks
after the transformation. The nucleation and growth rates of pearlite colonies and blocks are also
affected by the pearlite transformation temperature, and decreasing the transformation temperature
refines the sizes of the pearlite colonies and blocks. The V solid solution increases the diffusion
activation energy of C atoms, improving the stability of the austenite, and increasing the undercooling
of the material at the same cooling rate. Owing to the differences in the austenite grain size and pearlite



Metals 2018, 8, 978 7 of 14

transformation temperature, sample 0.12 V had substantially smaller pearlite colonies and blocks than
sample 0.03 V, whereas those of samples 0.12 V and 0.23 V were similar.

As the V content increased, the temperature of the pearlite transformation decreased. Because V
is a strong carbide-forming element that hinders the diffusion of C atoms, the interlamellar spacing
also decreased.

3.2. Analysis of the Precipitate Phase

XRD and TEM were used to examine the precipitated phases. The V in sample 0.03 V was
almost completely dissolved at 860 ◦C, as Figure 4 shows. For the convenience of the following
analysis, we ignore the precipitation in 0.03 V steel; only the precipitated phases in samples 0.12 V
and 0.23 V were analyzed. Samples 0.12 V and 0.23 V contained the M3C (alloy cementite) phase and
the MC (V(C,N) phase, which includes a small amount of Cr. The quantitative analysis results are
presented in Tables 3 and 4. The amount of V precipitate and the mass fraction of the M3C and M(C,N)
phases were obtained. The XRD patterns are shown in Figure 5. The nominal chemical formulas of
the M(C,N) phase in samples 0.12 V and 0.23 V were calculated as (V0.767Cr0.233)(C0.937N0.063) and
(V0.876Cr0.124)(C0.943N0.057), respectively. M(C,N) particles were precipitated in the proeutectoid ferrite
and pearlitic ferrite (Figure 6). Figure 7 shows the size distribution of V(C,N) in samples 0.12 V and
0.23 V, which had average sizes of 48.9 and 40.7 nm, respectively.

Table 3. Elemental content of M3C in steel samples 0.12 V and 0.23 V.

Sample Elemental Content of M3C (wt %)

Fe Cr Mn V C Σ

0.12 V 5.65 0.027 0.137 0.012 0.418 6.244
0.23 V 5.323 0.023 0.129 0.02 0.394 5.889

Table 4. Elemental content of M(C,N) in steel samples 0.12 V and 0.23 V.

Sample Elemental Content of M(C,N) (wt %)

V Cr N C Σ

0.12 V 0.071 0.022 0.0016 0.02 0.115
0.23 V 0.167 0.024 0.003 0.042 0.236
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3.3. Strength and Hardness

The ultimate tensile strength (UTS), yield strength, Vickers hardness (HV), and microhardness
of the proeutectoid ferrite and pearlite increased considerably with the increase in V content
(Figures 8 and 9). However, the elongation and section shrinkage of the steels were similar.
The microstructure of the steels were proeutectoid ferrite and pearlite. The strength of the multiphase
mainly depends on the soft phase; thus, because the proeutectoid ferrite content was lower in the steel
samples, the effect of pearlite on the strength was also considered.
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Gladman et al. [7] used regression analysis to describe the relationship between steel strength
and the strength and volume fraction of proeutectoid ferrite and pearlite, as expressed in the
following equation:

σys = f
1
3
ασα +

(
1 − f

1
3
α

)
σP, (2)

where σys, σα, and σp are the yield strengths of the steel, proeutectoid ferrite, and pearlite, respectively.
fα is the volume fraction of proeutectoid ferrite. In contrast to low-carbon steel and eutectoid steel, in
proeutectoid steel, the strength of proeutectoid ferrite increases with the volume fraction of pearlite,
which is independent of the size of the proeutectoid ferrite grains. The strength and microhardness
of pearlite also increases with the pearlite volume fraction, independent of the pearlite interlamellar
spacing [14]. As the V content increased from 0.03 to 0.12 wt %, the volume fraction of pearlite
decreased. Therefore, the reason for why the strength of 0.12 V steel is higher than that of 0.03 V steel
is basically independent of the change in pearlite volume fraction; upon increasing the V content from
0.12 to 0.23 wt %, the pearlite volume fraction remained unchanged. Therefore, the yield strength
change of sample 0.23 V was independent of the grain refinement, in contrast to sample 0.12 V.
The yield strength was also affected by the solid solution elements and the precipitated phase. The
V contents in the solid solutions in 0.03 V, 0.12 V, and 0.23 V steels of 0.03, 0.045, and 0.045 wt %,
respectively, showed negligible differences at 860 ◦C. The contents of other elements were also similar.
Therefore, the increase in strength was independent of solution strengthening.

Previous analysis has been based on the assumption that the strength of pearlite is independent
of interlamellar spacing. However, Gladman et al. [7,15,16] concluded that the strength of pearlite is
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related to interlamellar spacing, and this is described by the following strength formula for proeutectoid
steel [7]:

σys = 15.4
(

f
1
3

[
2.3 + 3.8(%Mn) + 1.13dα

−1
2

]
+ 1 − f

1
3

[
11.6 + 0.25S−

1
2

])
+ 4.1(%Si) + 27.6(%N) (3)

where f is the volume fraction of ferrite (%), dα is the grain size of ferrite (mm), and S is the interlamellar
spacing of pearlite (mm). We calculated that the yield strength increases of samples 0.12 V and 0.23 V
compared with sample 0.03 V were −13 and 1 MPa, respectively. Thus, the increase of yield strength
in this experiment was independent of fine crystal reinforcing and solution strengthening.

The precipitation strengthening of V in medium-carbon steel can be described by the
Ashby–Orowan model [17]. Therefore, the increase in precipitation strengthening was calculated
by the following equation obtained from the Ashby–Orowan model [13]:

σp = 8.995 × 103 f 1/2

d
ln(2.417d) (4)

where d is the average diameter of the precipitate particles (nm) and, f is the volume fraction of the
precipitated phase (%),which is obtained from f = fMC × ρFe

ρMC
, and where fMC is the mass fraction of

the precipitated phase (wt %), ρFe is the density of the α-Fe matrix, which is 7.875 g/cm3, and ρMC is
the theoretical density of the precipitated phase. Because the atomic weight of Cr is close to that of V, it
was regarded as equivalent to V. The N content was negligible, the nominal formula of phase MC in
the experimental steel was identified as VC, and the density of VC is 5.717 g/cm3.

To further explain the calculated effect for overall strengthening, calculation results of precipitation
hardening increments are shown in Table 5, and the effect of a precipitated phase of different sizes was
superimposed on the root mean square [10]. The increases in precipitation strengthening for samples
0.12 V and 0.23 V were calculated as 83 and 147 MPa, respectively, and they were mainly produced by
particles that were smaller than 60 nm in diameter.

Table 5. Calculations results of precipitation hardening increments.

Sample Size (nm) 1–5 5–10 10–18 18–36 36–60 60–96 96–140 140–200 200–300

0.12 V 57.4 32.7 34.9 33.1 14.6 6.8 3.0 2.4 0.8
0.23 V 116.3 46.5 60.0 43.8 19.1 8.4 4.5 3.2 2.2

The effect on solution strengthening, fine crystal strengthening, and precipitation strengthening
was similar to the tensile strength and yield strength. Therefore, precipitation strengthening was the
most important strengthening factor.

3.4. Impact Toughness

The Charpy impact energies of the steel samples are shown in Figure 10. As the V content
increased, the impact energies initially increased, reached a maximum at a V content of 0.12 wt %, and
then decreasing sharply. The impact specimens did not contain inclusions at the crack origins.
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The volume fraction of proeutectoid ferrite, the size of austenite grains and pearlite colonies
and blocks, and pearlite interlamellar spacing affect the toughness of hypoeutectoid steel [5,8].
When the V content increased from 0.03 to 0.12 wt % (samples 0.03 V and 0.12 V), the volume
fraction of proeutectoid ferrite increased, increasing the impact toughness. The effect of austenite
grain refinement on toughness occurred via the pearlite substructure. The ferrite/cementite interface
hardly changed the direction of crack propagation, which showed that although the cementite lamellae
inhibited the dislocation slip, they did not inhibit the growth of cleavage cracks, unlike traditional
grain boundaries [18]. Pearlite interlamellar spacing has little effect on toughness. Alexander and
Bernstein [18,19], and Mishra and Singh [20] have shown that refinement of the interlamellar spacing
increases both the cleavage fracture stress and the yield strength. The larger the ratio of cleavage
fracture stress to yield strength, the more difficult it is for cleavage fracture to occur, and the higher the
toughness. The cleavage fracture stress and yield strength are calculated by [19]:

σf c = 156.5S−1 + 423.8,
σy = 73.1S−1 + 99.3,

(5)

where σfc is the cleavage fracture stress (MPa), σy is the yield strength (MPa), and S is the pearlite
interlamellar spacing (µm). The ratios of cleavage fracture stress to yield strength were 2.52, 2.49, and
2.46 for samples 0.03 V, 0.12 V, and 0.23 V, respectively. Although the refinement of the interlamellar
spacing in the experimental steel may slightly reduce the toughness, the overall effect was negligible.

The effect of austenite grain size on the size of the pearlite blocks is much greater than that on the
size of the pearlite colonies, and the pearlite blocks control fractures [16,21,22]. The microstructures of
the steels were observed by EBSD, and the pearlite block size and large-angle interface were analyzed
(Figures 11 and 12). The pearlite block size was counted according to the large-angle interface (>15◦),
and the density of the high-angle ferrite boundaries was calculated. The average size of the pearlite
blocks for the 0.03 V, 0.12 V, and 0.23 V steels were 11.2, 8.2, and 7.9 µm, respectively. Large-angle
interfaces hinder cracks, and the greater the interface density, the greater the toughness. Table 2 shows
the ferrite interface density (total interface length per unit area; >15◦) in the steel samples. When the
V content was increased from 0.03 to 0.12 wt % (samples 0.03 V and 0.12 V), the size of the pearlite
blocks decreased, and the high-angle boundary density increased with the austenite grain refinement.
Thus, the remarkable increase in the toughness was mainly due to the refinement of the microstructure,
although the increase in the volume fraction of proeutectoid ferrite also increased the toughness.
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When the V content was increased from 0.12 to 0.23 wt %, V had little effect on the microstructure
refinement, and the refinement of the pearlite blocks and the increase in the density of the high-angle
boundaries were not important. Besides, the volume fraction of the proeutectoid ferrite is equivalent.
Theoretically, the toughness values of the steels should be similar. However, the toughness of sample
0.23 V was substantially lower. As the V content increased, the microhardness of the proeutectoid
ferrite and pearlite increased considerably (Figure 11).

The hardening of pearlite is mainly controlled by ferrite, although it is also affected by the
interlamellar spacing. The effect of the interlamellar spacing on the strength and hardness was small.
In hypoeutectoid steel, when the interlamellar spacing is less than 627 nm, the overlapping of the plastic
deformation zone in ferrite will increase its hardness and reduce the toughness. As the interlamellar
spacing decreases, the overlapping of the plastic deformation zone in pearlitic ferrite increases the
strength and hardness, and reduces the toughness. When the spacing is smaller, the hardening reaches
saturation, and the change in strength, hardness, and toughness tends to zero [13,22,23]. In this
study, the interlamellar spacing of pearlite was small, and the hardening of the ferrite obtained by the
refinement of the lamellar spacing may have reached the limit. Combined with the results obtained
from Equation (5), the interlamellar spacing has little effect on the hardening of ferrite. There was a
coherent or semi-coherent relationship between the precipitated V(C,N) and the matrix, which greatly
increased the friction resistance between the crystal lattices and limited the plastic deformation of
ferrite , thereby hardening the ferrite [13,24]. Combined with the microhardness, as the V content
increases, the hardness of the proeutectoid ferrite and pearlite increases. In the analysis of strength and
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hardness, it can be seen that precipitation strengthening is the most important strengthening factor.
The addition of V increased the volume fraction of ferrite and refined the structure, while hardening
the ferrite. At a V content of 0.03 wt %, V was completely dissolved in the microstructure, resulting
in a small effect on strengthening and toughening. When the V content was increased to 0.12 wt %,
the microstructure refinement and increase in the volume fraction of ferrite were greater, and the
precipitation strengthening was lower. Thus, the positive effect of grain refinement on toughness
outweighed the negative effect of ferrite hardening, increasing the impact toughness substantially.
When the V content was increased to 0.23 wt %, the effect on the grain refinement was smaller,
but the precipitation strengthening continued to increase. The decrease in toughness caused by
ferrite hardening was much greater than the positive effect of grain refinement and the increase in
proeutectoid ferrite volume fraction, and the impact toughness was reduced.

4. Conclusions

In medium-carbon wheel steel, the effect of precipitation strengthening increased with increasing
V content, and the grain refining effect and the volume fraction of proeutectoid ferrite initially increased,
and then remained unchanged. The yield strength, tensile strength, and hardness of the steels increased
substantially with increasing V content, owing to the precipitation strengthening by V(C,N) particles.
As the V content was increased from 0.03 to 0.12 wt %, the size of the austenite grains and pearlite
blocks decreased, and the density of the high-angle boundaries and the volume fraction of proeutectoid
ferrite increased. The positive effect of grain refinement on toughness was greater than the negative
effect of ferrite hardening caused by precipitation strengthening, and the impact toughness was
improved. However, at 0.23 wt % V, the grain refining effect did not increase, whereas the precipitation
strengthening increased. Thus, the negative effect of the ferrite hardening on toughness was greater
than the positive effect of the grain refinement, and the impact toughness was reduced.
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