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Effect of Fe on Carbothermic Reduction of MnO
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The effect of Fe addition on the carbothermic reduction of MnO has been investigated from kinetic
viewpoint in the temperature ranges of 1 100-1 300°C. The addition of Fe affected the carburization rate
of MnQO at all the experimental temperatures. The reduction degree and carburization rate of MnO were
increased with adding metallic Fe, and the most influential experiment was confirmed at the temperatures
where Fe-C melt could be formed. It was confirmed that the direct carburization rate of MnO by dissolved
carbon in Fe is faster than indirect carburization rate by CO gas. The carburization behavior of MnO by
Fe-C melt were considerably different at 1 200°C and 1 300°C, although Fe was melted with carbon in
both temperatures which are above 1 150°C. The results could be explained by not only melting rate of

Fe—C but also melting point of (Mn,Fe)-carbide.
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1. Introduction

Most of ferromanganese alloys are industrially produced
in EAF (Electric Submerged Arc Furnace). The smelting
reduction process in EAF consumes the overall energy to
increase temperature up to about 1 500°C, which corre-
sponds to the electrical power of about 3 000 kWh/ton with
300 kg of fixed carbon.” In addition, nearly 40 mass% of
MnO is dissolved into molten slag during the reduction of
MnO, which requires more operations of high consumption
of electricity and carbon for the recovery of metal yield
from discarded slag containing dissolved MnO.

Reduction of manganese ore in the solid state was
expected to be the alternative method due to its improved
efficiency of reduction process. It was usually carried out
through the carbothermic reduction of MnO as follows:?

7MnO +10C = Mn,C; +7CO

Its overall reaction proceeds through intermediate gases,
CO and COx:

7MnO +13CO = Mn;C; +10CO,

10CO, +10C =20CO

The mass transfer of CO and CO, occurs in between oxide
and graphite through gaseous reduction by Eq. (2) and car-
bon gasification by Eq. (3). It is well known that the gaseous
atmosphere has a strong impact on the reduction of MnO,
which is due to different diffusivities of CO and CO,.”
Since the diffusivity of CO in He was higher than that in
Ar, the reduction rate of MnO in He was much faster than
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that in Ar. In addition, the reduction rate of MnO was even
faster in H, than that in He even though the diffusivity of
CO in Hy is about the same as that in He. This is because H»
could be involved directly in the reduction of MnO in terms
of methane generated as intermediate species.”

In order for the carbothermic reduction of MnO to be
completed in the solid state within allowed time, the experi-
ments should be carried out in H, atmosphere accordingly.
However, since the use of hydrogen for the reduction of
MnO can accompany significant cost and danger in indus-
trial production, it would be beneficial to conduct the reduc-
tion in inert gas atmosphere. Thus, it should be undertaken
to find out important factors for improving the reduction rate
of MnO in inert gas atmosphere.

According to Rankin and Deventer, the reduction rate
of MnO by graphite was increased with adding Fe,Os.%
They concluded that metallic Fe could catalyze the carbon
gasification which was expected to be the rate controlling
step of carbothermic reduction of MnO. However, it was
not convincing at high temperatures above which the carbon
gasification started to be activated significantly. Since the
reduction rate of MnO was limited by the gaseous diffusion
of CO and CO; between MnO oxide and carbon at high
temperatures above 1 100°C, the effect of Fe addition on
the reduction rate of MnO was unclear in the temperature
range.>

The current study investigated the effect of metallic Fe on
the kinetics of MnO reduction at 1 100—1 200°C. In other
words, in order to identify the mechanism by Fe addition,
the reduction rate of MnO by carbon was compared with
varying the amount of Fe addition at different temperatures.
By confirming the effect of Fe addition on the carbothermic
reduciotn of MnO, the current work would contribute to the
production efficiency of ferromanganese alloys.
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2. Experimental

Homogeneous mixture of the reagent-grade chemical of
MnO (63-250 yum and 99% purity) and synthetic graphite
powder (5 um and 99.7% purity) was prepared with the
amount of stoichiometric molar ratio for Mn;Cs based on
Eq. (1). The added amount of reagent-grade metallic Fe
(150 um and 99.9% purity) to the mixture of MnO and
graphite was determined by the calculation according to the
following reaction:

XMnO + yFe +{10X7+ 3y}c _ ’; Y) (Mn, Fe); Cs + xCO
.......................................... (4)

The cylindrical tablets of 10 mm diameter were formed by
pressing about 1.0 g (£0.01 g) of the mixture at 40 MPa
into a cylindrical mold. The formed pellets are stored in a
desiccator under 0.02 MPa before use to ensure they were
dry prior to experiments.

High temperature thermogravimetric analysis (TGA)
(RUBOTHERM, Germany) was employed to reduce MnO
by measuring the weight change with an accuracy of 0.01
mg. An alumina crucible (12.5 mm ID and 10 mm Height)
containing about 1.0 g of pellet was suspended by Pt wire,
and was then placed into the isothermal zone of the furnace.
High purity of Ar was blown at a flow rate of 250 mL/min
by mass flow controller (MFC). The product gases were
analyzed by quadrupole mass spectrometry (QMS) during
the reduction in Ar gas as shown in Fig. 1. After complet-
ing the reduction, the sample was rapidly quenched with
Ar blowing.

The reduction degree of the samples was calculated
by the mass balance of oxygen in between MnO and the
product gases (CO and CO,) with an accuracy of 5 ppm
obtained from QMS. Based on the Ar gas at a flow rate of
250 mL/min, the vol% of CO and CO, were converted into
the flow rates of CO and CO; according to the following

equation:
Vi
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Fig. 1. Schematic illustration of experimental arrangement.
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where Q; represent the flow rates of CO and CO,, and V;
indicates vol% of CO and CO,. The oxygen amount con-
tained in CO and CO, gases was calculated from the inte-
gration of flow rates of CO and CO, during the reduction
as follows:

Total flow of CO(mL) = ZQCO x time(min)

Total flow of CO,(mL) = ZQCOZ x time(min) ..... (7)

Oxygen in CO(g) = Total flow of CO(mL)
y 28 g-mol™' CO y 16 g-mol™' O
24510mL-mol™" 28 g-mol™' CO
.......................................... ®)
Oxygen in CO, (g) = Total flow of CO,(mL)
y 44 g-mol™" CO, y 2x16 g-mol™ O
24510 mL-mol™" 44 g-mol™' CO,
.......................................... )

Therefore, the reduction degree was finally evaluated by
the following equation:

Oxygen in CO+Oxygen in CO, %100

Reduction degree (%) =—— -
Initial oxygen content in MnO

About 50 mg of sample consisting of MnO, Fe and graphite
was prepared as shown in Fig. 2 to conduct the experi-
ment by a confocal laser scanning microscope (CLSM)
equipped with an image furnace of which the temperature
was raised at the rate of 200°C/min in pure Ar atmosphere.
In the experiments, the carburization of MnO related to the
formation and melting of Fe—C alloys was observed at high
temperatures.

The reduced sample was analyzed by X-ray diffraction
(XRD) and Field Emission-Electron Probe Micro Analyzer
(FE-EPMA) for the identification of phases and morphology
observation. X-ray diffraction (D8 Advance, Bruker-AXS
GmbH) using a Cu-Ko X-ray source was done by scanning
from 20 to 80 degree at 2s/step with a step size of 0.02
degree. The voltage was 40 kV with a current of 40 mA.
The cross-section of the sample was mirror-polished with a
1 um diamond suspension prior to the observation of sample
morphology employing FE-EPMA (JEOL JXA-8530F)
operated at 15 kV and a 50 nA beam current.
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Fig. 2. Pellet assembly of MnO, Fe and C for confocal laser scan-
ning microscope.
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3. Results and Discussion

3.1. Carbothermic Reduction Rate of MnO with Add-
ing Fe at 1 100°C and 1 300°C

As shown in Fig. 3, the reduction experiments of MnO
at 1 100°C and 1 300°C were carried out with adding Fe to
compare the effect of Fe on carbothermic reduction of MnO
with reference to that at 1 150°C where Fe could form melt
with carbon. The degree and rate of carbothermic reduc-
tion of MnO was increased with increasing the amount of
Fe addition at both temperatures. However, the effect of
Fe addition was not significant at 1 100°C compared with
that at 1 300°C. Metallic Fe was expected to catalyze the
carbon gasification at 1 100°C, but the increase in its rate
was limited by the carburization of Fe in the solid state in
an Ar atmosphere. As is observed in the morphology of (a)
MnO reduction without Fe and (b) MnO reduction with 25
mass% Fe in Fig. 4, the clear difference was not identified.
Numerous pores in MnO blocks were estimated to be the
evidence for the gaseous reduction by CO according to Eq.
(2), which could be confirmed by EPMA area mapping
analyses shown in Fig. 4(a). It showed that the apparent
reduced area corresponds to pores in MnO blocks identified
by overlapped concentration of Mn (yellow), O (green), and
C (blue). In the EPMA area mapping of MnO reduction with
25 mass% Fe at 1 100°C in Fig. 4(b), it appeared that the
particles of metallic Fe were not involved directly in MnO
blocks. At 1 100°C, the carbon gasification reaction was not
activated fully in a way that the rate determining step would
be still carbon gasification. If the carbon gasification rate
could be catalyzed by metallic Fe,” reduction rate would
also be increased with Fe addition at 1 100°C. However,
the increasing extent of reduction rate of 1 100°C with Fe
addition was not huge compared to that of 1 300°C with Fe
addition because direct carburization effect by Fe—C melt
is higher than indirect carburization effect by Fe catalyst.
Therefore, it is believed that the effect of Fe addition on
the degree and rate of MnO reduction was not marked at
1 100°C unlike 1 300°C.

On the other hand, the reduction rate of MnO with carbon
was increased significantly with adding Fe at 1 300°C. At
this temperature, the melt formation of added Fe with car-
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Fig. 3. Carbothermic reduction of MnO depending on Fe addition
at 1 100°C and 1 300°C.
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bon can directly carburize MnO. As is compared in between
(a) the carburized product of MnO without Fe and (b) that
with 25 mass% of Fe in Fig. 5, the difference in the mor-
phology was observed evidently. The carburized product of
MnO without Fe at 1 300°C was not different remarkably
from that at 1 100°C as shown in Fig. 5(a), which was
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Fig.4. EPMA area mapping of (a) the product sample of MnO
carburization without Fe at 1 100°C for 180 min and (b)
the product sample of MnO carburization with 25 mass%
Fe at 1 100°C for 180 min.
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Fig. 5.

EPMA area mapping of (a) the product sample of MnO
carburization without Fe at 1 300°C for 180 min and (b)
the product sample of MnO carburization with 25 mass%
Fe at 1 300°C for 180 min.
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resulted from the carburization of MnO in the solid state
occurring through similar process below 1 332°C, melting
point of Mn—C as will be estimated later in Fig. 12(a). How-
ever, the carburized product of MnO with 25 mass% of Fe
at 1 300°C had completely different morphology from that
without Fe. Since MnO was carburized by formed melt of
Fe—C, the produced (Mn,Fe)-carbide was very dense relative
to MnO blocks. The (Mn,Fe)-carbide could be identified
by overlapped concentration of Mn (yellow), Fe (green), O
(black) and C (blue) in EPMA area mapping as shown in
Fig. 5(b). However, the concentration of carbon might not
be clear in (Mn,Fe)-carbide because of high concentration
of resin close to them. The overlapped region of Mn and Fe
without oxygen should definitely be (Mn,Fe)-carbide since
it can also be confirmed by XRD results shown in Fig. 7.

Direct carburization of MnO through dissolved carbon in
Fe—C melt is faster than indirect carburization by CO gas,
which was resulted from comparison between the increasing
rate of liquid phase thickness of Fe by graphite and that of
by 100 vol% of CO gas.*'? Thus, the effect of Fe addi-
tion on carburization of MnO at 1 300°C was much more
greater than that at 1 100°C because the direct carburization
by Fe-C melt could take place at 1 300°C. Furthermore,
the relative ratio of CO to CO, was increased by direct
carburization of MnO at 1 300°C where Mn;C; could be
formed more easily at low oxygen partial pressures in the
Mn-O-C stability diagram from the thermodynamic view-
point.'" Therefore, the carburization rate of MnO could be
increased with increasing the interfacial area between MnO
and Fe—-C melt at 1 300°C due to the continuous contact
between them.

3.2. Effect of Temperature on Carbothermic Reduction
Behavior of MnO with Adding 25 mass% of Fe

Carbothermic reduction of MnO without Fe addition was
compared with those with 25 wt% Fe addition in tempera-
ture range of 1 100—1 300°C as shown in Fig. 6. Above all,
the carburization rate of MnO was increased with increasing
temperature regardless of Fe addition. This is ascribed to the
increased mass transfer of intermediate gases, CO and CO,
with increasing temperature.”'>'” However, the effect of
temperature on carburization rate of MnO was not signifi-
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Fig. 6. Catbothermic reduction of MnO by 25 mass% Fe addition

depending on temperature.
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cant, since its rate in the solid state could be limited in Ar
atmosphere.'*'> In the carburization of MnO with addition
of 25 mass% Fe, the temperature was more effective on its
rate than that without Fe. The effect of 25 mass% Fe addi-
tion on MnO carburization at 1 100°C was similar to that of
MnO carburization without Fe addition at 1 300°C in view
of the degree and rate of MnO carburization. In particu-
lar, the degree and rate of MnO reduction with adding 25
mass% Fe was increased noticeably at 1 300°C.

The carburized products of MnO could be different
depending on the amount of Fe addition, even if the car-
burization behavior of MnO seemed to be similar. It was
confirmed by XRD patterns shown in Fig. 7 where the
product was Mn;C; in the carburization of MnO without
Fe in the temperature range of 1 100-1 300°C. Mn;Cs is
the most stable compound in Mn—C phase diagram in the
current experimental conditions for MnO carburization by
sufficient carbon content.'® The decreased peak intensity of
MnO and increased peak intensity of Mn;Cs can represent
the increase of reduction degree with increasing tempera-
ture as shown in Fig. 6. In the carburization of MnO with
adding 25 mass% of Fe, (Mn,Fe);C and (Mn,Fe)sC, were
produced instead of Mn;Cs since the kind of carbide can
be changed by substitution of Fe for Mn in the lattice of
carbide.'” In fact, it was reported that the kind of (Mn,Fe)-
carbide is changed in consecutive order, (Mn,Fe);C—(Mn,
Fe)sC,—(Mn,Fe);Cs, as the ratio of Mn to Fe increase from
Mn-Fe-C phase diagram.'® The formation of (Mn,Fe)-
carbide started with nucleation of Fe,? and the possibility
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of (Mn,Fe);C formation was very high at the initial stage
of carburization because the most preferential carbide is
(Mn,Fe);C thermodynamically in high ratio of Fe to Mn.
Accordingly, a large amount of MnO was not carburized at
1 100°C and 1 200°C in Fig. 6 so that most of the product
was (Mn,Fe);C in the carburization of MnO with 25 mass%
Fe. In the carburization of MnO with 25 mass% Fe at
1 300°C, it appeared that (Mn,Fe)sC, was formed by XRD
analysis since MnO was reduced to (Mn,Fe);C substantially.
Even if the reduction degrees in between MnO carburiza-
tion without Fe at 1 300°C and that with 25 mass% Fe at
1 100°C, the products were totally different as Mn;C; and
(Mn,Fe);C, respectively. Therefore, it could be concluded
that MnO with 25 mass% Fe at 1 100°C was more effec-
tively carburized where the carbides of high metal yield
could be produced for the identical carbon consumption.

3.3. Carburization of MnO with Fe-C Melt Formed at
Different Temperatures

In the carburization of MnO with 25 mass% Fe, its degree
and rate were markedly increased at 1 300°C compared with
those at 1 200°C, even if it was possible for Fe—C melt to
directly carburize MnO at both temperatures. To investi-
gate the definite difference in the carburization process at
1 200°C and 1 300°C, the behavior of the sample assembly
was observed by the confocal laser scanning microscope
(CLSM). The carburization process of MnO with Fe—C melt
formed by adding 25 mass% Fe at 1 200°C was shown in
Fig. 8. Metallic Fe started to be melted with carbon at the
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Fig. 8. Carburization process of MnO with Fe—C melting by 25
mass% Fe addition at 1 200°C.
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interface between Fe and C in Figs. 8(a) and 8(b). Fe—C melt
was kept in close contact with MnO at the interface while
metallic Fe was carburized and melted by carbon with time
as shown in Fig. 8(c). The Fe—C melt penetrated into MnO
adjacent to carbon for carburizing MnO, but it was solidi-
fied as soon as carburizing MnO as shown in Fig. 8(d). The
Fe—C melt could not penetrate into the interface between
MnO and carbon due to the formation of (Mn,Fe);C by the
carburization of MnO with Fe-C melt. (Mn,Fe);C cannot
be melted at 1200°C which is below its melting point as
shown in Fig. 12(b). In addition, the reacting surface of
MnO was limited except for the interface between MnO
and C because the carburizing and melting rate of Fe with
C were quite slow at 1 200°C as shown in Fig. 8(e). At the
end of experiment as shown in Fig. 8(f), MnO could be car-
burized by (Mn,Fe);C formed in between MnO and carbon,
but the direct carburization was not performed anymore by
Fe—C melt.

In the carburization of MnO with carbon containing 25
mass% Fe at 1 300°C, the consecutive carburizing reactions
with Fe—C melt took place as shown in Fig. 9. That is, the
formation of Fe—C melt at 1 300°C was initiated at the inter-
face between Fe and carbon earlier than that at 1 200°C in
Figs. 9(a) and 9(b). In Fig. 9(c), the Fe—C melt penetrated
into MnO, leading to the generation of numerous bubbles
which were CO gas released by the direct carburization of
MnO as follows:

MnO + (Fe — C)melt = (Mn,Fe); C+CO ........ (11)
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Fig. 9. Carburization process of MnO with Fe—C melting by 25
mass% Fe addition at 1 300°C.
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The carburizing and melting rate of Fe with carbon was
so fast that it started to surround the surface of MnO for
carburization gradually as shown in Fig. 9(d). The Fe-C
melt continued to surround and carburize MnO without the
solidification of products, (Mn,Fe);C and (Mn,Fe)sC,, as
shown in Fig. 9(e). The produced carbides can be melted at
1 300°C which is above their melting points shown in Fig.
12(b). The Fe—C melt carburized most of the MnO while
actively producing numerous bubbles of CO toward the end
of carburization as shown in Fig. 9(f).

In this case, heat transfer between liquid Fe—C and solid
MnO could be ignored since carburization reaction of MnO
is controlled considerably by carbon diffusion in Fe—C melt
above 1 150°C. We simply considered the mass transfer of
carbon in Fe—C melt depending on temperature. Therefore,
the definite difference in the carburization rate of MnO with
carbon containing 25 mass% Fe at 1 200°C and 1 300°C
might be attributed to the significant difference in the carbu-
rizing and melting rate of Fe with carbon. When the melting
rate of Fe—C was increased, the carburization rate of MnO
could be increased at the extensive reacting surface of MnO.
Figure 10 shows the carbon concentration profile through
the interface of Fe—C melt and solid Fe. Based on the mass
balance of carbon, the melting rate of Fe—C melt to solid Fe

could be expressed mathematically as follows:*"

(CL—Cs)d—L=D%(£j —Dé(ﬁj ........ (12)
dt oan ) on Jg

where L is the length of Fe—C melt, C. and Cs are carbon
concentrations at Fe—C melt and solid Fe side of the inter-
face, respectively, D¢ and D¢ are the diffusion coefficients
of carbon in Fe—C melt and solid Fe, respectively, and n is
normal vector of the interface. The first term in the right
side means carbon flux from Fe—C melt to the interface
between liquid and solid. The second term is carbon flux
from the interface to the solid Fe, but it is negligible because
carbon diffusivity is much smaller in solid Fe than that in
Fe—C melt. In addition, the first term can be replaced by
D¢ @ as a first approximation. That is, Eq. (12)

can be simplified to Eq. (13) as follows:

dL L aC L (Cex—Cr)
CL-Cs)—=DE| 2= | =pk—=—=tJ
(Co s)dt c(anl c L (13)

where Cy is the concentration of saturated carbon at the
interface between Fe—C melt and carbon. The integration of

Fe-C
melt Fe
L
Cg" \
CL
.
Liquid Solid

Fig. 10. Carbon concentration profile through interface of Fe—C
melt and solid Fe.
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Eq. (13) from t=0 and L=0 to t=t and L=L gives:
L= Jkpt oo, (14)

L

ky = ey =CL) . (15)

CL—-Cs

Thus, the melting length will be changed depending on
temperature since k, can be calculated differently from the
values of Cr, Cs and Cy fixed by temperature in Fig. 11. At
1200°C, Cr=3.9 mass%, Cs=1.7 mass%, Cy=4.4 mass%
and DE=1.047x10"* cm?/s of which value was resulted
from Ono’s calculation.?” Then kp at 1 200°C could be cal-
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Fig. 12. (a) Mn—C phase diagram and (b) Mn—C—Fe (25 mass%)
phase diagram.
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culated to be 4.759x10° ¢cm?/s. On the other hand, kp at
1 300°C could be calculated to be 9.276x10* cm?/s based
on the values of C1=2.9 mass%, Cs=1.2 mass%, Cy=4.8
mass% and DE=1.050x10"*cm%s at 1 300°C, which were
also calculated by Ono.?" In conclusion, the melting length
at 1 300°C is about 4.4 times larger than that at 1 200°C for
the identical period of time in the carburization process. The
direct carburization rate was limited by the interfacial area
of MnO in close contact with Fe—C melt, which could be
increased due to the wetting induced by the faster melting
rate of Fe—C at 1 300°C rather than that at 1 200°C.

The phase diagram of Mn—C shown in Fig. 12(a) indi-
cates that all of the manganese carbides form melts at
1 332°C regardless of carbon content, thus the carburization
of MnO without Fe addition occurred in the solid state in
the temperature range of 1 100°C to 1 300°C. However, the
melting point of carbides could be decreased with increasing
Fe addition in the phase diagram of Mn—C—Fe shown in Fig.
12(b). The temperature should be above 1 200°C at least for
melting manganese iron carbide in addition to that all car-
bides could be melted at 1 300°C. This can also explain the
difference in the carburization rate of MnO with 25 mass%
Fe at 1200°C and 1300°C. Fe-C melt could carburize
MnO, but the formed (Mn,Fe);C at the surface of MnO was
solidified at 1 200°C. Thus, the direct carburization by Fe—C
melt had not great effect on the carbothermic reduction of
MnO at 1200°C since it could not contact the surface of
MnO due to solidified layer of (Mn,Fe);C shown in Fig.
13(a). For this reason, the carburization rate of MnO with
25 mass% Fe did not change gradually at 1 200°C in Fig. 6.
On the other hand, Fe—C melt at 1 300°C could continue to
carburize MnO with its constant direct carburization at the
surface of MnO while (Mn,Fe);C remains in liquid state as
shown in Fig. 13(b).

This research was just carried out by pure reagent-grade
MnO with graphite so that the results will be different a little
bit from experimental results of manganese ores. The slag
contained in ores can affect not only the melting tempera-
ture but also the carburizing rate since it can form various
solid solutions with MnO and Fe depending on the chemical
composition of ores. Therefore, further experiments about

(Mn,Fe),C (Solid)

@ Fe-C melt

(Mn,Fe),C (Liquid)
Fe C melt

Fe-C melt Bubble (CO)

] Fe-C melt
Fe-C melt Bubble (CO)
@ Fe-C melt

Fig. 13.

Bubble (CO)

Schematic mechanism for (a) carburization of MnO with
Fe—C melt at 1 200°C and (b) carburization of MnO with
Fe—C melt at 1 300°C.
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carbothermic reduction of manganese ores should be carried
out based on the results obtained in this study.

4. Conclusions

The effect of Fe addition on carbothermic reduction of
MnO was investigated in the temperature range of 1 100°C
to 1300°C. From the findings, the following conclusions
were obtained:

(1) The addition of Fe significantly increased the car-
burization rate of MnO at 1 300°C compared with that at
1 100°C because the direct carburization of MnO by Fe—C
melt could be available at 1 300°C. The metallic Fe in the
solid state at 1 100°C did not affect the mass transfer of
intermediate gases, CO and CO,, which is the rate determin-
ing step of MnO carburization.

(2) With adding 25 mass% Fe to the composite of MnO
and graphite, the carburization degree and rate of MnO were
increased at 1 100—1 300°C. The effect of 25 mass% Fe
addition at 1 100°C was comparable with that of increasing
temperature to 1 300°C without Fe addition.

(3) The melting rate of Fe—C could considerably affect
the carburization of MnO where its rate was determined
by the direct carburization of Fe by carbon, leading to the
formation of Fe—C melt. The direct carburization rate was
limited by the contact area between MnO and Fe—C melt,
which could be increased by the wetting of Fe—C melt of
fast melting rate.

(4) The carburization rate of MnO increased consis-
tently at 1 300°C, while it did not change much at 1 200°C
although the direct carburization by Fe—C melt were avail-
able at both temperatures. The formed (Mn,Fe);C was
solidified at the surface of MnO, so that the Fe—C melt could
not penetrate into MnO at 1 200°C anymore as is different
from the case at 1 300°C.
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