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The dissolution behaviors of carbon into iron and the interface characteristics
were observed by a high-speed CCD camera and a scanning electronic
microscope with energy disperse spectroscopy. Samples were obtained from
two flexible and simple experiments: (1) the static drop method and (2) the
iron cover method. The results show that carbon dissolution occurs when iron
is still in solid form, leading to the decrease of the melting point from 1780 K
(pure iron) to 1497 K (carburized iron). Carbon dissolved from graphite forms
small irregular flake-like structures, then transforms into large-size dendritic
crystals by intergrowth with the C added to the iron before heating. Compared
with C atoms moving into iron, it is more difficult for Fe atoms to move up into
graphite due to the strong repulsive force of the Fe-Fe bond. It is found that
the thickness of the Fe-C interface is about 200 lm, which does not change
with the initial C content of the iron-carbon alloy.

INTRODUCTION

Resource limitation and environmental deterio-
ration have led to a greater focus on the tracking of
material flow and energy flow, especially of carbon,
which is closely related to energy consumption and
global warming. Since 2000, global steel production
and demand has dramatically increased, and car-
bonaceous materials as the carriers for both energy
and emissions burn fiercely.1 Iron-carbon interac-
tions have long been the subject of interest to
ironmakers and steelmakers. Fe-C interactions
appear in different ferrous metallurgical processes,
such as the carburization of coke and chars in hot
metal in blast furnaces (BF),2 and carbon brick
eroded by molten iron.3 An in-depth understanding
of the dissolution behaviors of various carbonaceous
materials in liquid iron is significant for the opti-
mization of ironmaking.4,5 The utilization of
resources and the reduction of environmental pol-
lution can also be improved.

Carbon in BF hot metal is mainly from the
dissolution of coke and chars, with a very little
from carbon bricks. Understanding the interaction
between coke and molten iron is essentially impor-
tant for reducing the coke rate by increasing the
utilization of other alternative fuels.6,7 Moreover,
the wetting behavior between liquid iron and coke
influences the permeability in the BF lower part,
which strongly affects the stable operation.8,9 The
dissolution of carbon-based refractories in the
hearth is inevitable. To prolong the life of the
furnace and ensure the safety of the production
operation, slower dissolution rates of carbon-based
refractories into molten iron are preferred.10–12

Currently, the investigation on the carbon disso-
lution into hot metal can be divided into three
aspects. First are the effects of carbon structure and
crystallinity on the carbon dissolution rate. The
results show that it is easier for highly-ordered C
materials to dissolve in iron compared to less-
ordered ones. And there are no obvious effect of
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anisotropic C content on carburization reaction
rates, which may be due to the complex nature of
bonding across cross-links between the crystal-
lites.13–15 Second is the effect of the mineral matter
layer formed in the interface between the carbona-
ceous materials and iron. Minerals in coke have
been found to inhibit the dissolution process by
gathering at the carbon-iron interface. Some addi-
tives, i.e., CaO, MgO, SiO2 and Al2O3, significantly
reduce the dissolution of carbon. However, the
presence of iron oxide in special cokes is favorable
for carburization.16–20 And third is the influence of
C and S in the melt on carbon dissolution. Studies
have shown that a higher initial C concentration
results in a smaller width of the interfacial region.
While the presence of S slows down the pickup of C,
it is also known to deposit in the form of CaS at the
iron side, creating interfacial blockages. As the C
and S atoms tend to displace each other to regions of
low concentrations, it has been assumed that this
position exchange takes place through the Fe
atoms.19,21–25

In general, the existing research mainly lies in
the factors affecting the dissolution reaction and
carburization rate. Understanding about the inter-
face phenomena during the carbon dissolution pro-
cess is still scarce, such as the Fe and C atoms
migration behavior within the interface, the wetta-
bility of iron on carbon materials, etc. In addition,
little research exists on the effect of the initial C on
the interface phenomenon of the molten iron and
carbon materials. Therefore, a project dedicated to
the analysis of the dissolution behavior of carbon
materials (coke and carbon bricks) into iron was
established. As a first report, the simplest form of
carbon, graphite, was chosen to lay a solid founda-
tion for studying the carburization of coal/coke/char
in the iron and steel production process. Two simple
and ingenious methods were used to study the
interaction between the carbon material and the
molten iron. The influence of the initial carbon
content C0 in the iron on the interface behavior was
also examined. Research on non-graphite materials
will be carried out in the next stage. The results
show that C dissolved into iron leads to the decrease
of the melting point. Carbon from graphite forms
small irregular flake-like graphite structures, and
they transform into large-size dendritic crystals
when bonding to the initial carbon. The Fe-C
interfacial layer thickness does not change with C0

of iron-carbon alloy.

MATERIALS AND METHODS

In order to investigate the effect of carbon disso-
lution behavior on the interface between graphite
and iron, two kinds of experiments were conducted.
One was the static drop method, while the other was
the iron cover method. The first method utilizes a
high-speed CCD camera to visualize the carbon
dissolution process in real time. Thus, the starting

melting temperature of iron, the contact angle
between iron and graphite, and the dissolution
depth between liquid iron and graphite can be
obtained by analyzing the real-time images. Since
iron powder and carbon powder can be used in the
second method, it is very easy to adjust the initial
carbon content in the liquid iron. Therefore, the
focus of the second method is to investigate the
influence of the initial carbon on the carbon disso-
lution process and to provide supplementary infor-
mation to characterize the reaction process.

Experimental Sample

In this study, solid industrial pure iron in lumps
and reduced iron powder were used to obtain liquid
iron, while commercial graphite was chosen as the
carbon resources for both the carburizer and the Fe-
C alloy. Detailed information about the raw mate-
rials is shown in Table S1 (see supplementary
material).

Experimental Procedure

The schematic illustration for both measurements
is shown in Fig. 1, and the detailed experimental
procedures are introduced below. The heating
modes of the two experimental methods are shown
in Figure S1 (see supplementary material). The
cross-sections of the solidified specimens were cut
and polished and observed in order to investigate
the microstructural morphologies and crystalline
structure by scanning electron microscopy with
energy dispersive spectroscopy (SEM-EDS).

1. Static drop method

A horizontal tube furnace was used for the static
drop method; the furnace has a sapphire window to
allow in situ measurements of the dissolution
process and wetting behavior (see supplementary
Figure S2). The substrate was made of graphite
powder with particle sizes less than 200 lm, under a
pressure of 8 MPa in a cuboid die. The volume
density and porosity of graphite substrate are
1.83 g/cm3 and 16%, respectively. At the start, the
graphite substrate and industrial iron block were

Fig. 1. Schematic illustration showing the dissolution process of
different experimental methods: (a) static drop method and (b) iron
cover method.
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put into the horizontal tube furnace, as shown in
Fig. 1a. Before heating, the furnace was ventilated
with 2 L/min high-purity argon for 10 min. The
dynamic images of metal droplet impacts on the
solid surfaces were captured by the high-speed CCD
camera.

2. Iron cover method

A covered graphite crucible u 18 mm made by the
same molding method was selected for the iron
cover method. Reduced iron powder with 0, 1, 2, 3, 4,
and 5 wt% graphite powder was added to the
crucible as shown in Fig. 1b, then the crucible was
put into the muffle furnace. It was ventilated for
20 min (27 L in the muffle furnace) with 5 L/min
high-purity argon before heating. The identification
methods of the original interfaces between the
graphite and iron can be seen in Figure S3 (see
supplementary material).

RESULTS AND DISCUSSION

Influence of Dissolution on the Melting
Behavior of Iron

To investigate the influence of carburization on
the melting behavior of iron, a corundum substrate
was used for the static drop method. The melting
process of iron with the corundum and graphite
substrates at different temperatures are shown in
Fig. 2a, b, respectively. It is obvious that the
presence of C had a significant impact on the
melting of the iron. The obtained image was then
identified by the small difference of the serial
photograph using the analysis software, Image J,
and the melting point of iron on the corundum and
graphite substrates is the temperature at which the
sample height is reduced by 3%. The melting
temperature of the industrial pure iron on corun-
dum substrate was as high as 1780 K, while it
reduced to 1497 K for the graphite substrate. With
the dissolution of the C, the melting point of iron is

reduced by 283 K. According to Ohno et al.,26 the
carburization starts at a lower temperature when
the iron is still in a solid state. When the carbon
content of iron at the Fe-C interface reaches 4.40%
at 1479 K, the liquid phase begins to be produced
according to the Fe-C binary diagram. As the
temperature increases, the rate of carbon diffusion
increases making the iron melt and expand.

Figure 3 shows the macroscopic and microscopic
morphology of the samples after carbon dissolution
by the static drop method. There are some small
iron droplets on the surface due to the existence of
certain pores in the graphite substrate, as shown in
Fig. 3a; this phenomenon was also observed by
Nguyen et al.8 The cross-section shows a regular
morphology after the dissolution of the graphite into
the iron, which corresponds to the simulation
results by Yin et al.27 First, the solid iron starts
with a contraction in the horizontal direction and a
protrusion in the vertical direction; then, the con-
traction continues, creating the iron with a half-
moon shape; after that, the iron continuously
spreads out in the horizontal direction until an
equilibrium is reached; the spreading ability is a
representation of the wettability. This proved the
hypothesis that the wettability of the iron droplets
is dominantly influenced by the top atoms at the
very beginning. By microscopic image analysis of
Fig. 3b, the dissolution depth reached about
700 ± 10 lm and the wetting angle was about
109.6� ± 1�, which is close to the calculated results
(107.9�–112.6�) by Yin et al.,27 and the measured
results (107�–111�) by Fiona et al.28

Evolution of Iron-Carbon Interface

The microscopic morphology of the sample follow-
ing the iron cover method is shown in Fig. 4a. The
inner wall of the graphite crucible was seriously
corroded by molten iron, and the precipitation of the
C in the iron depended on the distance from the
interface. Carbon near the interface layer formed
small irregular flake-like graphite structures simi-
lar to the C in the cast iron, and its content
gradually decreased away from the interface. Well-
formed large-size dendritic graphite has also been
found. The solubility and final morphology of the C
into the iron may depend on the Si saturation of the

Fig. 2. Captured image sequences of the melting behavior of iron
under different substrate materials: (a) corundum and (b) graphite.

Fig. 3. Optical and SEM morphology images of samples after
carbon dissolution by the static drop method: (a) a macro-view
from the top of Fe–C; (b) backscattered SEM picture of the
dissolution interface between graphite and iron.
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molten iron, and carbon is easier to dissolve into
iron under-saturated with Si, which corresponds to
the results of Li et al.29 and Gornostayev et al. 30

This suggests that the well-ordered carbon can be
produced by the dissolution reaction of C by molten
iron and the precipitation reaction. With the
increase of carbon content by the dissolution reac-
tion, the small graphite crystals transformed into
large-sized dendritic crystals in a later recrystal-
lization step by the intergrowth and aggregation
with the graphite powder added earlier to make the
Fe-C alloy.31 In combination with the physical
characteristics and the carburizing process of the
graphite crucible, the formation process of the
spacer at the Fe-C interface is shown in Fig. 4b.
The gradual dissolution of the carbon led the pores
in the graphite to be exposed at the Fe-C interface,
which ultimately separated the iron and graphite.
Bubbles rose when the effect of buoyancy was
greater than that of other forces, eventually forming
droplets in the surface of the iron.

As shown in Fig. 5, the SEM micrographs demon-
strate that the presence of pores at the interface
formed the apparent spacer. Figure 5a indicates
that there were C atoms moving into the iron, and
that it was more difficult for the Fe atoms to move
up into the graphite. There are a small number of
volatiles in the graphite since, in hot-pressed bricks,
the volatiles disappear and the pores are formed at
a high temperature. The pore diameter increases
due to some of the carbon being oxidized at high
temperature. Therefore, pores were observed
between the Fe and C. In addition, it is also
observed that the mutual penetration depth of the
Fe and C atoms acted differently between the
bottom and the side wall, which may be caused by
the gravity of the molten iron. Due to the rapid
diffusion of carbon at high temperatures, the dis-
tribution of carbon remains the same for the bottom
and side of the graphite crucible. The Fe-C interface
layer thickness is discussed in detail below.

Effects of Initial Carbon in Iron on Interaction

It is observed in Fig. 4a that the original Fe-C
interface shape changed from rectangular to circu-
lar by the dissolution reaction. And the radius of the
circular was different with C0 in iron, which can be
used as an indicator for the degree of carburization,
as shown in Fig. 6. The result shows that the
dissolution chamfer radius decreased with the
increase of C0 in iron from 1533 ± 74 lm (0 wt%
C0) to 860 ± 48 lm (5 wt% C0). The greater the C0,
the less the C iron needed to reach saturation,
leading to a smaller dissolution depth. However, the
dissolution chamfer reached 487.5 lm even when
the C0 is 5 wt% (hot metal with 5 wt% C is
supersaturated at 1773 K), which indicated that

Fig. 5. SEM micrographs and EDS maps showing the interaction
between iron and graphite: (a) bottom and (b) side of graphite
crucible.

Fig. 4. Results of the iron cover method: (a) backscattered SEM
image of the dissolution of graphite into molten iron (C0 in iron is 2
wt%); (b) schematic diagram of the formation of the spacer at the
Fe–C interface.
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the dissolution process is a dynamic equilibrium at
high temperature with atomic diffusion for both Fe
and C.

In order to study the influence of C0 on the
interfacial behavior, the interfacial layer thickness
of Fe-C dissolution was measured approximately
using the line scan analysis method of EDS. The
content distribution changes of Fe and C in the
vertical direction of the interface were quantified to
characterize the interfacial thickness, as shown in
Fig. 6c. The average interfacial layer thickness was
obtained by multiple measurements at different
locations.

Once a C atom is dissociated from the graphite, it
diffused easily into the melt. The Fe atoms, how-
ever, were found to be difficult to move into the
graphite. Due to the order of repulsive force being
Fe-Fe bond > Fe-C bond> C-C bond, the move-
ment of C atoms into the melt lowered the energy of
the whole system. Therefore, the Fe atom movement
to replace the C atoms of an attractive C-C bond was
not easy. Figure 7 shows the variation of the
interfacial layer thickness with the C0 in iron. As
can be seen, the thickness of the Fe-C dissolution
interface did not change with C0, even when the C0

in iron was 5 wt%. This indicates that, although the
C0 in iron was related to the dissolved amount of C
in the iron, which formed different dissolution
depths, the mutual diffusion of Fe and C atoms
did not depend on C0 at all. At 1773 K, the thickness

of the interfacial layer of carbon and iron diffusion is
about 200 lm for different C0. Sahajwalla et al.21

found a slight reduction in the width of the inter-
facial region with increasing C content of the melt
by Monte Carlo algorithms, but the tiny difference
exists between 2 atomic layers when the carbon
content in iron changes from 0 wt% to 2 wt%. This
phenomenon may become an important character-
istic of carbon dissolution in iron, which needs to be
further verified on the dissolution behavior of
different carbon materials.

Fig. 6. Influence of C0 in iron on the degree of dissolving and the characterization of interfacial thickness by EDS line scanning: (a)
characterization of dissolution degree by the dissolution chamfer; (b) dissolution degree changed with C0 in iron; (c) backscattered map of the
interface between iron and graphite, and (d) line scan method to calculate the interface layer thickness (C0 in iron is 2 wt%).

Fig. 7. The variation of the interface layer thickness with the initial
carbon content, C0, in iron.
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CONCLUSION

The dissolution behavior of graphite carbon into
iron was studied by means of the static drop method
and iron cover experiments, combined with SEM-
EDS analysis. The experimental results are as
follows:

1. The dissolution of carbon into iron can occur at a
low temperature when the iron is still in solid
state, which leads to the melting point of iron
decreasing from 1780 K to 1497 K. The dissolu-
tion depth reached about 700 ± 10 lm and the
wetting angle was about 109.6� ± 1�.

2. After the completion of carburization, C from
different sources precipitates in different ways
when cooling. Carbon dissolved from graphite
forms small irregular flake-like structures. The
small graphite crystals will transform into
large-size dendritic crystals by the intergrowth
and aggregation with the C powder added to the
iron before the experiment.

3. The dissolution chamfer radius decreases with
the increase of C0 in the iron from
1533 ± 74 lm (0 wt% C0) to 860 ± 48 lm (5
wt% C0). Due to the larger repulsive force of
the Fe-Fe bond, it is more difficult for Fe atoms
to move up into the graphite than C atoms to
migrate into molten iron which eventually
forms the Fe-C interfacial layer. The thickness
of the interfacial layer between the graphite
and the Fe-C alloy is about 200 lm at 1773 K,
and does not change with the C0 in the iron,
which may become an important characteristic
of carbon dissolution.
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