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Abstract: Cored wire is a widespread technology used for performing additions into liquid metal
baths as an alternative to bulk-additions. A laboratory-scale study was performed in which the
kinetics of assimilation of cored wire in liquid steel baths were studied. An original dataset of
positions of the wire/melt interface of cored wire as a function of the time and steel bath temperature
was produced. The dataset was compared against results of simulations made with a transient 1D
(radial) thermal model of the assimilation of cored wire, and demonstrated reasonable agreement.
Hence, this paper provides a dataset that can be used as a resource for the validation of future
developments in the field of modeling cored wire injection into liquid metal baths.
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1. Introduction

Cored wire is a widespread technology in secondary steelmaking facilities, used for
performing trimming and micro-alloying additions in the ladle [1] and calcium treatment
for inclusion modification [2,3]. Cored wire is produced by tightly wrapping and sealing a
metal sheet (casing) around a core of material, for instance, Ca, CaSi, CaFe, FeTi, Ti, FeB,
FeV, FeNb, C, S, FeS, Al, etc. [1]. The wire is coiled into a payoff reel or a coil and is then
fed into a molten metal bath by means of wire feeding equipment, which uses a series
of pinch rolls to uncoil the wire and to push it through a guiding tube into the molten
metal [4]. Cored wire injection is especially practiced for elements that are less dense than
the molten metal and/or that have a limited solubility, high vapor pressure, and/or high
oxygen affinity. It is also used in situations where the added materials are toxic [5].

The phenomenon of the melting and dissolution of “cold” solid bodies immersed into
molten metal baths (called assimilation hereafter) plays a fundamental role in the melting of
scrap, bulk additions for deoxidizing and alloying operations, and the cored wire feeding
process. The assimilation time-span is characterized by two distinct periods: the shell
period, controlled by heat-transfer phenomena, in which a shell of bath material solidifies
around the “cold” body and then is melted back as the immersed body is heated up; and
the free-dissolution period, taking place once the “heated” body comes into direct contact
with the bath, eventually dissolving, and this period can be controlled by heat-transfer or
mass-transfer [6]. In an effort to present the various characteristics of the assimilation of
additions in liquid metals, six possible assimilation routes, with different relative durations
of the shell and free-assimilation periods, have been proposed in the literature [6]. They not
only depend on the combination of the physical properties of the pair of immersed solid
and liquid metals, but also on the flow conditions and bath superheat [6]. Cored wires can
be considered as a particular case in which the immersed body is constituted by concentric
layers of various materials, with varying thermophysical properties.

The kinetics of steel scrap melting in molten Fe-C baths have been widely studied [7,8].
When steel scrap is added into a Fe-C bath with a high carbon content, the assimilation
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of the scrap is onset by a thermally driven shell period followed by a free-assimilation
period governed by mass-transfer [7–11]. Many works have focused on the effect of forced
convection [12–18], the carbon content of the scrap and/or bath [16,17], multi-piece scrap
assimilation [19,20], and the modeling of industrial processes [21–26].

The assimilation of bulk additions into molten metal baths has been the subject of
numerous studies as well. For instance, Argyropoulos and Li [6] have presented a compre-
hensive review of more than 250 published experiments on the assimilation of additions of
different geometries (cylinders, disks, spheres, etc.) into ferrous and non-ferrous metals
along with discussions of the phenomena and their mathematical modeling. The subject of
the mathematical modeling of assimilation for a vast number of bulk ferroalloy additions
into liquid steel was also extensively discussed by Zhang and Oeters [27]. Lately, efforts
have been made to study the non-metallic inclusions in different ferroalloys and their
effects on steel cleanliness [28,29].

The number of published studies in which the assimilation of cored wire is discussed is
comparatively smaller. Modeling works by different groups such as Bannenberg et al. [30],
Du Terrail et al. [31], Sanyal et al. [32,33], Castro et al. [34–36], Huang et al. [37], Jingang
et al. [38], Guo et al. [39], and Wang et al. [40] have presented various modeling work
frames, allowing for the description of possible assimilation routes during the injection of
cored wires. These routes are summarized schematically by the present authors in Figure 1,
considering that the wire filler can be released in a solid, liquid, or gaseous state. The
different wire assimilation routes are a function of the wire design parameters (e.g., wire
core and casing materials, casing thickness) and processing conditions (e.g., bath material,
bath superheat, wire injection speed).
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Figure 1. Schematic representation of possible assimilation routes for cored wires immersed into
liquid steel.

Most of the cited works on the modeling of cored wire [30,32–37,39,40] have relied,
for model validation, on published data on the assimilation of static cylindrical metal rods,
which are simpler constructions than cored wires themselves. In the work of Du Terrail
et al. [31], a method in which a cored wire is fitted with thermocouples and metal detectors
to determine the wire assimilation time is discussed.
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This work contributes to filling this gap by presenting the results of a laboratory-scale
study in which a dataset of the positions of the wire/melt interface of a cored wire (namely,
the diameter of the ensemble constituted by the wire and a solidified metal shell) as a
function of the steel bath temperature was obtained. To the knowledge of the authors, these
types of measurements have not been previously reported for cored wire. Furthermore,
the dataset was compared against simulations made with a transient 1D (radial) thermal
model of the assimilation of cored wire, developed by the present authors [34,35].

2. Materials and Methods

The experimental apparatus used for the cored wire immersion experiments is schema-
tized in Figure 2. It consisted of a Leybold induction furnace with a 60 kW power source
(EMA Indutec GmbH, Meckesheim, Germany) and operating at a frequency of up to
4.5 kHz; a wire immersion device consisting of a rack and pinion rod; a wire-holding mech-
anism placed at the bottom of the rod, consisting of a mandrel clinch with fasting clips for
holding the wire; a Photron Fastcam SA5 camera (PHOTRON USA, INC., San Diego, CA,
USA) for recording the immersion experiments at a 50 Hz frame rate; a double-wavelength
pyrometer for measuring bath temperature; and a flat-bottom Al2O3 crucible (Mitec GmbH
MiMix Ca 97 GK 80/20, Filderstadt, Germany) for holding a 6 kg bath of liquid steel.
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Figure 2. Schematic of experimental apparatus used for the experiments of the immersion of cored
wire into liquid steel baths.

The cored wires used for the immersion experiments were prepared from profiled
empty wire casings provided by the cored wire manufacturer Affival SAS (Solesmes,
France). The profiled casings had a nominal external diameter of 9.6 mm and a nominal
casing thickness of 0.7 mm. Before the experiments, the empty wires were manually filled
with iron powder with an average particle diameter of 0.2 mm, resulting in a wire-filling
fraction of 30.2 ± 1.6%. The steel used for the liquid metal bath had an estimated liquidus
temperature, Tliq, of 1807 K (1534 ◦C). The nominal compositions of the iron powder used
as wire filler, the steel sheath used for the wire casing, and the steel used as bath material
are given in Table 1. It is hypothesized that the relatively similar carbon contents of the
materials contribute to ensuring that the free-dissolution period be mostly governed by
heat-transfer phenomena during the experiments.

Table 1. Nominal compositions of the iron powder used as wire filler, the steel sheath of the wire
casing, and the steel bath material for the cored wire immersion experiments, in wt%.

Material C Mn Si P S O Fe

Wire filler 0.003 0.114 Bal
Wire casing 0.07 0.25 0.015 0.01 0.009 Bal
Steel bath <0.002 0.03 <0.001 <0.005 <0.01 Bal
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Six experiments of cored wire immersion were performed under air atmosphere, with
the experimental apparatus and materials described above. The initial bath temperatures,
Tbath,ini, for each of the experiments are presented in ascending order in Table 2 along with
the estimated bath superheat, ∆Tini = Tbath,ini − Tliq, where Tliq is the liquidus temperature
of the molten steel. Immersions of wires I–III correspond to a low bath superheat condition
such as those that could be encountered in a tundish during casting operations, whereas
immersions of wires IV–VI correspond to a high bath superheat condition such as those
encountered during ladle metallurgy processing.

Table 2. Initial bath temperature (Tbath,ini) and bath superheat (∆Tin) in the cored wire immersion
experiments.

Wire Tbath,ini ∆Tini

I 1818 K (1545 ◦C) 11 K
II 1823 K (1550 ◦C) 16 K
III 1823 K (1550 ◦C) 16 K
IV 1853 K (1580 ◦C) 46 K
V 1858 K (1585 ◦C) 51 K
VI 1873 K (1600 ◦C) 66 K

The bath was prepared by charging pre-cut pieces of steel in the crucible and melting
them down. Once the charge was fully melted, 30 g of aluminum were added for bath
deoxidation. In each experiment, the wire was loaded in the immersion device, and once
the target initial bath temperature was reached, the inductor power was turned off and
the wire was subsequently immersed into the bath. The immersion time-spans were in the
order of 10 s. The precise immersion times were determined after the experiment, from the
timestamps of the camera recordings. Figure 3 is a photograph of the wire extraction stage
taken from the recordings of the immersion experiment for wire V. In this photograph, the
shell of solidified bath material forming around the immersed wire is visible.
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Figure 3. Photograph of extraction of wire V from the bath during the immersion experiment. Notice
the shell of solidified bath material around the cored wire.

After extraction from the melt, the wires were removed from the immersion device
and cooled down. Figure 4 presents photographs of the six wires after their respective
immersion experiments. In each photograph, the wire + shell ensemble is visible. A
relatively thicker shell is observed for the low-temperature experiments (wires I–III) than
for the high-temperature experiments (wires IV–VI). Border effects in the formation of the
solidified shell are seen in the photographs of wires I, II, and III. The bath superheat was so
low (<20 K) that the formation of a thicker and irregular shell on the leftmost side can be
attributed to early solidification near the surface of the bath. Moreover, non-uniformities
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in the initially solidified shell could also be attributed to decreased flow velocity around
the wire as the superheat (driving force for natural convection) was decreased [15]. This
is due to the combined effect of local cooling of the bath by the wire upon immersion,
and the radiative heat losses at the surface of the bath. In wire VI, in the sections close
to the leading edge, the diameter measured after immersion is smaller than the diameter
of the wire before immersion. This indicates that, at the time of extraction, the shell had
already remelted, and the melting of the casing was taking place. All these observations
show that, according to the assimilation routes presented in Figure 1, the time-spans of
immersions I–V are in the shell period while the time-span for immersion VI is in the
free-dissolution period.
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Figure 4. Cored wires with solidified metal shell after wire immersion experiments at various initial
steel bath temperatures: (a) wire I (1818 K); (b) wire II (1823 K); (c) wire III (1823 K); (d) wire IV
(1853 K); (e) wire V (1858 K); (f) wire VI (1873 K).

3. Results
3.1. Estimations of Wire Residence Time in the Bath and Diameter of the Wire + Solidified Metal
Shell Ensemble, Post Immersion

The total residence times of the wires in the bath during the experiment were deter-
mined from timestamps of the camera recordings taken during each immersion experiment.
The total residence time of a wire in the bath during the experiment (texp) can be split into
three distinct periods: the time taken to reach the maximum immersion depth (tim), the
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time that the wire was held at the maximum immersion depth (thold), and the time taken
for the extraction of the wire from the bath (text).

texp = tim + thold + text (1)

The residence time of any given radial sections throughout the length of the wire can
be estimated by considering Equations (1)–(4) and the schematic shown in Figure 5. From
the measurements of the total length of the wire before immersion (Lbef), the total length of
the wire after immersion (Laft), and the length of the non-immersed part of the wire (Lnim),
the length of wire that was originally immersed in the melt (Lim) and the length of the wire
+ shell that was extracted from the melt (Lext) can be determined:

Lim = Lbe f − Lnim (2)

Lext = La f t − Lnim (3)
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of radial sections throughout the length of the wire can be estimated using Equations (1)–(4), using
the measured length of wire before immersion (Lbef), length of wire after immersion (Laft), length of
non-immersed part of the wire (Lnim), and timestamps of camera recordings (tim, thold, text).

Once the immersed length (Lim) and the extracted length (Lext) have been determined,
an equation for estimating the total residence time of a radial section as a function of the
immersed wire length, ttot(x), can be written assuming constant velocities of immersion
and withdrawal:

ttot(x) = tim

(
x

Lim

)
+ thold + text

(
x

Lext

)
(4)

After the immersion experiments, measurements of the diameter of the wire + shell
ensemble were taken according to the procedure schematized in Figure 6. At given positions
over the immersed length of the wire (x), the external diameter (2R) was measured with
the aid of a vernier caliper. To account for irregularities in the shell, each measurement
was repeated 10 times at random angular positions (i.e., the ensemble was rotated for
each individual measurement), so that a statistical summary of the diameters could be
obtained at each immersed length (x) at which measurements were performed. Under the
assumption that the wires before immersion were perfectly cylindrical, with an internal
diameter of the wire (2r) of 8.2 mm, the average thickness of the ensemble constituted by
the casing and the solidified shell can be estimated as the difference between the external
radius of the wire + shell ensemble (R) and the internal radius of the wire (r).
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Figure 6. Schematic of the procedure for measuring the diameter of the wire + shell ensemble
post-immersion. To obtain estimations of mean diameter, the specimen was rotated for each of the
10 individual measurements taken at fixed wire lengths.

Table 3 presents a summary of the results of the estimations of the radiuses of the
wire + shell ensembles for the six experiments (wires I–VI). For each experiment, the
estimation of the mean radius (Rmean) and descriptive statistics (Rstdev, Rmin, RQ1, RQ2,
RQ3, Rmax: standard deviation, minimum, first quartile, second quartile (median), third
quartile, and maximum, respectively) are listed along with the relative position of the
immersed length (x) with respect to the bath surface (when the wire was held at maximum
immersion depth) and the estimated total residence time for the corresponding immersed
length (ttot(x)).

Table 3. Statistical summary of estimations of radius of the wire * + shell ensemble, ttot(x) is given in
s, and x, Rstdev, Rmin, RQ1, RQ2, RQ3, Rmax are given in mm.

Wire ttot(x) x Rmean Rstdev Rmin RQ1 RQ2 RQ3 Rmax

I
(1818 K)

7.32 38.5 9.02 0.23 8.68 8.83 9.06 9.18 9.35
8.26 48 9.04 0.16 8.85 8.98 9.02 9.08 9.42
9.34 59 8.89 0.24 8.58 8.67 8.93 9.08 9.20
9.88 64.5 9.09 0.27 8.58 8.97 9.17 9.29 9.42

10.22 68 8.81 0.17 8.54 8.71 8.82 8.90 9.06

II
(1823 K)

4.8 33 7.94 0.24 7.44 7.84 7.95 8.01 8.29
5.8 43.5 8.36 0.23 7.98 8.24 8.33 8.48 8.79
6.8 54 8.6 0.22 8.42 8.46 8.50 8.79 8.97

7.94 66 7.87 0.16 7.62 7.74 7.92 7.98 8.07
8.89 76 8.12 0.23 7.85 7.95 8.10 8.24 8.52

III
(1823 K)

10.69 16.5 7.64 0.14 7.51 7.51 7.57 7.77 7.83
11.45 26 8.1 0.11 7.94 8.01 8.12 8.17 8.28
12.37 37.5 8.21 0.21 7.84 8.09 8.17 8.35 8.62
13.52 52 8.59 0.26 8.22 8.37 8.57 8.83 8.92
14.64 66 8.09 0.37 7.57 7.73 8.16 8.44 8.49

IV
(1853 K)

4.46 23 6.7 0.34 6.35 6.40 6.60 6.91 7.36
5.32 33 6.68 0.17 6.43 6.53 6.73 6.82 6.88
6.18 44 7.03 0.18 6.70 6.95 7.09 7.16 7.23
7.16 54 7.32 0.22 6.86 7.19 7.33 7.51 7.55
7.98 69 7.03 0.24 6.47 6.97 7.07 7.17 7.29

V
(1858 K)

5.81 15 6.25 0.15 5.98 6.22 6.26 6.36 6.45
6.22 25.5 6.65 0.3 6.32 6.42 6.58 6.79 7.22
6.71 38 7.02 0.15 6.79 6.92 6.98 7.23 7.23
7.31 53.5 7 0.38 6.38 6.73 7.05 7.23 7.53
7.71 63.5 6.75 0.33 6.34 6.45 6.78 6.95 7.38

VI
(1873 K)

8.08 13.5 5.42 0.36 5.02 5.13 5.33 5.75 5.90
9.24 23 5.24 0.24 4.90 5.02 5.30 5.41 5.57

10.27 31.5 5.19 0.16 4.81 5.14 5.17 5.32 5.38
11.37 40.5 4.56 0.27 4.13 4.36 4.58 4.82 4.84
12.22 47.5 4.65 0.2 4.28 4.60 4.70 4.78 4.88

* The internal and external radiuses of the wires were 4.1 mm and 4.8 mm, respectively.
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3.2. Comparison of Experimental Results and Numerical Simulations

Numerical simulations of the experiments of wire immersion were performed with
a transient 1D (radial) thermal model of the assimilation of cored wire developed by the
present authors [34,35]. The evolution of the position of the wire/melt interface given
by simulations of the different immersion conditions was compared against the results
presented in Table 3. In the simulations, the convective heat transfer coefficient was
calculated using a natural convection correlation that is valid for flow past cylinders [41–43],
shown in Equation (5). For all simulations, a bath cooling rate of 1 K·s−1 was considered,
based on the bath cooling rate observed during the experiments. Based on data from
the literature [6,41,42], the magnitudes of the contact thermal resistances, Rth, used to
account for discontinuities in the temperature profiles at the filler/casing and casing/shell
interfaces, were both set to 1 × 10−4 or 2 × 10−4 m2·K·W−1. In reciprocal units, this
corresponds to setting 1/Rth at the filler/casing and casing/shell interfaces to 10,000 or
5000 W·m−2·K−1, respectively.

Nux,cyl = Nux,plate

(
0.2672 ε Pr−0.42 + 1.011 Pr−0.02

)
(5)

with
Nux,plate =

0.503 Grx Pr(
1 +

(
0.492

Pr

) 9
16
) 4

9

and

ε =
2
√

2
Gr0.25

x

(
l
r

)
where Nux,cyl: the Nusselt number for the vertical cylinder [-], Nux,plate: the Nusselt number
for the vertical plate [-], ε: the transverse curvature parameter [-], Pr: the Prandtl number
[-], Grx: the Grashof number [-], l: the immersed cylinder length [m], r: the radius of the
cylinder [m].

Figure 7 presents, for all wires, a comparison between the radius of the wire + shell
ensemble estimated from the experiments, and the evolution of the wire/melt interface
from the simulations. The experimental results are shown by means of boxplots, where
the green square markers correspond to the estimated mean values, and the whiskers of
the boxplots correspond to the minimum and maximum values. The simulation results
are plotted as gray regions bounded by two continuous black lines; they correspond to
the range of positions of the wire/melt interface when 1/Rth is set between 5000 and
10,000 W·m−2·K−1. The horizontal lines at radius = 4.1 mm and 4.8 mm correspond to the
reference position of the internal and external faces of the casing, respectively. For both
the “low” (wires I–III) and “high” (wires IV–VI) bath temperatures, there is reasonable
agreement between the experiments and simulations. Discrepancies at “low” times could
be attributed to border effects not considered by the model, given that measurements were
performed at positions close to the bath surface during the immersion experiments. For
the case of wire VI, the combination of the bath temperature and holding time-span near
the leading edge of the wire led to the onset of the free-dissolution period, i.e., the onset of
melting of the casing material, as already observed in the former section.

In Figure 8, the deviations between the simulations and experiments are plotted,
with dashed lines marking the ±20% deviation range. In this plot, the thickness of the
casing + shell ensemble is considered rather than the estimated radius of the wire + shell
ensemble, which produces a tighter criterion for evaluating the deviations. The range of
the error bars for the “experiment”-axis corresponds to the results shown in Table 3; for the
“simulation”-axis, the range of the error bars corresponds to the change in thickness as the
magnitudes of the contact thermal resistances are changed. Since the model matches the
experimental conditions of the immersion of the cored wires, it is expected that simulations
extrapolating to industrial processing conditions would allow for producing guidelines for



Metals 2024, 14, 462 9 of 14

optimization of the cored wire injection process, as a complement to established approaches
that combine industrial trials with thermodynamic analyses [44–55].
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4. Discussion

The transient 1D (radial) thermal model of the assimilation of cored wire developed
by the present authors [34,35] was further used to gain insight into the effects of the
bath temperature, convective heat-transfer coefficient, and magnitude of contact thermal
resistances on the wire assimilation times. The wire configuration used in the lab-scale
experiments was considered for these simulations, for which the bath temperatures were
kept constant. The calculation results, presented as curves of the assimilation time vs.
the heat transfer coefficient are shown in Figure 9. The sweep of magnitudes of the heat
transfer coefficient spans from static bath conditions up to heavily stirred baths, such as in
industrial furnaces [7,8].
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As expected, the wire assimilation times are inversely proportional to both the bath
temperature and the magnitude of the convective heat-transfer coefficient. At conditions
with relatively low heat-transfer coefficients, corresponding to the natural convection
static-bath conditions of the laboratory-scale experiments, the effect of the contact thermal
resistances on the wire assimilation time is practically negligible. On the other hand, when
the heat-transfer coefficient increases, such as in the conditions of forced convection seen
in industrial furnaces (e.g., steel ladle), the effect of contact thermal resistances becomes
non-negligible.

From a modeling standpoint [34,35], Equation (6) establishes that, during the assim-
ilation of the cored wire, the movement of the wire/melt interface, i.e., a change in the
volume of the solidified shell (during the shell period) of the steel casing (during the
free-assimilation period), is governed by the balance between the convective heat flux from
the melt to the interface (φconv) and the diffusive heat flux from the interface to the interior
of the wire (φdiff).

ρ∆Hm
dV
dt

= S
(

φdi f f − φconv

)
(6)

with

φdi f f = λ

(
dT
dr

)
int

and
φconv = h(Tbath − Tint)

where ρ: the density [kg·m−3], ∆Hm: the latent heat of phase change [J·kg−1], V: the volume
[m3], t: the time [s], S: the surface area of the interface before interface movement step
[m2], φconv: the convective heat flux [W], φdiff: the diffusive heat flux [W], λ: the thermal
conductivity [W·m−1·K−1], h: the convective heat transfer coefficient [W·m−2·K−1], Tbath:
the liquid steel bath temperature [K], and Tint: the wire/melt interface temperature [K].

When the magnitude of the contact thermal resistance Rth increases, i.e., 1/Rth de-
creases, at either the core/casing or the casing/shell interfaces, the diffusion of heat from
the external layers of the wire towards the core of the wire is hindered. In this scenario, the
external layers of the wire are heated up more readily, leading to shorter spans of the shell
(due to contact resistance at the casing/shell interface) and free-assimilation periods (due
to contact resistance at the core/casing interface), i.e., the assimilation of the cored wire
occurs in shorter time-spans.

5. Conclusions

A laboratory-scale study was performed in which the kinetics of the assimilation of
cored wire in liquid steel baths was studied. An original dataset of the positions of the
wire/melt interface of cored wires (namely, the diameter of the ensemble constituted by the
wire and a solidified metal shell) as a function of the time and steel bath temperature was
produced. This dataset spans all of the shell periods up to the first moments of the free-
dissolution period. The dataset was compared against simulations made with a transient
1D (radial) thermal model of the assimilation of cored wire, presented by the present
authors, with reasonable agreement.

The dataset presented here is a valuable resource for the validation of future develop-
ments in the field of modeling of the assimilation of cored wires in liquid metal baths. With
proper inputs, these kinds of models are used for producing guidelines for optimization of
the process of the injection of cored wire. Some potential applications of interest are the
individual adjustment of wire feeding speeds depending on the type of trimming addition
performed in the steel ladle, the optimization of cored wire injection practice for the calcium
treatment of steel to decrease reactivity and increase calcium recovery, and the optimization
of cored injection practices in shallow vessels such as tundishes for continuous casting and
shallow ladles for alloy modification in cast-iron and copper foundries.
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