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Abstract: Since the European Union defined ambitious CO2 emission targets, low-carbon-emission
alternatives to the widespread integrated blast furnace (BF)—basic oxygen furnace (BOF) steelmaking
strategy—are demanded. Direct reduction (DR) with natural gas as the reducing agent, already
an industrially applied technology, is such an alternative. Consequently, the melting behavior of
its intermediate product, i.e., direct reduced iron (DRI), in either an electric arc furnace (EAF) or
a submerged arc furnace (SAF), is of great interest. Based on the conditions in these aggregates, a
test series to experimentally simulate the first few seconds after charging DRI was defined. DRI
samples with different carbon contents and hot briquetted iron (HBI) were immersed in high- and
low-carbon melts as well as high- and low-iron oxide slags. The reacted samples were quenched in
liquid nitrogen. The specimens were qualitatively evaluated by investigating their surfaces and cross
sections. The dissolution of carbon-free DRI progressed relatively slowly and was driven by heat
transfer. However, carbon, present either in the DRI sample or in the melt, not only accelerated the
dissolution process, but also reacted with residual iron oxide in the pellet or the slag.

Keywords: direct reduced iron; electric arc furnace; low-CO2 steelmaking; submerged arc furnace;
hydrogen-based steelmaking; DRI dissolution

1. Introduction

In 2021, more than 1.8 billion tons of crude steel were produced worldwide [1]. The
integrated route Blast Furnace (BF)—Basic Oxygen Furnace (BOF)—is still the critical
steelmaking strategy, with a share of more than 70% of the global steel production. The
second most important steelmaking route is the scrap-based electric arc furnace (EAF)
process. However, as the availability of high-quality scrap indicates [2,3], it will not
be possible to meet the demand for steel without ore-based raw materials. Due to the
limited potential for reducing CO2 emissions of the blast furnace, new iron ore reduction
technologies are required [4–6].

A suitable technology is the hydrogen-based direct reduction process. Direct reduction
(DR) refers to a solid–gas reduction reaction [7], for example, in a shaft furnace [7–10]
or a fluidized bed reactor [7,11]. The ore, in shafts, either pellet or lump ore [12,13], is
converted into the so-called sponge iron or direct reduced iron (DRI) as an intermediate
product, which is typically melted in an EAF for further steelmaking [14–19]. In 2020, about
104 million tons of DRI were produced, primarily based on natural gas (NG). Although
this accounts only for a small share of the global crude steel production, it is a widely used
steelmaking strategy, particularly but not exclusively, in NG-rich countries [16,17,20–23].
Besides the EAF, processing sponge iron into pig iron using a submerged arc furnace
(SAF) might be a second option [24,25]. These aggregates are typically used to produce
ferroalloys [26–30] and process DRI made from ilmenite- or titanomagnetite-based ores
into hot metal [31–33]. Since it is expected that the described processing strategies will
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become more important, the behavior of sponge iron when immersed in liquids is of great
interest for the optimization of the melting process.

The DRI properties and their influence on the EAF operation have been investigated
extensively [14–16,34–38]. Some key findings are summarized below.

Cárdenas et al. [14] applied mass and energy balances to investigate various DRI scrap
ratios and their influence on different process parameters. As sponge iron contained a
higher proportion of oxides, the energy demand, slag quantity, and lime consumption
increased. Further, a higher carbon content and a high metallization degree lowered the
electrical energy consumption.

Kirschen et al. [15] described a calculation model to analyze the influence of various
DRI amounts on the EAF process. One of the key findings was the increasing energy
consumption with a rising DRI fraction, resulting from the larger quantity of slag and
endothermic reduction reactions with unreduced iron oxide. If the the carbon content in
the DRI was carefully balanced, the oxygen addition remained relatively constant, but the
yield decreased with more sponge iron in the charge. Furthermore, Kirschen et al. [39]
compared process data from 16 industrial EAF with varying scrap and DRI mixtures in a
more recent study. Based on the results, a lower basicity is suggested to reduce the slag
amount. Further, the MgO saturation must be considered when decreasing the basicity
to avoid an increased wear of the refractory material. Compared to scrap charges, higher
fluctuations in FeO content were measured for the slags. Possible explanations could be
low metalized DRI fines and a decreased efficiency of the carbon injectors. As part of this
study, the authors also optimized a previously published EAF model [40–44] with respect
to the application of DRI.

Lule et al. [16] presented results from the ArcelorMittal Lázaro Cardenas melt shop,
focusing on the behavior of nitrogen. High-carbon DRI was beneficial for making nitrogen-
critical steel grades due to the extensive formation of CO bubbles.

Further, there are publications about industrial practices with high-DRI EAF charges [36–38].
The following general conclusions can be drawn from these publications: a higher DRI
fraction resulted in a rising energy consumption, especially when the acidic gangue content
increased; due to the enhanced slag volume, the iron yield decreased as more Fe was lost in
the slag; regarding tramp elements such as P or Cu, an increased DRI ratio was beneficial;
furthermore, the metallization of the sponge iron should be as high as possible.

While most of the studies described above focused on industrial conditions, some
publications analyzed the DRI melting and dissolution mechanisms at laboratory scale.
Sharifi and Barati [45], as well as Li and Barati [46], investigated the reactions between
DRI and steelmaking slags. The authors dropped DRI pellets into liquid slag pools and
analyzed, e.g., the pressure increase in their furnace resulting from DRI–slag reactions.
One significant result was that the decarburization involved two steps: reducing FeO in
the DRI and progressing with FeO in the slag. Sadrnezhaad and Elliot [47] conducted
similar experiments. Beside the gas volume, also the temperature evolution in the pellet
was measured. Based on the results, the authors described the formation of a solid slag
shell on a cold sample. In a further study, this idea was used by Martínez et al. [48] for
the development of a melting kinetic model. The influence of carbon in the liquid on the
melting behavior of solid metals was extensively investigated, e.g., by Szekely et al. [49]
and Penz et al. [50–52]. Penz and Schenk summarized the current knowledge on this topic
in a review paper [53]. In addition to determining parameters such as the heat transfer
coefficient, an important phenomenological finding is the diffusion-based melting process,
i.e., the diffusion of carbon from the liquid hot metal into the solid metal. This decreases
the latter’s liquidus temperature, a crucial step in the interaction between scrap and hot
metal in the basic oxygen furnace (BOF).

This work aimed to analyze the interaction between a DRI pellet and molten metal
directly after charging. DRI samples were dipped into liquid steel, hot metal, and typical
EAF and SAF slags for a specific time period. While the previous studies described above
focused on industrial, carbon-containing samples, in our case, DRI with 0%C was also
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considered. Subsequently, the immersed specimens were visually and metallographically
examined and qualitatively compared concerning the interaction behavior between the
sponge iron sample and the melt. The detailed comparison of the different model cases is a
novelty for studying influencing parameters such as the carbon content of the melt as well
as of the DRI or the difference between slag and steel as the liquid medium.

2. Materials and Methods
2.1. Experimental Equipment

The experiments were carried out using a GERO® HTR-V100-250/17 high-temperature
tube furnace (Carbolite Gero, Neuhausen, Germany). Figure 1 shows the test setup. The
tube was flushed with 350 Nl/h N2. An alumina protection crucible was placed in the
furnace tube to avoid damage resulting from splashes. The sample crucible of MgO or
alumina inside the protection crucible stood on alumina powder. A Mo wire and a screw
fixed a single DRI pellet on an alumina tube. Table 1 describes detailed dimensions.
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Table 1. Characteristics of the test setup components.

Component Dimensions/mm Material Comment

Protection Crucible * Ø117.6 × Ø108.6 × 180 Al2O3
MgO Sample Crucible * Ø48.5 × Ø36.0 × 105 MgO for EAF slag test

Alumina Sample
Crucible * Ø49.5 × Ø42.6 × 68.7 Al2O3

for ULC, HM, and
SAF slag tests

Wire Ø1 Mo
Screw “Spax” 2.5 × 12 steel

Furnace Chamber Ø180 Al2O3

* one exemplary sample was measured.

A manually operated pneumatic cylinder controlled the dipping process during the
test. Every trial was filmed to evaluate the exact immersion time. After discharging, the
sample was quenched via liquid nitrogen to avoid extensive reoxidation. Per each melt,
three samples were immersed; after the third test, the melt temperature was measured with
Heraeus Type S thermocouples (Heraeus, Hanau, Germany).

Before the metallographic preparation, we took photographs of each sample using
a Sony Alpha 6000 DSLM camera (Sony Group Corporation, Tokyo, Japan). Afterward,
the specimens were cold-embedded, halved, ground, and polished. The microsections
were investigated using a Keyence VHX 7000 digital microscope (Keyence Corporation,
Osaka, Japan).

2.2. Materials

Typical BF-grade [13] iron ore pellets were used; their composition is shown in Table 2.
Samples of appr. 500 g ore were prepared using a vertical reduction furnace (VRF), precisely
described in [54]. After preheating under nitrogen purging with 20 Nl/min, the reduction
was performed at 900 ◦C with 25 Nl/min pure H2. The furnace has a scale that allows
monitoring the weight loss during reduction. The process was stopped after reaching a
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metallization degree of approximately 90%. The carbon-free DRI sample is called “0%C” in
the following chapters.

Table 2. Composition of the unreduced ore pellets in wt.%.

Fetot Fe2O3 FeO CaO SiO2 Al2O3 MgO

64.9 92.5 0.37 0.48 4.55 0.84 0.45

To carburize some carbon-free DRI with Methane, approx. 130 g was recharged into
the VRF and treated with 4 Nl/min CH4. Table 3 lists the carburizing temperatures and
times, the contents of C and metallic, divalent, and trivalent iron (Femet, Fe2+, Fe3+), and the
metallization degree (MD). The contents of the Fe species (Fetot, Femet, Fe2+) were analyzed
using titration methods, and the total carbon content was analyzed by LECO (LECO
Corporation, St. Joseph, MI, USA), without focusing on its bonding state. An industry
partner delivered the Hot Briquetted Iron (HBI) sample, whose chemical composition is
shown in Table 3.

Table 3. Carburizing conditions and composition of the DRI and HBI samples/species in wt.%.

Sample TCarb/◦C tCarb/min Femet Fe2+ Fe3+ Ctot MD/%

C750 750 20 81.35 5.01 0.01 1.79 94.2
C800 800 25 82.46 2.82 0.00 3.71 96.7
HBI - - 84.6 4.1 2.3 2.00 93.0

Ultra-low carbon (ULC) steel was used to simulate low-carbon crude steel conditions
in the EAF; the samples for the melting tests were cut from a continuous casting slab
provided by an industrial partner. Table 4 lists its chemical composition, analyzed by
optical emission spectroscopy (OES).

Table 4. ULC composition/wt.%.

C Si Mn Al Ti S P Ni Cu Cr

0.007 <0.001 0.146 0.028 0.079 0.015 0.009 0.011 0.005 0.027

For the hot metal (HM) tests, desulphurized HM chips with a diameter of 34 mm and
a width of 9.4 mm were used. Table 5 summarizes the HM composition analyzed with OES.

Table 5. HM composition/wt.%.

C Si Mn S P

4.6 0.4 0.6 0.004 0.07

The slags were synthetically prepared from pure oxides and premelted in an “In-
dutherm MU700” induction furnace (Indutherm Erwärmungsanlagen, Walzbachtal, Ger-
many). The liquids were cast onto steel plates for rapid cooling before being used for the
immersion tests. Tables 6 and 7 report the slag compositions. The slags were dissolved in Li
tetraborate and analyzed with inductively coupled plasma optical emission spectroscopy
(ICP-OES).

Table 6. SAF-like slag composition in wt.%; all values were measured as elements and converted to oxides.

Before Test After Test

CaO 40.1 39.4
SiO2 39.8 39.1

Al2O3 11.3 12.9
MgO 8.02 7.80

Fe 0.62 0.62
B2 = CaO/SiO2 1.01 1.01
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Table 7. EAF-like slag composition in wt.%; all values were measured as elements and converted to oxides.

Before Test After Test

CaO 27.2 18.8
SiO2 21.2 13.4

Al2O3 8.20 9.73
MgO 9.88 31.2

Fe 26.1 20.9
B2 = CaO/SiO2 1.28 1.40

2.3. Immersion Test Program

As mentioned above, two DRI process routes are possible in the future, which means
the DRI production will be combined with either EAF or SAF. With this in mind, a test
program was established for the following aspects of DRI melting:

• Influence of C content in DRI (carbon-free, hydrogen-based DRI was compared to
carburized DRI, which approximates natural gas-based DRI)

• Composition of the liquid metal (low and high C content)
• Composition of the slag (EAF and SAF slag)
• Density of the DRI samples (DRI vs. HBI)

Table 8 sums up the executed tests with their parameters. The nomination of the
sample number contains the DRI type (0%C, C750, C800, and HBI) as well as the specific
melt (ULC, HM, EAF-[slag], SAF-[slag]); Tmelt is the measured temperature of the melt after
the tests. In the experiments with EAF slag, temperature measurement was impossible since
an MgO crucible was used, whose inner diameter was too small to insert the thermocouple.

Table 8. List of the samples.

Sample Number Liq. Medium tImmersion/s Tfurnace/◦C Tmelt/◦C

C750-ULC-1 *

ULC

4

1625

-
C750-ULC-2 3 1544
C750-ULC-3 4 1555

C800-ULC-1 * 4 -
C800-ULC-2 * 3 -
C800-ULC-3 3 1555
C800-ULC-4 4 1555
0%C-ULC-1 4 1544
0%C-ULC-2 3 1544

0%C-ULC-3-10s 10 1558
HBI-ULC-1 3 1558
HBI-ULC-2 3 1558

0%C-HM-1
HM

4
1500 13900%C-HM-2 3

HBI-HM-1 3

0%C-SAF-1
SAF slag

3
1550 14790%C-SAF-2 3

C800-SAF-1 3

0%C-EAF-1 x

EAF slag
3

1600 -0%C-EAF-2 x 3
C800-EAF-3 x 3

* samples used as pre-tests, which were cooled via nitrogen flushing; x no temperature measurement was possible,
as the MgO crucible was too small to insert the thermocouple.

The samples C750-ULC-1, C800-ULC-1 and C800-ULC-2 were used as pre-tests and
cooled with gaseous nitrogen. They were not further examined. The immersion time
was usually 3–4 s, except for the sample 0%C-ULC-10s-3, for which it was set to 10 s to
analyze the melting progression of carbon-free DRI. The accuracy was about 1 s because
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the pneumatic cylinder was manually controlled. The EAF slag was liquefied in an MgO
crucible; all the other tests were performed in an Al2O3 crucible, as shown in Table 1.

3. Results

During the experiments, a few aspects were noticeable, as reported below.
In some tests with the carburized samples, sparks and splashes could be observed.

This could be due to the chemical reaction between C and FeO, which generates CO gas.
This phenomenon was most pronounced when DRI or HBI was immersed in hot metal.

In all tests with hot metal (0%C-HM-1, 0%C-HM-2, and HBI-HM-1), the samples were
melted entirely after a 3–4 s dipping time. As a consequence, no more investigations were
possible. A further reduction of the immersion time was not manageable, since the actuator
for controlling the pneumatic cylinder movement was at its limit. Another noteworthy
point is the remarkable temperature difference between the furnace and the melt during the
hot metal tests. The endothermic reduction reactions of FeO with C during the immersion
of the samples are the most likely explanation for this phenomenon.

After the tests, the samples were evaluated visually. The following was noticeable
about the images.

• The 0%C samples in Figure 2 showed smooth surfaces for steel and slags. This indicates
that no chemical reactions took place between DRI and the liquids. After an increased
immersion time, see sample 0%C-ULC-10s-3 in Figure 3, the optical impression of the
surface was less shiny and appeared matte.

• As the DRI carbon content increased, a reduction of the remaining iron oxide seemed
to happen. Consequently, the surface became more fissured with increasing carbon
levels (compare Figure 2a with Figures 4 and 5a). Frozen gas bubbles on the adhering
melt residues indicated gas formation. When a highly carburized DRI-pellet was
immersed in a slag containing iron oxide, a reaction of C from the sample with FeO in
the slag might have occurred (see sample C800-EAF-1 in Figure 5c).

• When immersed in the SAF slag, no reactions were expected, as the temperature was
much lower. The poorer slag adhesion at C800-SAF, shown in Figure 5b, indicates less
wetting than for the carbon-free sample 0%C-SAF, visible in Figure 2b. This obser-
vation is consistent with slag wetting on carbon-containing refractory material [55].
Comparing the shell shapes of 0%C-ULC-1 and C750-ULC-2 in Figures 2a and 4,
respectively, the former was more or less droplet-shaped, while the latter had a plain
surface on the bottom. This flat lower area is also visible in C800-ULC-4 and C800-EAF,
as implied in Figure 5a,c. One explanation could be that the melt on the surface of the
carburized pellets had a lower viscosity than the almost carbon-free ULC melt [56].

• Despite the significant carbon content of 2 wt.%, HBI showed a similar, smooth, glossy
surface as 0%C-DRI (see Figure 6).

Replicated tests are not illustrated, considering the results were qualitatively repro-
ducible. As described above, the samples dipped in hot metal were completely melted
during immersion. Thus, no further analysis was possible. This rapid dissolution in-
dicates a different melting mechanism, as the theoretical melting point of pure iron is
approx. 1538 ◦C. The liquidus temperature was calculated using Factsage 8.0 and the
FactPS database and was much higher than the HM temperature, as shown in Table 8. This
effect seems analogous to diffusive scrap melting, which was extensively investigated by
Penz et al. [50,51,53]. Carbon diffused from liquid hot metal to the solid iron phase at the
liquid–solid interface, with heat being transported in the same direction. The high carbon
content in the solid lowered its liquidus temperature and caused its further melting.
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Digital microscope images are shown in Figures 7 and 8 below. The sections of 0%C-
ULC-1 and 0%C-ULC-10s-3 with 4 and 10 s immersion time demonstrate that the pellet
melted as heat transport from the surface to the core progressed (compare Figure 7a,b).
Comparing the 0%C-ULC samples with C750-ULC-2 and C800-ULC-4 in Figure 9, carbur-
ized DRI appeared to liquefy much faster, since the higher carbon content lowered the
liquidus temperature [53].
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Figure 9. Digital microscope images of (a) C750-ULC-2; (b) C800-ULC-4, both dipped into liquid
ULC steel.

Comparing the samples immersed in slag, shown in Figures 8 and 10, the results are
consistent with the photographs in Figure 2b,c and Figure 5b,c. A slag layer coated the DRI
surfaces; the absence of bubbles indicated that no reactions occurred when carbon-free DRI
was immersed. On the other hand, carburized DRI formed a less adherent slag layer with
the iron oxide-free SAF slag and was highly reactive with the iron oxide-containing EAF
slag. The former phenomenon could be explained by the poor adhesion of the glassy slag
layer. The latter was due to the rough surface of C800-EAF, visible in both the photograph
and the digital microscope image in Figures 5 and 10. Tables 6 and 7 reports the slag
composition before and after the experiments.
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HBI shows a behavior similar to zero-carbon DRI, suggesting that the higher density
of briquetted material compared to that of unbriquetted material had a greater influence



Materials 2022, 15, 5691 10 of 14

on the dissolution behavior than the carbon content in HBI. This typically ranges between
0.5 and 1.6% [57,58] or even 2% as in the present case (compare Figures 2 and 7 with
Figures 6 and 11).
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Figure 11. Digital microscope images of the HBI-ULC-2-1 sample, dipped into ULC.

Heat Transfer Conditions

For comparing the slag and the ULC immersion tests, differences in the heat transfer
conditions should be considered. While the slag temperature in the C800-SAF test was
1479 ◦C, the liquidus temperature of iron with 3.79% carbon was approx. 1213 ◦C, calculated
by FactSageTM 8.0 using FSStel Database. This resulted in a significant superheating of
266 ◦C. As in Figure 8 no melting of the pellet can be noticed, the heat transfer could be
limited when DRI became in contact with the non-reactive slag. In the scope of a similar
study, Sadrnezhaad and Eliot [47] described a solid adherent slag layer. Using inert nickel
spheres, the authors measured a maximum layer thickness between approximately 1.5 and
2.5 mm. A similar effect was described by Pineda-Martìnez et al. [48] by modeling the heat
transfer and comparing it to literature data.

The Prandtl (Pr) numbers were calculated to characterize the slag and the ULC melt
conditions. Pr, shown in Equation (1), describes the ratio between the velocity boundary
layer and the temperature boundary layer, calculated by the kinematic viscosity ν/(m2/s)
and the thermal diffusivity a/(m2/s). Transforming both components, Pr can be written as
a function of the kinematic viscosity η/(Pas), the heat capacity of the fluid cp/(J/Kmol),
and λFl [59,60].

Pr =
ν

a
=

η·cp
λFl

(1)

Table 9 lists the calculated values and the used parameters for the previously men-
tioned Prandtl number for both cases, slag–DRI and liquid iron (ULC)–DRI. It shall be
noted that some literature data vary broadly. Nevertheless, the results indicate the order
of magnitude. The lower thermal conductivity and the higher viscosity of liquid slag,
compared to liquid iron, result in a Prandtl number which is increased by a factor of 1000
(176 vs. 0.111). Consequently, when in contact with slag, the temperature boundary layer,
an indicator for thermal diffusion, is relatively thin compared to the velocity boundary
layer, representing impulsive transport. This difference may be a reason for the unmelted
carburized DRI, despite the relatively high superheating.

Table 9. Calculated dimensionless Prandtl numbers, incl. literature data for the parameters.

Parameter Value Comment Source

cpFe,liq 820 J/kgK [48]
λFe,liq 37.65 W/mK [48]
ηFe,liq 5.08 mPas at 1550 ◦C [56]
cpslag 696–1171 J/kgK 696 used for calculation [48,61]
λslag 1.1715–1.3589 W/mK 1.2625 used for calculation [48]
ηslag 0.320 Pas calculated with FactsageTM for 1479 ◦C

PrFe-DRI 0.111
PrSlag-DRI 176
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4. Discussion

ULC experiments: The results of dipping 0%C samples and HBI into a low carbon
melt indicated that heat transfer was the driving force in this case. The 0%C-ULC-3
specimen in Figure 7b confirmed this, since it showed the growth of a liquefied shell.
The higher the carbon content, the thicker the shell at similar dipping times. The lower
liquidus temperature explained the faster melting in iron–carbon mixtures. In principle,
the observations agree with the calculated results of González et al. [62], i.e., an increasing
sample diameter immediately after immersion, followed by the melting of this surface
layer. However, the melting time strongly depend on parameters such as DRI porosity,
initial diameter, or gangue content [62]. Therefore, it was difficult to make quantitative
comparisons. Additionally, the high-carbon samples in Figures 4 and 5 had a rough
surface with many bubbles due to the reduction of some residual iron oxide with carbon.
These reactions, along with the resulting blisters, may benefit the EAF process. Various
authors [16,34,38] reported benefits in terms of lower electrical energy consumption, less
nitrogen content, or better slag foaming.

Hot Metal experiments: The DRI and HBI samples were fully melted after 3–4 s of
immersion in the hot metal. At first sight, this was not expected, as the liquidus temperature
of pure iron (approx. 1538 ◦C, according to FactSageTM 8.0 and the FactPS database) was
higher than the hot metal temperature. Further, this differs from the results for ULC steel.
Penz et al. [50–53] investigated the dissolution of scrap in hot metal, which is a similar
process, and described the following melting steps:

• Initial formation of a solid hot metal layer, which liquefied again after the heat trans-
port provided enough overheat [53]

• Diffusive melting meant a mass transfer from carbon-rich hot metal to low-carbon-
containing solid steel [53]

• Heat transfer was the primary mechanism if the carbon content of both phases was
balanced or the scrap temperature exceeded its liquidus temperature [53]

Slag experiments: No reactions occurred, since no iron oxide was available in contact
with SAF slag. The high C sample C800 was conspicuous in two respects: first, the slag
layer adhered only loosely, indicating less wetting than on the 0%C-sample; second, the
entire pellet appeared unmelted, which was unexpected, as the melting temperature of
the carburized iron was 266 ◦C below the slag temperature. In comparison, the ULC melt
of the test C750-ULC-3 was approx. 143.5 ◦C (TULC = 1544 ◦C; Tliq = 1400.5 ◦C, acc. to
FactSageTM 8.0, FactPS, FSStel databases) overheated and was liquefied in the near-surface
region. Therefore, the Prandtl number was calculated for both ULC and slag cases. In the
latter case, it was approx. 1000 times higher, indicating different heat transition conditions.
This observation was in qualitative agreement with the numerically calculated results
of González et al. [62] and Pineda-Martínez et al. [48], who reported significantly longer
melting times in contact with slag.

In contrast, the high-C sample appeared to be very reactive in contact with the EAF slag,
which contained high levels of iron oxide. The core of the DRI pellet, see the microscope
image in Figure 10b, was almost unmelted, consistent with C800-SAF and indicative of
lower heat transfer when in contact with a slag. Nevertheless, bubble formation due to the
reaction between carbon and iron oxide could have led to higher turbulence in the surface
boundary layer and thus an increased heat transition.

5. Conclusions

A vertical furnace was used to investigate the behavior of sponge iron in contact
with liquids. High, medium, and carbon-free-DRI, as well as HBI, were immersed into
melts of ULC, hot metal, and slags. Based on metallographic examinations, processes
occurring in different cases were characterized. Carbon, either in the sponge iron or in
the melt, increased the melting rate due to its effect on the liquidus temperature of iron.
Further, reduction reactions of iron oxides, either in the DRI pellet or in the high-FeO slag,
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could be observed, as indicated by the occurrence of gas bubbles on the surfaces of these
samples. Even the high-carbon DRI sample remained unmelted when in contact with iron
oxide-free slag. This indicated different heat transfer conditions between liquid slag and
steel, which was confirmed by calculating the Prandtl numbers. While HBI also showed
a rapid dissolution in hot metal, the behavior in a low-carbon melt was the same as for
0%C-DRI, that of sponge iron without carbon. Therefore, particle density was also a crucial
parameter in the melting behavior.

Author Contributions: Conceptualization: A.P., J.S. and G.W.; investigation, visualization, writing—
original draft preparation, data curation: A.P.; methodology: A.P. and J.S.; resources: J.S.; validation,
formal analysis, supervision, project administration, funding acquisition, writing—review, and
editing: J.S. and G.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by K1-MET GmbH, metallurgical competence center (funding
number FFG No. 869295). The research program of the K1-MET competence center is supported
by COMET (Competence Center for Excellent Technologies), the Austrian program for competence
centers. COMET is funded by the Federal Ministry for Climate Action, Environment, Energy, Mobility,
Innovation, and Technology, the Federal Ministry for Labour and Economy, the provinces of Upper
Austria, Tyrol, and Styria, and the Styrian Business Promotion Agency (SFG). In addition, this
research work was partially financed by the industrial partners Primetals Technologies Austria
GmbH, voestalpine Stahl GmbH, voestalpine Stahl Donawitz GmbH and thyssenkrupp Steel Europe
AG, and the scientific partner Montanuniversität Leoben.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Steel. World Steel in Figures. 2021. Available online: https://www.worldsteel.org/en/dam/jcr:355d32b9-4f86-4ed0-b512

-7a0c58b52ae5/WSIF2021%2520infographic.pdf (accessed on 13 January 2022).
2. Dworak, S.; Rechberger, H.; Fellner, J. How will tramp elements affect future steel recycling in Europe? A dynamic material flow

model for steel in the EU-28 for the period 1910 to 2050. Resour. Conserv. Recycl. 2021, 179, 106072. [CrossRef]
3. Dworak, S.; Fellner, J. Steel scrap generation in the EU-28 since 1946—Sources and composition. Resour. Conserv. Recycl. 2021,

173, 105692. [CrossRef]
4. World Steel. Steel Statistical Yearbook 2020; Worldsteel Committee on Economic Studies Concise: Brussels, Belgium, 2020.
5. Eder, W. Environment-Climate-Energy: Quo Vadis, Industry? BHM Berg-Hüttenmännische Mon. 2017, 162, 494–497. [CrossRef]
6. Griesser, A.; Buergler, T. Use of HBI in Blast Furnace. BHM Berg-Hüttenmännische Mon. 2019, 164, 267–273. [CrossRef]
7. Spreitzer, D.; Schenk, J. Reduction of Iron Oxides with Hydrogen—A Review. Steel Res. Int. 2019, 90, 1900108. [CrossRef]
8. Jiang, X.; Wang, L.; Shen, F.M. Shaft Furnace Direct Reduction Technology—Midrex and Energiron. AMR 2013, 805–806, 654–659.

[CrossRef]
9. Sarkar, S.; Bhattacharya, R.; Roy, G.G.; Sen, P.K. Modeling MIDREX Based Process Configurations for Energy and Emission

Analysis. Steel Res. Int. 2018, 89, 1700248. [CrossRef]
10. Shams, A.; Moazeni, F. Modeling and Simulation of the MIDREX Shaft Furnace: Reduction, Transition and Cooling Zones. JOM

2015, 67, 2681–2689. [CrossRef]
11. Elmquist, S.A.; Weber, P.; Eichberger, H. Operational results of the Circored fine ore direct reduction plant in Trinidad. Stahl Eisen

2002, 122, 59–64.
12. Linklater, J. Adapting to Raw Materials Challenges—Part 2: Operating MIDREX Plants with Lower Grade Pellets & Lump Ores.

Direct Midrex 2021, 4/2021, 3–8.
13. Linklater, J. Adapting to Raw Materials Challenges—Part 1: Operating Midrex Plants with lower grade Pellets and Lump Ores.

Direct Midrex 2021, 1/2021, 3–7.
14. Cárdenas, J.G.G.; Conejo, A.N.; Gnechi, G.G. Optimization of energy consumption in electric arc furnaces operated with 100%

DRI. Metal 2007, 2007, 1–7.
15. Kirschen, M.; Badr, K.; Pfeifer, H. Influence of direct reduced iron on the energy balance of the electric arc furnace in steel industry.

Energy 2011, 36, 6146–6155. [CrossRef]
16. Lule, R.; Lopez, F.; Espinoza, J.; Torres, R.; Morales, G.R.D. The Experience of ArcelorMittal Lázaro Cardenas Flat Carbon. Direct

Midrex 2009, 3-4/2009, 3–8.

https://www.worldsteel.org/en/dam/jcr:355d32b9-4f86-4ed0-b512-7a0c58b52ae5/WSIF2021%2520infographic.pdf
https://www.worldsteel.org/en/dam/jcr:355d32b9-4f86-4ed0-b512-7a0c58b52ae5/WSIF2021%2520infographic.pdf
http://doi.org/10.1016/j.resconrec.2021.106072
http://doi.org/10.1016/j.resconrec.2021.105692
http://doi.org/10.1007/s00501-017-0677-5
http://doi.org/10.1007/s00501-019-0865-6
http://doi.org/10.1002/srin.201900108
http://doi.org/10.4028/www.scientific.net/AMR.805-806.654
http://doi.org/10.1002/srin.201700248
http://doi.org/10.1007/s11837-015-1588-0
http://doi.org/10.1016/j.energy.2011.07.050


Materials 2022, 15, 5691 13 of 14

17. Al Dhaeri, A.; Razza, P.; Patrizio, D. Excelent operating results of the integrated minimill #1 at Emirates Steel Industries: Danieli.
Metall. Plant Technol. Int. 2010, 33, 34.

18. Wang, R.R.; Zhao, Y.Q.; Babich, A.; Senk, D.; Fan, X.Y. Hydrogen direct reduction (H-DR) in steel industry—An overview of
challenges and opportunities. J. Clean. Prod. 2021, 329, 129797. [CrossRef]

19. Vogl, V.; Åhman, M.; Nilsson, L.J. Assessment of hydrogen direct reduction for fossil-free steelmaking. J. Clean. Prod. 2018,
203, 736–745. [CrossRef]

20. Jung, H.; Al-lbrahim, N.; Al-Sayegh, A.; Kaspar, S.; Pirklbauer, W. Hadeed-concept and latest results of the world’s largest EAF
plant for long products on DRI-basis. Rev. De Métallurgie 1994, 91, 1123–1130. [CrossRef]

21. Elliot, A.; Walker, G. ArcelorMittal Hamburg turns 50: Leading another Ironmaking Renaissance. Direct Midrex 2021, 1/2021, 8–10.
22. ArcelorMittal Hamburg—Produktion. Available online: https://hamburg.arcelormittal.com/Vom-Erz-zum-Stahl/Produktion/

(accessed on 25 January 2022).
23. Bergman, K.; Gonzales, R.; Pedroza, M.A.; Herrera, M. Twin cathode DC EAF concepts and results at Hylsa Mexico. Rev.

Métallurgie 2001, 98, 55–62. [CrossRef]
24. Lötter, G.J.; van Niekerk, A.A.; Farmer, G.E. Pig Iron Production (post Blast Furnace era). In Proceedings of the 16th International

Ferro-Alloys Congress (INFACON XVI), Virtual Event, 27–29 September 2021.
25. Cavaliere, P.; Perrone, A.; Silvello, A.; Stagnoli, P.; Duarte, P. Integration of Open Slag Bath Furnace with Direct Reduction

Reactors for New-Generation Steelmaking. Metals 2022, 12, 203. [CrossRef]
26. Sager, D.; Grant, D.; Stadle, R.; Schreiter, T. Low cost ferroalloy extraction in DC-arc furnace at Middleburg Ferro-chrome. J. S. Afr.

Inst. Min. Metall. 2010, 110, 717–724.
27. Ahmed, A.; Halfa, H.; El-Fawakhry, M.K.; El-Faramawy, H.; Eissa, M. Parameters affecting energy consumption for producing

high carbon ferromanganese in a closed submerged arc furnace. J. Iron Steel Res. Interna-Tional 2014, 21, 666–672. [CrossRef]
28. Batra, N.K. Modelling of ferrosilicon smelting in submerged arc furnaces. Ironmak. Steelmak. 2003, 30, 399–404. [CrossRef]
29. Coetsee, T. A Review of Ore Smelting in High Carbon Ferromanganese Production. Miner. Processing Extr. Metall. Rev. 2020,

41, 255–278. [CrossRef]
30. Lupi, S. Fundamentals of Electroheat: Electrical Technologies for Process Heating; Springer International Publishing: Cham, Switzerland,

2017; ISBN 978-3-319-46015-4.
31. Steinberg, W.S.; Geyser, W.; Nell, J. The history and development of the pyrometallurgical processes at Evraz Highveld Steel &

Vanadium. J. S. Afr. Inst. Min. Metall. 2011, 111, 705–710.
32. Steinberg, W.S.; Pistorius, P.C. Control of open slag bath furnaces at Highveld Steel and Vanadium Ltd: Development of operator

guidance tables. Ironmak. Steelmak. 2009, 36, 500–504. [CrossRef]
33. Steinberg, W.S.; Pistorius, P.C. Development of a Control Strategy for the Open Slag Bath Furnaces at Highveld Steel and

Vanadium Corporation Ltd. Ph.D. Thesis, University of Pretoria, Pretoria, South Africa, 2008.
34. Memoli, F. Behavior and Benefits of High Fe 3 C-DRI in the EAF. In Proceedings of the Association for Iron and Steel Technology

Conference, Cleveland, OH, USA, 31 August–3 September 2015.
35. Kim, G.; Kacar, Y.; Pistorius, P.C. Carbon Bonding State Has a Small Effect on Melting of Direct-Reduced Iron. Met. Mater. Trans.

B 2019, 50, 2508–2516. [CrossRef]
36. Elkader, M.A.; Fathy, A.; Eissa, M.; Shama, S. Effect of direct reduced iron proportion in metallic charge on technological

parameters of EAF steelmaking process. ISIJ Int. 2016, 5, 2016–2024.
37. Hornby, S.; Madias, J.; Torre, F. Myths and realities of charging DRI/HBI in electric arc furnaces. Iron Steel Technol. 2016,

1-2/2016, 165–175.
38. Strohmeier, B. Coal vs. Gas Based Direct Reduction—How does it influence the conversion costs in EAFs. In Proceedings of the

EEC—European Electric Steelmaking Conference 2012, Graz, Austria, 25–28 September 2012; ASMET-The Austrian Society for
Metallurgy and Materials, Ed.; ASMET: Leoben, Austria, 2012.

39. Kirschen, M.; Hay, T.; Echterhof, T. Process Improvements for Direct Reduced Iron Melting in the Electric Arc Furnace with
Emphasis on Slag Operation. Processes 2021, 9, 402. [CrossRef]

40. Hay, T.; Echterhof, T.; Visuri, V.-V. Development of an Electric Arc Furnace Simulator Based on a Comprehensive Dynamic Process
Model. Processes 2019, 7, 852. [CrossRef]

41. Hay, T.; Reimann, A.; Echterhof, T. Improving the Modeling of Slag and Steel Bath Chemistry in an Electric Arc Furnace Process
Model. Met. Mater. Trans. B 2019, 50, 2377–2388. [CrossRef]

42. Meier, T.; Gandt, K.; Hay, T.; Echterhof, T. Process Modeling and Simulation of the Radiation in the Electric Arc Furnace. Steel Res.
Int. 2018, 89, 1700487. [CrossRef]

43. Meier, T.; Hay, T.; Echterhof, T.; Pfeifer, H.; Rekersdrees, T.; Schlinge, L.; Elsabagh, S.; Schliephake, H. Process Modeling and
Simulation of Biochar Usage in an Electric Arc Furnace as a Substitute for Fossil Coal. Steel Res. Int. 2017, 88, 1600458. [CrossRef]

44. Meier, T. Modellierung und Simulation des Elektrolichtbogenofens; Verlagshaus: Mainz, Germany, 2016; ISBN 3958861296.
45. Sharifi, E.; Barati, M. The Reaction Behavior of Direct Reduced Iron (DRI) in Steelmaking Slags: Effect of DRI Carbon and

Preheating Temperature. Met. Mater. Trans. B 2010, 41, 1018–1024. [CrossRef]
46. Li, J.; Barati, M. Kinetics and Mechanism of Decarburization and Melting of Direct-Reduced Iron Pellets in Slag. Met. Mater. Trans.

B 2009, 40, 17–24. [CrossRef]
47. Sadrnezhaad, K.; Elliott, J.F. Melting rate of d. r. i. pellets in steelmaking slags. Iron Steel Int. 1980, 53, 327.

http://doi.org/10.1016/j.jclepro.2021.129797
http://doi.org/10.1016/j.jclepro.2018.08.279
http://doi.org/10.1051/metal/199491071123
https://hamburg.arcelormittal.com/Vom-Erz-zum-Stahl/Produktion/
http://doi.org/10.1051/metal:2001157
http://doi.org/10.3390/met12020203
http://doi.org/10.1016/S1006-706X(14)60103-5
http://doi.org/10.1179/030192303225004088
http://doi.org/10.1080/08827508.2019.1634566
http://doi.org/10.1179/174328109X443356
http://doi.org/10.1007/s11663-019-01691-0
http://doi.org/10.3390/pr9020402
http://doi.org/10.3390/pr7110852
http://doi.org/10.1007/s11663-019-01632-x
http://doi.org/10.1002/srin.201700487
http://doi.org/10.1002/srin.201600458
http://doi.org/10.1007/s11663-010-9401-5
http://doi.org/10.1007/s11663-008-9195-x


Materials 2022, 15, 5691 14 of 14

48. Pineda-Martínez, E.; Hernández-Bocanegra, C.A.; Conejo, A.N.; Ramirez-Argaez, M.A. Mathematical Modeling of the Melting of
Sponge Iron in a Bath of Non-reactive Molten Slag. ISIJ Int. 2015, 55, 1906–1915. [CrossRef]

49. Szekely, J.; Chuang, Y.K.; Hlinka, J.W. The melting and dissolution of low-carbon steels in iron-carbon melts. Met. Mater. Trans. B
1972, 3, 2825–2833. [CrossRef]

50. Penz, F.; Schenk, J.; Ammer, R.; Klösch, G.; Pastucha, K. Dissolution of Scrap in Hot Metal under Linz–Donawitz (LD) Steelmaking
Conditions. Metals 2018, 8, 1078. [CrossRef]

51. Penz, F.M.; Schenk, J.; Ammer, R.; Klösch, G.; Pastucha, K.; Reischl, M. Diffusive Steel Scrap Melting in Carbon-Saturated Hot
Metal-Phenomenological Investigation at the Solid-Liquid Interface. Materials 2019, 12, 1358. [CrossRef] [PubMed]

52. Penz, F.M.; Tavares, R.P.; Weiss, C.; Schenk, J.; Ammer, R.; Pastucha, K.; Klösch, G. Analytical and numerical determination of the
heat transfer coefficient between scrap and hot metal based on small-scale experiments. Int. J. Heat Mass Transf. 2019, 138, 640–646.
[CrossRef]

53. Penz, F.M.; Schenk, J. A Review of Steel Scrap Melting in Molten Iron-Carbon Melts. Steel Res. Int. 2019, 90, 1900124. [CrossRef]
54. Hanel, M. Characterization of Ferrous Burden Material for Use in Ironmaking Technologies. BHM Berg-Hüttenmännische Mon.

2014, 160, 316–319. [CrossRef]
55. Liu, Z.; Yu, J.; Yang, X.; Jin, E.; Yuan, L. Oxidation Resistance and Wetting Behavior of MgO-C Refractories: Effect of Carbon

Content. Materials 2018, 11, 883. [CrossRef]
56. Feng, G.; Jiao, K.; Zhang, J.; Gao, S. High-temperature viscosity of iron-carbon melts based on liquid structure:The effect of carbon

content and temperature. J. Mol. Liq. 2021, 330, 115603. [CrossRef]
57. International Iron Metallics Association. Direct Reduced Iron (DRI). Available online: https://www.metallics.org/dri.html

(accessed on 25 January 2022).
58. International Iron Metallics Association. Hot Briquetted Iron (HBI). Available online: https://www.metallics.org/hbi.html

(accessed on 25 January 2022).
59. Tec-Science. Prandtl-Zahl—Tec-Science. Available online: https://www.tec-science.com/de/thermodynamik-waermelehre/

waerme/prandtl-zahl/ (accessed on 1 July 2022).
60. VDI-Gesellschaft Verfahrenstechnik und Chemieingenieurwesen. VDI-Wärmeatlas: Mit 320 Tabellen; Springer: Berlin/Heidelberg,

Germany, 2013; ISBN 9783642199806.
61. Zheng, H.; Ding, Y.; Zhou, S.; Wen, Q.; Jiang, X.; Gao, Q.; Shen, F. Viscosity Prediction Model for Blast Furnace Slag with High

Al2O3. Steel Res. Int. 2021, 92, 1900635. [CrossRef]
62. González, O.J.P.; Ramírez-Argáez, M.A.; Conejo, A.N. Mathematical Modeling of the Melting Rate of Metallic Particles in the

Electric Arc Furnace. ISIJ Int. 2010, 50, 9–16. [CrossRef]

http://doi.org/10.2355/isijinternational.ISIJINT-2015-190
http://doi.org/10.1007/BF02652849
http://doi.org/10.3390/met8121078
http://doi.org/10.3390/ma12081358
http://www.ncbi.nlm.nih.gov/pubmed/31027290
http://doi.org/10.1016/j.ijheatmasstransfer.2019.04.085
http://doi.org/10.1002/srin.201900124
http://doi.org/10.1007/s00501-015-0374-1
http://doi.org/10.3390/ma11060883
http://doi.org/10.1016/j.molliq.2021.115603
https://www.metallics.org/dri.html
https://www.metallics.org/hbi.html
https://www.tec-science.com/de/thermodynamik-waermelehre/waerme/prandtl-zahl/
https://www.tec-science.com/de/thermodynamik-waermelehre/waerme/prandtl-zahl/
http://doi.org/10.1002/srin.201900635
http://doi.org/10.2355/isijinternational.50.9

	Introduction 
	Materials and Methods 
	Experimental Equipment 
	Materials 
	Immersion Test Program 

	Results 
	Discussion 
	Conclusions 
	References

