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Abstract

To reveal the effect of vanadium content on the viscous flow behavior of vanadium-
containing hot metal, viscosity measurements and molecular dynamics simulations were
conducted. The viscosity and melting characteristic temperature were measured. The local
structures of Fe, V, and C atoms were analyzed using radial distribution functions, average
coordination numbers, mean square displacements, and cluster evolution. Both viscosity
and melting characteristic temperature increased with vanadium content. At 1300 ◦C, the
viscosity increased from 11.8 to 19.9 mPa·s as the vanadium content increased from 0.20 to
0.30 wt%. The melting characteristic temperature increased from 1242 to 1323 ◦C. Structural
analysis showed that increasing vanadium content promoted the redistribution of C atoms.
The average coordination number of V–C increased from 7.780 to 8.218. In contrast, the
coordination numbers of C–Fe and Fe–C decreased. The mean square displacements of
Fe and C atoms also decreased, indicating that atomic diffusion was suppressed. Cluster
evolution further showed that V–C structures could dissociate and recombine with Fe–C
and Fe–V units. Therefore, increasing vanadium content reduced the fluidity of hot metal
by increasing the melting characteristic temperature, strengthening V–C local coordination,
and promoting complex cluster formation.

Keywords: vanadium-containing hot metal; viscosity; structure; molecular dynamics
simulation; vanadium–titanium magnetite

1. Introduction
Vanadium–titanium magnetite is a polymetallic mineral in which iron, vanadium, and

titanium coexist. In addition to serving as an iron feedstock for blast furnace smelting, it
is an important source of the strategic metals vanadium and titanium [1–3]. China has
abundant and widely distributed reserves of vanadium–titanium magnetite. In addition
to the proven deposits in the Panxi and Chengde regions, such mineral resources are also
found in northwestern regions such as Hami and Bachu in Xinjiang [3]. The efficient
development and utilization of such ore deposits can enhance the region’s resource security
and reduce the country’s reliance on imported iron ore. Compared with conventional
hot metal, hot metal produced from vanadium–titanium magnetite contains appreciable
vanadium and exhibits more complex physicochemical and flow behavior [4]. During
the production of high-vanadium hot metal, variations in vanadium content can alter
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the local melt structure and interactions among constituent elements, thereby affecting
fluidity. These changes directly influence tapping stability, slag-metal separation, and
coordination with downstream steelmaking operations [5,6]. Therefore, understanding
the mechanisms by which vanadium content affects the fluidity of molten iron is crucial
for the efficient smelting of vanadium–titanium magnetite and the stable production of
high-vanadium molten iron.

Viscosity is a key property governing hot-metal fluidity because it reflects the internal
friction opposing flow [7]. Previous studies have examined the viscosity of conventional
hot metal and vanadium- and titanium-containing hot metal [8–10]. Deng et al. [6], for
example, used the oscillating crucible method to measure hot metal viscosity over a range
of temperatures and compositions and evaluated the effects of temperature and elemen-
tal content. Hou et al. [11] investigated how vanadium content affects the formation of
high-melting phases and their relationship with the viscosity of hot metal produced from
vanadium–titanium magnetite. These studies established composition–viscosity relation-
ships through macroscopic measurements and phase analysis. An atomistic assessment
of how vanadium content alters local structure, atomic coordination, and diffusion is still
required to explain the microscopic origin of the observed viscosity changes.

With advances in computational materials science, molecular dynamics (MD) sim-
ulation has become an important tool for investigating the local structure and atomic
behavior of metallic melts [12,13]. Yan et al. [14] used MD simulations to determine the
effects of carbon content on the density, viscosity, and self-diffusion coefficients of molten
iron, revealing systematic composition- and temperature-dependent changes in its thermo-
physical properties. Shen et al. [4] showed that Ti–C coordination, increasingly complex
cluster structures, and suppressed atomic diffusion were associated with higher viscosity in
titanium-containing hot metal. These studies demonstrate that MD simulations can resolve
local coordination and atomic transport in molten iron and thus provide a suitable basis for
examining how vanadium modifies hot metal viscosity. However, previous studies have
mainly focused on conventional Fe–C melts or others hot metal. The atomic-scale response
of vanadium-containing hot metal to variations in vanadium content remains insufficiently
understood. In particular, the coupled evolution of viscosity, characteristic melting tem-
perature, V–C local coordination, atomic mobility, and multicomponent Fe–V–C cluster
structures remains understood. Therefore, the present study bridges macroscopic flow
behavior with atomic scale structural evolution by combining viscosity measurements with
molecular dynamics simulations over a controlled range of vanadium contents.

In this study, viscosity measurements were combined with MD simulations to de-
termine the effects of vanadium content and temperature on the viscosity of vanadium-
containing hot metal. Atomic coordination, local cluster structures, and diffusion behavior
were analyzed to establish the relationship between viscosity and atomic-scale structural
evolution. These findings provide useful guidance for optimizing vanadium content
and temperature control in industrial vanadium–titanium magnetite smelting. They also
provide a mechanistic basis for understanding and controlling the fluidity of vanadium-
containing hot metal.

2. Materials and Methods
2.1. Experimental Materials

The pig iron used in the experiments was obtained from an operating steel plant in
China. Ferrovanadium alloy was added to adjust the vanadium content of the hot metal.
The compositions of the pig iron and ferrovanadium alloy are shown in Table 1.
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Table 1. Components of pig iron and high purity titanium (wt%).

Material C Si Mn S P V Ti Fe

Pig iron 4.391 0.256 0.232 0.062 0.067 0.113 0.124 94.755
Ferrovandium alloy 0.035 0.920 0.057 0.018 0.028 80.30 - 18.642

2.2. Experimental Procedure
2.2.1. Premelting of Hot Metal

Surface oxides and adhering impurities were removed from the pig iron samples
before weighing. The required mass of ferrovanadium alloy was calculated from the tar-
get vanadium content and weighed accordingly. The pig iron and ferrovanadium alloy
were then placed together in an alumina crucible (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), heated to 1500 ◦C at 5 ◦C·min−1 under argon, and held for 30 min to
ensure complete melting and homogenization. After premelting, the samples were im-
mediately water-quenched and dried. Their compositions are shown in Table 2. After
premelting, the chemical compositions of the samples were analyzed using an X-ray fluo-
rescence spectrometer (XRF, PANalytical B.V., Almelo, The Netherlands). Before analysis,
the surface oxide layer was removed and the sample surface was ground to obtain a clean
and flat analytical surface.

Table 2. Composition of premelted sample (wt%).

Sample C Si Mn S P V Ti

V1 4.391 0.256 0.232 0.062 0.067 0.113 0.124
V2 4.389 0.256 0.232 0.062 0.067 0.150 0.124
V3 4.386 0.257 0.232 0.062 0.067 0.200 0.124
V4 4.384 0.257 0.232 0.062 0.067 0.250 0.124
V5 4.381 0.258 0.232 0.062 0.067 0.300 0.124
V6 4.378 0.258 0.231 0.062 0.067 0.350 0.124
V7 4.375 0.258 0.231 0.062 0.067 0.400 0.124
V8 4.373 0.259 0.231 0.062 0.067 0.450 0.124
V9 4.370 0.259 0.231 0.062 0.067 0.500 0.124

2.2.2. Measurement of Viscosity and Characteristic Melting Temperature

Hot metal viscosity was measured using an RTW-10 melt physical properties ana-
lyzer (Northeastern University, Shenyang, China) in the rotating-cylinder mode. Surface
oxides and impurities were removed from each premelted sample before it was loaded in a
corundum crucible. The sample was raised to a temperature of 1500 ◦C in the viscometer
and held for 30 min. Viscosity was then measured during stepwise cooling, with a 30 min
holding period at each target temperature before data acquisition. The rotational oscil-
lation of the molten hot metal in the corundum crucible was recorded as a decay curve,
and viscosity was calculated from the relationship between the logarithmic decrement
of the rotational oscillation and melt viscosity. The characteristic melting temperature
was determined using the procedure commonly applied to slags and was defined as the
temperature at which the slope of the viscosity-temperature curve equaled −1. Before
each high-temperature viscosity measurement, the viscometer was calibrated using castor
oil to ensure measurement accuracy. For each composition, the viscosity measurement
was independently repeated three times under identical experimental conditions, and the
average value of the three measurements was reported. The standard deviation of the three
measurements was calculated to evaluate experimental repeatability.
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2.2.3. Molecular Dynamics Simulations

(1) Simulation parameters

All molecular dynamics simulations were performed using the open source Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS, 2 August 2023). To describe
the many-body interactions associated with metallic bonding in Fe-based melts and the
local electron-density variations introduced by alloying elements. The atomic interactions
in the present simulations were described within the EAM framework [15,16]. In this
method, the total potential energy is decomposed into the energy required to embed an
atom in the surrounding electron density and the pairwise interaction energy, as expressed
by Equation (1) [15]:

U({rab}) = ∑
a,b>a

V(Xa ,Xa)(rab) + ∑
a

F(Xa)(ρa) (1)

ρa = ∑
a ̸=b

Φ(Xa ,Xa)(rab) (2)

where E is the total potential energy of the system; Fi(ρi) is the embedding energy of atom i
in the local electron density ρi; φij(rij) is the pair-interaction term between atoms i and j; rij

is the interatomic distance; and fj(rij) represents the contribution of atom j to the electron
density at atomic site i X represents atomic species.

The chemical compositions of the simulation systems were based on the measured
compositions of the premelted samples. The mass fractions of C, Si, Mn, S, P, and Ti were
held constant, while the V mass fraction was set to 0.10, 0.20, 0.30, 0.40, or 0.50 wt.%, with
the balance assigned to Fe (Table 3). Each model set contained 10,000 atoms; the mass
fractions of each element were first converted to atomic fractions, and the corresponding
number of atoms was then determined based on these values. Minor deviations resulting
from rounding were compensated for by adjusting the number of Fe atoms to ensure that
the total number of atoms was consistent across different models.

Table 3. Simulation calculation of hot metal composition (wt%).

Sample ID C Si Mn S P V Ti

M1 4.39 0.25 0.23 0.06 0.07 0.10 0.10
M2 4.39 0.25 0.23 0.06 0.07 0.20 0.10
M3 4.39 0.25 0.23 0.06 0.07 0.30 0.10
M4 4.39 0.25 0.23 0.06 0.07 0.40 0.10
M5 4.39 0.25 0.23 0.06 0.07 0.50 0.10

(2) Simulation procedure

A cubic simulation box was constructed based on the initial density of a body-centered
cubic Fe crystal, and atoms were randomly introduced into the simulation box according to
Table 3 to obtain initial configurations with different vanadium contents. The x, y and z
axes were all imposed with periodic boundary conditions to reduce the influences of free
surfaces and finite simulation sizes. Temperature and pressure were controlled using the
Nosé–Hoover method, and the atomic truncation distance was set to 10.3 Å.

Before starting the calculation, the conjugate gradient method was used to eliminate
any excessively close atomic contacts that might exist in the initial model and to reduce the
system’s potential energy. Subsequently, the atoms were supplied with initial velocities at
300 K according to the Maxwell–Boltzmann distribution and allowed to relax for 3 ns at that
temperature. Under the NPT ensemble, the system was heated to 2500 K at 1000 K·ns−1

and equilibrated dynamically for another 3 ns to remove the structural memory of the
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initial lattice and obtain a homogeneous liquid. The system was subsequently cooled
to the target temperature and equilibrated for 0.5 ns, followed by a 1 ns production run
during which atomic trajectories were recorded. These trajectories were used to calculate
radial distribution functions (RDFs), average coordination numbers, and mean square
displacements (MSDs). For each pair of atoms, the first minimum following the first peak
of the radial distribution function was selected as the integration cutoff radius, thereby
uniformly defining the first coordination sphere. The cutoff radii used to define the first
coordination shell for the Fe–Fe, Fe–C, V–C, and V–Fe atomic pairs were 3.6, 4.0, 3.7, and
3.6 Å, respectively. These cutoff radii were subsequently used for the calculation of the
corresponding coordination numbers.

The mean square displacement was calculated by time-averaging the squares of the
displacements of each atom relative to its initial position and was used to characterize the
mobility of iron, carbon, and other particles.

3. Results and Discussion
3.1. Viscosity and Melting Temperature

Figure 1 shows the viscosity and characteristic melting temperature of molten iron at
different vanadium contents. As shown in Figure 1a, the viscosity of all alloys decreased
with increasing temperature, indicating that heating improved melt flowability; viscosity
increased with increasing vanadium content, and its dependence on temperature became
significantly stronger. Between 0.10 and 0.25 wt.% V, the viscosities remained relatively
low and differed only slightly. At 0.30 wt.% V and above, the viscosity increased markedly,
particularly below 1400 ◦C. At 1300 ◦C, increasing the vanadium content from 0.25 to
0.30 wt.% raised the viscosity from 13.2 to 19.9 mPa·s, and the magnitude of the increase
continued to grow at higher vanadium contents. With a further increase in V content to
0.35–0.50 wt.%, the viscosity continued to increase. These results indicate that the influence
of vanadium on viscosity is relatively limited at low V contents but becomes increasingly
significant once the V content approaches and exceeds approximately 0.30 wt.%.

Figure 1. (a) Viscosity–temperature curves and (b) melting characteristic temperature curves of hot
metal with different vanadium contents.

Figure 1b shows the characteristic melting temperatures of vanadium-containing
molten iron. Overall, these temperatures increased with rising vanadium content, but the
rate of increase varied across different composition ranges. Between 0.10 and 0.20 wt.% V,
the characteristic melting temperature remained within 1235 to 1242 ◦C. It rose rapidly
above 0.25 wt.% V. In particular, increasing the vanadium content from 0.25 to 0.35 wt.%
raised the characteristic melting temperature from 1266 to 1380 ◦C, an increase of approxi-
mately 114 ◦C. At 0.40 wt.% V, the temperature increased further to approximately 1416 ◦C.
With a further increase in V content, the characteristic melting temperature continued to
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increase, reaching approximately 1416 ◦C at 0.40 wt.% V and approximately 1450 ◦C at
0.50 wt.% V. Vanadium therefore reduced hot-metal fluidity through concurrent increases
in viscosity and characteristic melting temperature. The marked changes above 0.30 wt.% V
suggested that this composition range represented a transition from relatively stable flow
behavior to pronounced deterioration.

3.2. Molecular Dynamics Analysis
3.2.1. Effect of Vanadium Content on the Local Structure

Figure 2 presents the RDFs of Fe–C, Fe–Fe, V–C, C–C, and V–Fe atomic pairs in
vanadium-bearing hot metal at 1500 ◦C. Figure 2a compares the atomic-pair RDFs for
the M3 system. The nearest-neighbor distances, obtained from the positions of the first
peaks, decreased in the order C–C > V–C > Fe–C > V–Fe > Fe–Fe. The shorter Fe–C
distance relative to C–C indicated that the first coordination shell of C was dominated by
Fe. Similarly, the shorter V–Fe distance relative to V–C showed that Fe atoms lay closer
to V than C atoms. The distinct first peak of the V–C RDF nevertheless indicated a strong
short-range association between V and C [17,18].

Figure 2. Radial distribution functions (RDFs) from molecular dynamics simulations for vanadium-
containing hot metal. (a) Multiple atomic-pair RDFs of sample M3; (b) Fe–Fe RDFs; (c) Fe–C RDFs;
(d) V–C RDFs.

The Fe–Fe RDFs at different vanadium contents are shown in Figure 2b. As the
vanadium content increased from 0.10 to 0.50 wt.%, the curves remained nearly coinci-
dent. The first-peak position was essentially unchanged, and only small variations in
peak height were observed. Vanadium content therefore had little effect on Fe–Fe pairs
or the local arrangement of Fe, and the Fe-dominated short-range structure remained
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stable [19]. Figure 2c shows the Fe–C RDFs. Their first peaks were located at approximately
2.71 × 10−1 nm and exhibited little variation in height, indicating that the local Fe coordi-
nation around C was also relatively insensitive to vanadium content [20]. In contrast, the
V–C RDFs in Figure 2d changed systematically. As the vanadium content increased from
0.10 to 0.50 wt.%, the first V–C peak generally increased in height and shifted toward a
larger interatomic distance. These changes indicated enhanced V–C short-range order and
a more ordered local distribution of C around V.

Figure 3 depicts the average coordination numbers among Fe, V, and C at different
vanadium contents. The average coordination number represented the number of neigh-
boring atoms within the first coordination shell of a central atom and provided a measure
of local structural order. At 0.10 wt.% V, the average number of Fe atoms around a central
C atom (C–Fe) was 4.565, whereas the average number of C atoms around a central Fe atom
(Fe–C) was 0.980. Thus, C was predominantly coordinated by Fe and participated in Fe–C
short-range structures. The average number of C atoms around a central V atom (V–C)
was 7.780, indicating a pronounced nearest-neighbor association between V and C and a
tendency to form local clusters.

Figure 3. Effect of vanadium contents on the average coordination numbers of C–Fe, Fe–C, and V–C.

As the V mass fraction increased from 0.10 to 0.50 wt.%, the C–Fe coordination
number decreased from 4.565 to 3.965 and the Fe–C coordination number decreased from
0.980 to 0.930. In contrast, the V–C coordination number increased from 7.780 to 8.218,
indicating enhanced short-range order in the V–C system. The increase in the number
of vanadium atoms promoted preferential coordination between vanadium and carbon,
causing a redistribution of the local environment of some carbon atoms-shifting from iron-
centered and carbon-centered Fe–C configurations to V–C configurations. The resulting
increase in V–C connectivity was consistent with a more complex local melt structure and
greater atomic migration resistance, which might be one of the reasons for the observed
increase in viscosity.

The MSD characterizes atomic mobility in molten hot metal. Figure 4 demonstrates
the MSDs of Fe and C at different vanadium contents [21–24]. At a given vanadium content,
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the MSD of Fe was consistently higher than that of C, indicating greater Fe mobility. Both
the MSD values and curve slopes of Fe and C decreased as the vanadium content increased,
demonstrating suppressed atomic diffusion. The differences among the C curves were more
pronounced, showing that vanadium had a stronger effect on C mobility. This behavior
was consistent with enhanced local V–C coordination, which constrained C migration
and stabilized the local melt structure [25,26]. At the common compositions of 0.20, 0.30,
0.40, and 0.50 wt.% V, the experimental results show an overall increase in viscosity and
characteristic melting temperature with increasing V content. Correspondingly, the MD
results show progressively enhanced V–C coordination and reduced Fe and C atomic
mobility. These changes indicate that the deterioration in fluidity is accompanied by
strengthened V–C local ordering and restricted atomic migration.

Figure 4. Effect of vanadium content on the mean square displacements (MSDs) of Fe and C atoms.
(a) MSD curves of Fe atoms; (b) MSD curves of C atoms.

3.2.2. Temperature Dependent Evolution of Local Structures

Figure 5 shows the RDFs of Fe–Fe, Fe–C, V–Fe, and V–C pairs in vanadium-containing
hot metal over 1200–1500 ◦C. The location of the primary peak for atomic pairs varied little
with temperature, indicating that temperature had a minor effect on the nearest-neighbor
distances between atoms, and that the nearest-neighbor structure of the major atomic pairs
in the melt was relatively stable. As the temperature decreased, the peak heights of the first
peaks for all atomic pairs generally increased, indicating that the local atomic arrangements
became more compact and the local structure tended toward stability. Among these, the
changes in the V–C atomic pair were most pronounced; the peak height of its first peak
increased significantly with decreasing temperature, suggesting that cooling enhanced the
short-range order between V and C, facilitating the formation of stable V–C local structural
units and cluster structures.

The effect of temperature on the coordination structure of vanadium-containing hot
metal is shown in Figure 6. When the temperature rose from 1200 to 1500 ◦C, the C–Fe coor-
dination number decreased from approximately 4.552 to 4.156, while the Fe–C coordination
number declined from 0.981 to 0.935. Heating therefore weakened local Fe–C coordination
and promoted partial dissociation of Fe–C clusters. Over the same temperature range, the
V–C coordination number decreased from approximately 8.033 to 7.882.

Figure 7 illustrates the effect of temperature on the MSDs of Fe and C. From 1200 to
1500 ◦C, both MSDs increased approximately linearly with time, and their slopes generally
increased with temperature, indicating enhanced atomic mobility. The increase was most
pronounced from 1200 to 1400 ◦C. The curves at 1400 and 1500 ◦C were comparatively close,
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suggesting that the incremental effect of further heating on atomic diffusion diminished in
the upper part of the investigated temperature range.

Figure 5. Effect of temperature on the radial distribution functions (RDFs) of vanadium-containing
hot metal. (a) Fe–Fe RDFs; (b) Fe–C RDFs; (c) V–Fe RDFs; (d) V–C RDFs.

Figure 6. Effect of temperature on the coordination numbers of M3 hot metal.
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Figure 7. Effect of temperature on the mean square displacements (MSDs) of Fe and C atoms. (a) MSD
curves for Fe atoms; (b) MSD curves for C atoms.

To qualitatively illustrate the dynamic evolution of representative local structures,
snapshots of Fe–V, Fe–C, V–C, and Fe–V–C configurations were extracted over 0–100 ps, as
shown in Figure 8. These snapshots were used to visualize the local dissociation, reassoci-
ation, and structural reorganization occurring in the high-temperature melt [27–29]. All
types of clusters underwent continuous dissociation, diffusion, and reassociation, indicating
the existence of a dynamic equilibrium in the high-temperature melt. The iron-vanadium
configuration gradually dispersed over time, resulting in relatively poor structural stability.
Although some Fe–C bonds were broken, the released Fe and C atoms reassociated at other
locations, and Fe–C connections remained observable throughout the simulation. V–C
units also dissociated and reformed but persisted at each sampled time, indicating a strong
local V–C association consistent with the RDF and coordination-number results.

Compared with binary clusters, multicomponent Fe–V–C clusters exhibited more
complex connectivity. During dynamic equilibration, Fe–V–C clusters partially dissociated
into Fe–C, V–C, and Fe–V coordination units, which subsequently recombined with nearby
atoms to form new Fe–V–C clusters [30]. Relatively persistent V–C units acted as local
connections to surrounding Fe atoms and Fe–C units, favoring the formation of complex
Fe–V–C clusters. This dynamic association increased local structural complexity and
constrained the migration of Fe and C, providing an atomic-scale explanation for the lower
fluidity and higher viscosity of vanadium-containing hot metal [31].

Based on these results, an atomic structural model for cluster formation in vanadium-
containing hot metal was developed (Figure 9). Fe, V, and C atoms formed basic Fe–V, Fe–C,
and V–C coordination units, with V and C serving as local coordination centers linked
to surrounding Fe atoms. Increasing the vanadium content increased the population of
V–C units, which connect and aggregate with nearby Fe atoms and Fe–C units to form
increasingly complex multicomponent Fe–V–C clusters. The resulting increase in local
structural order and connectivity raised the resistance to atomic diffusion and migration,
thereby reducing hot metal fluidity and increasing viscosity.
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Figure 8. Dynamic evolution of different atomic clusters in vanadium-containing hot metal. Blue
spheres represent Fe atoms, orange spheres represent V atoms, and red spheres represent C atoms.

Figure 9. Atomic structure model and cluster structure formation process of hot metal.

4. Conclusions
(1) Hot metal viscosity and characteristic melting temperature increased with vanadium

content. Below 0.30 wt.% V, viscosity remained relatively low and showed weaker
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temperature dependence. At 0.30 wt.% V and above, viscosity increased, fluidity
deteriorated, and temperature dependence became more pronounced.

(2) At 1500 ◦C, increasing the vanadium content from 0.10 to 0.50 wt.% raised the average
V–C coordination number from 7.780 to 8.218, while decreasing the C–Fe and Fe–C
coordination numbers from 4.565 and 0.980 to 3.965 and 0.930, respectively. Thus,
increasing vanadium promoted V–C cluster formation and redistributed the local
environment of C from Fe–C coordination toward V–C coordination.

(3) The MSDs and corresponding slopes of Fe and C decreased with increasing vana-
dium content, indicating suppressed atomic mobility, particularly for C. Increasing
temperature enhanced Fe and C mobility while weakening Fe–C coordination and
short-range order in the melt.

(4) V–C units repeatedly dissociated and recombined and connected with Fe–C and Fe–V
units to form complex multicomponent Fe–V–C clusters. These clusters increased
local structural order and connectivity, restricted Fe and C mobility, and thereby
contributed to the increase in hot metal viscosity.
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