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Carbon diffusion at the solid—liquid interface is of fundamental importance in
scrap melting. Herein, the scrap microstructure at the melt interface and the
carbon and silicon distributions are described using optical microscopy and
electron microprobe analysis (EPMA). The microstructural path from the
surface to the interior of the scrap was primary carbide — acicular
martensite — dislocation martensite (original structure). The corresponding
carbon concentration gradient was > 4 wt.% — 1-1.5 wt.% — 0.2 wt.%.
This was consistent with the observed microstructural changes. Furthermore,
the depth of the carbon diffusion layer was 200 um and 220 um at 1300°C and
1350°C, respectively. The silicon-enriched layer may be a retarding factor for
carbon dissolution. The area of the austenite phase region in the Fe-Fe3C
phase diagram was reduced owing to the presence of silicon. Therefore, acic-
ular martensite formed after water quenching decreased, which reduced the

thickness of the carburized layer.

INTRODUCTION

The massive accumulation of scrap is an urgent
problem that needs to be solved. Increasing the
amount of scrap used in the steelmaking process is
the most direct method for solving this problem.
Moreover, it is important for the increase of scrap
ratio to promote the scrap melting.'?

Most previous studies have investigated the scrap
melting mechanism through experiments and
numerical calculations aimed toward increasing
the metallic raw material scrap fraction.>® All the
studies have indicated that scrap melting is a phase
transformation phenomenon involving heat and
mass transfer of carbon. In particular, the mass
transfer of carbon has a significant effect on the
melting process when the scrap carbon content is
much lower than that of molten hot metal.® Here,
the melting rate is limited by mass transfer control,
which decreases the scrap melting point to promote
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scrap melting.*® Isobe® proposed a heat and mass
transfer model for scrap melting that considered the
heat exchange between the hot metal and scrap. He
pointed out that carbon diffusion from the hot metal
to the scrap surface reduced its melting point. As a
key parameter for describing the mass transfer
process, the mass transfer coefficient has been
discussed in many reports.>~'% The range of mass
transfer coefficients under natural and forced con-
vection was 107°-107* m/s and 1075-10"* mys,
respectively. However, there have been few analy-
ses of the interfacial carbon diffusion phenomenon.
Penz et al.'” explored this phenomenon at the scrap
melting interface using EPMA. They pointed out
that a steep carbon concentration gradient existed
in the liquid, which started at an interface carbon
concentration equal to the concentration on the
solid side of the interface. Wei et al.’® investigated
the melting characteristics of scrap in melts of
varying carbon content and bottom-blowing gas flow
rates. The microstructure of the scrap in the molten
bath after different immersion times was observed
using optical microscopy. Consistent with the
results obtained by Penz et al., the microstructure
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from the scrap surface to its interior was primary
carbide — acicular martensite — original struc-
ture (dislocation martensite).

Other factors are known to affect interfacial
carbon diffusion. Penz et al.’” indicated that there
was a silicon-enriched layer during the carbon
diffusion process. They inferred that the silicon-
enriched layer was a retarding factor in the disso-
lution process. Liu et al.'® investigated the effect of
silicon concentration on the melting behavior of
scrap in hot metal. It was shown that the scrap
melting rate decreased with an increase in the
silicon content. Nevertheless, the interfacial carbon
diffusion phenomenon and how it is affected by
silicon have not been fully explained.

To improve the analysis of carbon diffusion at the
solid-liquid interface during scrap melting, a novel
laboratory investigation on interfacial carbon diffu-
sion phenomenon was carried out. The microstruc-
ture of the scrap at the melting interface was
observed using optical microscopy. The distribution
and content changes of carbon and silicon were
determined by EPMA. In addition, the effect of
silicon concentration on carbon diffusion was
explained from the perspective of the austenite
phase area change in the Fe-Fe3sC phase diagram.

LABORATORY-SCALE EXPERIMENT
AND THEORETICAL DESCRIPTION
ON INTERFACIAL CARBON DIFFUSION

Experimental Set-Up

In a previous study, steel cylinders 100 mm in
length and 10 mm in diameter were prepared from
Q235 low-carbon steel and immersed in approxi-
mately 1 kg of molten pi§ iron with a carbon
concentration of 4.61 wt.%.”’ The compositions of
the experimental materials are listed in Table I.
Samples immersed at bath temperatures of 1300°C,
1350°C, and 1400°C were selected for further anal-
ysis using EPMA.

The scrap cylinders were submerged for different
times and then immediately quenched in water to
avoid oxidation and prevent carbon diffusion. The
samples were cut longitudinally using wire electri-
cal discharge machining. Afterwards, the sectional
surface of the samples was polished to 1 um using
SiC abrasive. An alumina suspension (1.0 yum) was
used for the final polishing of samples before EPMA
(SHIMADZU). The elements investigated were car-
bon and silicon. The size of the analyzed area was
402 x 300 pum. After EPMA, the samples were

Table I. Composition of experimental materials
(mass.%)

C Si P Mn S

Steel cylinder 0.1675 0.11 0.041 0.391 0.124
Iron/carbon bath 4.61 0.42 0.17 0.33 0.04
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etched with nitric acid and optically examined using
a metallograph (Leica DM4 M).

Theoretical Description of Carbon Diffusion

Scrap melting during the steelmaking process
results from coupled heat and mass transfer. Car-
bon is the most important element in this process.
As shown in Fig. la, the carbon mass transfer
controls the melting process when the bath temper-
ature is lower than the scrap melting point. The
melting mechanism is that carbon diffuses from the
hot metal into the surface of the scrap, which
decreases its melting point. Subsequently, the scrap
starts to melt once the melting point is lower than
the bath temperature. According to previous studies
and the results described herein, scrap melting can
be divided into three stages:>*"~ (1) The hot metal
freezes on the surface of the scrap cylinder to
generate a solidified layer until a maximum thick-
ness is reached. (2) The solidified layer gradually
melts until the original surface of the scrap cylinder
is exposed. (3) The original scrap cylinder begins to
melt, which is controlled by carbon mass transfer.
Penz et al. summarized scrap melting into the
following stages:'” stage 1: solidification and rapid
remelting of a liquid hot metal layer on the surface
of the cold scrap; stage 2: diffusive melting, depend-
ing on the carbon composition of the hot metal and
scrap; stage 3: a forced or convective scrap melting
stage when the temperature of the hot metal
exceeds the melting temperature of the scrap. At
this stage, only heat transfer should be considered,
while heat and mass transfer work simultaneously
in stage 1. In stage 2, the carbon content in the solid
steel is much lower than that in the liquid melt, and
only mass transfer must be considered. According to
earlier work,?! scrap melting can be subdivided into
four stages: formation of a solidified layer, rapid
melting of the solidified layer, carburization, and
carburization plus normal melting. This is consis-
tent with other work.!” These numerous prior
studies highlight the importance of carbon diffusion
during scrap melting.

The Fe-FesC phase diagram can be used to
explain the mechanism of carbon diffusion.? Fig-
ure 1b shows this diagram (FactSage 7.0) where the
contents of Mn and Si are set to 0.391 wt.% and 0.11
wt.%, respectively. The original conditions of the hot
metal and scrap cylinder are (Cy, T}) and (Cs, TY),
respectively. In the carbon diffusion stage, carbon is
continuously transferred from the hot metal to the
cylinder surface. The carbon concentration varies
from the cylinder into the hot metal according to Cg
< Cg" < C. The scrap melting point varies along the
liquidus line and decreases with increasing carbon
content until it reaches T7. According to previous
studies, the melting point can be assumed to be the
liquidus temperature obtained from a linear approx-
imation of the Fe-C phase diagram.'®'31520 The
blue points in Fig. 1 depict the specific isothermal
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Fig. 1. Mechanism of scrap melting: (a) temperature/concentration profile and (b) Fe-Fe;C phase diagram.

carbon concentrations of the scrap (C;) and the
assumed liquid hot metal composition C},) as well as
the solidus (Cg") and liquidus (Cy,) concentrations.
The carbon diffusion process from the scrap-hot
metal interface into the solid scrap can be described
by Fick’s second law. If only the one-dimensional
diffusion process in the radial direction is consid-
ered, the axisymmetric problem in the cylindrical
coordinate system can be described by Eq. 1, *

oC 2C 19C
a P <a2 r6r> 1)
where c is the carbon content in wt.%. ¢ is the time
in s. D is the diffusion coefficient in m/s. r is the
diffusion distance in m. At the beginning of melting,

C|t:0 =Cs (2)

The carbon mass fraction in the solid scrap can be
considered constant at large distance from the
melting interface. The internal boundary conditions
are expressed by Eq. 3.

oC

The carbon mass balance at the scrap-hot metal
interface is expressed by Eq. 4.

aC L dr
—DEth X (Cb—CL) — (CL_CS)E (4)

where A, is the mass transfer coefficient.

RESULTS AND DISCUSSION

Microstructure and Carbon Distribution
at the Solid-Liquid Interface

Carbon was diffused from the hot metal to the
surface of the scrap in the stage of diffusive melting.
The microstructure of the original cylinder prior to
the experiment was ferrite and pearlite (supple-
mentary Fig. S-1). The results at different immer-
sion times of 1300-1450°C are depicted in Figs. 2, 3,
4. The microstructure and carbon distribution for
the sample immersed at 1300°C for 60 s are used as
examples to describe the carbon diffusion phe-
nomenon at the interface. Figure 2a shows the
microstructure obtained using optical microscopy.
Figure 2b shows the EPMA surface scan results for
the area corresponding to the red dashed box in
Fig. 2a. Figure 2c shows the line scan result at the
solid red line in Fig. 2a. As shown in Fig. 2a, the
microstructure from the edge of the scrap to its
interior is primary carbide — acicular martensite
— original structure (dislocation martensite). The
outermost layer is the solidified layer after cooling,
which was not in close contact with the surface of
the scrap. There is an obvious interface between the
outermost solidified layer and the scrap surface. It
appears as a bright area in the scrap material.
Acicular martensite formed with a decrease in the
carbon content. A small amount of retained austen-
ite can also be observed. The acicular martensite
transformed into dislocation martensite, which was
formed due to water quenching. Previous studies
have also reported that carbon diffusion occurs at
the scrap-hot-metal interface.!”® It was shown that
the microstructure from the edge of the scrap to its
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Fig. 2. Microstructure and EPMA results at 1300°C for 60 s: (a) microstructure of sample, (b) surface scan of carbon obtained by EPMA, (c) line

scan position, and (d) line scan of carbon and silicon obtained by EPMA.

interior was primary carbide — bright area —
matrix structure of scrap.

As shown in Fig. 2b, ¢, and d, there is a carbon
concentration gradient from the edge of the scrap to
its interior. The carbon content gradually decreases,
which is consistent with the change in the
microstructure. The microstructure of the outer-
most layer is primary carbide, whose carbon content
exceeds 4 wt.%. Moving inward, the carbon content
rapidly decreases to 1-1.5 wt.%, which is consistent
with that of acicular martensite. The results con-
firm the existence of an acicular martensite layer.
Meanwhile, an approximately 40 um silicon-en-
riched layer appears in which the silicon content
(0.25-0.3 wt.%) is more than twice that of the
substrate (0.11 wt.%). Finally, the carbon content
gradually decreases to 0.2 wt.% and then remains
unchanged. The microstructure is dislocation
martensite. Therefore, the change in the carbon
content is consistent with that of the
microstructure.

Effect of Bath Temperature on Interfacial
Carbon Diffusion

Increasing the temperature is beneficial for the
diffusion process. The following two important
definitions can be made:'” (1) The position where
the carbon content gradually decreased to close to
the initial carbon content (0.17% wt.%) of the scrap
was defined as the end of carbon diffusion. (2) To
eliminate the influence of the outermost solidified
layer on the carbon diffusion depth, the position
where the solidified layer contacted the bright area
was defined as the starting point for calculating the
carbon diffusion depth. In Fig. 5a, the convective
heat transfer from the hot metal to the surface of
the scrap and the heat conduction inside the scrap
mainly occurred in the formation stage of the
solidified layer (5 s). The carbon diffusion depth is
small (approximately 100 ym). At 10 s, the parent
scrap was exposed and started to melt with carbon
diffusion. The carbon diffusion depth is approxi-
mately 200 um. Penz et al.'” found that the carbon
diffusion depths at different immersion times were
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Fig. 3. Microstructure and EPMA results at 1350°C for 5 s: (a) microstructure of sample, (b) surface scan of carbon obtained by EPMA, (c) line

scan position, and (d) line scan of carbon and silicon obtained by EPMA.

almost equal. The carbon diffusion depth at 1350°C
is approximately 200 um. The results in Fig. 5 are
consistent with those obtained by Penz et al. There-
fore, the carbon diffusion at the solid-liquid inter-
face during scrap melting is mainly affected by the
bath temperature. The carbon diffusion depth was
less affected by immersion time. In Fig. 5b and c,
the profile at the formation stage of the solidified
layer (1350°C for 5 s and 1400°C for 2 s) is not well
developed. The carbon diffusion depths at 1300°C
and 1350°C are 200 ym and 220 um, respectively.
The depth reached approximately 160 ym within 5 s
when the bath temperature was 1400°C. At 60 s, the
position where the carbon was 0.17 wt.% was not
measured because the measurement position was
close to the sample surface. However, the diffusion
depth exceeded 200 ym according to the develop-
ment trend of the profile. In summary, the carbon
diffusion depth increased with increasing bath
temperature.

This phenomenon can be explained by the well-

known equation D = Doe‘l%, where D, is the diffu-
sion constant, @ is the diffusion activation energy in
J/mol, R is the gas constant in J/(kg'K), and T is the
thermodynamic temperature in K. The vibration
energy of the carbon atoms is greater at higher bath

temperatures; the probability of atoms migrating
across the potential energy barrier owing to energy
fluctuations increases; consequently, the diffusion
coefficient increases. Therefore, carbon diffusion is
promoted at higher bath temperatures.?? In addi-
tion, the experimental results of scrap melting also
showed that the melting time at higher bath
temperatures was shorter.

Effect of Silicon on Interfacial Carbon
Diffusion

The results obtained from EPMA and optical
microscopy in Figs. 2—4 show a bright area between
the outer solidified layer and the scrap interface.
The comparison between the EPMA surface and line
scan results in Figs. 2—4 shows that the silicon
content in the bright area is much higher than that
of the substrate. Conversely, the carbon content is
stable at approximately 1 wt.% and gradually
decreases. In other words, a phenomenon of high
silicon and low carbon appeared in this area. In
Fig. 6, the enrichment of silicon during carbon
diffusion is illustrated using the sample held at
1300°C for 60 s as an example. The silicon-enriched
layer is approximately 40 um thick, and the silicon
content is approximately 0.25% wt.%, which is more
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Fig. 4. Microstructure and EPMA results at 1400°C for 5 s: (a) microstructure of sample, (b) surface scan of carbon obtained by EPMA, (c) line
scan position, and (d) line scan of carbon and silicon obtained by EPMA.

than twice that of the substrate (0.11 wt.%). The
carbon content gradually decreases from 1.49 wt.%
at the interface. The same phenomenon was
observed at the other bath temperatures.

Penz et al.'” also found an enrichment of silicon.
They illustrated that the dispersed silicon oxides in
the parent scrap would remain at the location of the
lowest energy, which was at the interface. The
dispersed silicon oxides can be reduced by the
transferred carbon, which may be a retarding factor
in the dissolution process. In addition, Wang?
reported that silicon is a non-carbide-forming ele-
ment that can increase carbon activity. However,
the mobility of the iron atoms was significantly
reduced in the austenite due to silicon. As a result,
the binding energy of iron in the solid solution
increased, and the carbon diffusion was hindered.
The effect of silicon on the austenite phase region in
the Fe-Fe3C phase diagram can be used to illustrate
this phenomenon. Figure 7a and b shows these
phase diagrams for 0.391% Mn and (0.391% Mn +
0.11% Si), respectively. Compared with the temper-
ature changes at different points, it is shown that
the A; temperature increases from 893.4°C to
900.7°C when 0.11 wt.% Si is added. The A4
temperature decreases from 1403.1°C to 1398.9°C,
while the eutectic point (E) and the eutectoid point

(S) move towards the left. The eutectoid tempera-
ture increases from 723.39 to 725.27°C. These
changes lead to a reduction in the area of the
austenite phase region. In Fig. 7c, the austenite
phase region decreases with an increase in the
silicon content. Wang®® also pointed out that the
addition of Si causes the austenite phase region to
shrink while expanding the « phase region. The
austenite phase region disappeared when the silicon
content was sufficiently high.

In this work, the scrap that had been immersed in
hot metal for different times and quenched showed
microstructural changes from the surface to the
interior of primary carbide — acicular martensite
— dislocation martensite. The austenite trans-
formed into acicular martensite at a higher temper-
ature by rapid cooling. Previous studies'” reported
that the temperature of scrap during melting
reaches the austenite temperature. Subsequently,
acicular martensite was formed after quenching in
water. For the scrap with 0.11 wt.% silicon, the
amount of acicular martensite formed after water
quenching decreased because of the reduction in the
size of the austenite phase region. This was man-
ifested as a decrease in carbon diffusion depth.
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effect of silicon concentration on carbon diffusion
were illustrated. The main conclusions are as
follows.

(1) The microstructural path from the scrap sur-
face to its interior was primary carbide —
acicular martensite — original structure
(dislocation martensite). The carbon content
in the outermost layer (primary carbide)
exceeded 4 wt.%, rapidly reduced to 1-1.5
wt.%, gradually decreased to 0.2 wt.%, and
then remained unchanged. The carbon content
changes were consistent with the observed
microstructures.

(2) The depth of the carbon diffusion layer
increased with increasing bath temperature.
These depths were 200 ym and 220 uym at
1300°C and 1350°C, respectively. The depth
reached approximately 160 ym within 5 s
when the bath temperature was at 1400°C.

(8) Asilicon-enriched layer appeared in which the
silicon content (0.25-0.3 wt.%) was more than

twice that of the substrate (0.11% wt.%). This
may be a retarding factor for carbon diffusion.
The changes in the Fe-FesC phase diagram
when silicon is considered showed that the
size of the austenite phase region should
decrease with increasing silicon. Therefore,
the amount of acicular martensite formed
after water quenching decreased, which re-
duced the carbon diffusion depth.
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