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Knowledge of the effective thermal diffusivity changes of systems undergoing reactions where
heat transfer plays an important role in the reaction kinetics is essential for process understanding
and control. Carbothermic reduction process of magnetite containing composites is a typical
example of such systems. The reduction process in this case is highly endothermic and hence, the
overall rate of the reaction is greatly influenced by the heat transfer through composite compact.
Using Laser-Flash method, the change of effective thermal diffusivity of magnetite-graphite
composite pellet was monitored in the dynamic mode over a pre-defined thermal cycle (heating at
the rate of 7 K/min to 1423 K (1150 �C), holding the sample for 270 minutes at this temperature
and then cooling it down to the room temperature at the same rate as heating). These
measurements were supplemented by Thermogravimetric Analysis under comparable
experimental conditions as well as quenching tests of the samples in order to combine the
impact of various factors such as sample dilatations and changes in apparent density on the
progress of the reaction. The present results show that monitoring thermal diffusivity changes
during the course of reduction would be a very useful tool in a total understanding of the
underlying physicochemical phenomena. At the end, effort is made to estimate the apparent
thermal conductivity values based on the measured thermal diffusivity and dilatations.
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I. INTRODUCTION

RECENTLY, carbothermic reduction processes
where carbonaceous material mixed with metallic oxide
powder are heated to achieve reduction is being explored
to supplement gas-based reduction processes.[1] These
reduction reactions are highly endothermic and hence,
the overall rate of these reactions is greatly influenced by
the heat transfer through powder mixture. Therefore, in
such processes, the knowledge of the effective thermal
conductivity of the composite pellet made of powder
mixture is essential for process understanding and
control. In addition, in such processes, the reaction is
quite often accompanied by sample shrinkage, change of
porosity, partial melting, and other physical changes
apart from the chemical reaction. Traditional method to
study gas-solid or solid-solid reactions accompanied by
mass changes is thermogravimetry. While this method

provides knowledge of the chemistry involved in the
reaction by monitoring the mass change (due to loss of
the gaseous product), it does not provide information
regarding the physical changes and their impact on the
overall reaction. For example, decrease of porosity will
result in the decrease of the permeability of the product
gases in the carbothermic reduction and consequently
on the reaction rate. In situ measurement of thermal
properties of the composite pellet also gives insights into
the physicochemical changes occurring in the pellet
during carbothermic reduction.
Attempts were made earlier to understand the physic-

ochemical changes based on corresponding changes of
thermal properties. Akiyama et al.[2] studied tempera-
ture dependency of thermal conductivity of iron ore
agglomerates. Thermal conductivities of dense pure
hematite, magnetite, wüstite, and metallic iron were
measured as a function of temperature, and a linear
relationship between thermal resistivity (reciprocal of
thermal conductivity) and temperature was proposed.
Further, the thermal conductivity of iron ore agglom-
erates from different origins has been measured by the
same authors while being reduced to magnetite, wüstite
and finally to metallic iron by CO/CO2 or H2. It was
found that the obtained thermal conductivity values for
the processed iron ore agglomerates were remarkably
lower than those of pure dense ones which of course
could be attributed mainly to the existence of pores
originating from oxygen removal. Expressions in liter-
ature[2–6] for effective thermal conductivity of iron ore
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agglomerates, that mainly consider porosity as the
major parameter, were neither able to explain satisfac-
torily the measured values nor predict the difference
between samples of identical composition and reduction
state with different origin. Akiyama et al.[2] then
developed a modified unit cell, which was originally
proposed by Luikov,[7] wherein the solid sample was
considered as having a structure composed of core and
connecting parts. This modified unit cell model was
found to explain the essential features of measured
thermal conductivities of iron ore agglomerates. More-
over, it clearly identified the distinction of solid structure
in samples reduced to the same degree but originated
and prepared differently.

Thus, monitoring the changes in the effective thermal
diffusivity that accompanies a reduction reaction will be
extremely valuable in simulation and control of the
process based on process fundamentals. However,
systems where carbothermic reduction is considered
are expected to be more complicated. To the present
knowledge of the authors, estimation of the effective
thermal conductivity of magnetite-graphite composite
pellets has not been reported elsewhere. Therefore, the
present investigation aims at evaluating the feasibility of
the dynamic thermal conductivity measurements in
order to follow the changes in this property of the
composite pellet as the reaction proceeds. It was
expected that this would enable a better understanding
of the reaction kinetics and accompanying physico-
chemical changes.

II. THEORETICAL BACKGROUND

It is well-known that reduction reaction in a composite
mixture containing carbon and iron oxide occurs through
oxygen exchange in the gas phase. In the vicinity of the
oxide particle, the carbon monoxide in the gas phase
would reduce the oxide to form carbon dioxide. The
carbon dioxide formed would then react with carbon
particle to regenerate the CO back in the gas phase,
effectively transferring oxygen and carbon from solid
oxide and carbon phase to the gas phase as CO.

However, there is a need for an initiation mechanism
so that sufficient amount of CO is produced to initiate
the reduction and sustain the overall reaction. Thus, the
mechanism of carbothermic reduction in carbon-iron
oxide mixture can be described as follows[8]:

Stage I

CðsÞ þ 0:5O2ðgÞ ¼ COðgÞ ½1�

C(s)þ FexOyðs) ¼ FexOy�1ðs)þ CO(g) ½2�

Stage II

FexOyðs)þ CO(g) ¼ FexOy�1ðs)þ CO2ðg) ½3�

C(s)þ CO2ðg) ¼ 2CO(g) ½4�

in which x = 1, 2, 3 and y = 1, 3, 4 corresponding to
wüstite, hematite or magnetite.
Stage III

CO ðg; interior) ¼ CO ðg; inert gas phase) ½5�

CO2 g; interiorð Þ ¼ CO2 g; inert gas phaseð Þ ½6�

The first stage is initiated through the residual air which
is trapped within the oxide-carbon mixture. This oxygen
might react with solid carbon to produce CO (Eq. [1]).
However, under the present experimental conditions,
this is not likely to be the case in view of the system
being evacuated and flushed with argon before the start
of the experiments. The reaction can also be initiated by
solid-solid reaction between carbon and oxide at the
contact points (Eq. [2]). In the subsequent stage, locally
produced carbon monoxide will further react with iron
oxide producing lower oxides and CO2 (Eq. [3]). The
produced CO2 will further react with solid carbon to
produce CO by Boudouard reaction (or gasification
reaction) as shown in Eq. [4] which is highly endother-
mic. This reaction will further promote the reduction
(Eq. [3]). The reaction will come to an end once the
gaseous species are effectively removed (Eqs. [5, 6]). It
can also be stopped if severe sintering removes the
porosity in a way that product gas cannot diffuse out.
As stated previously, carbothermic reduction is an

endothermic reaction. The rate of heat supply to the
reactants and heat transport into the bulk bed play an
important role in determination of the overall kinetics.
This, in turn, is decided by thermal transport properties
of the mixture. During carbothermic reduction in
packed beds, since conduction is the dominant mecha-
nism of heat transfer through the bulk bed, effective
thermal conductivity is a crucial property. This quantity
is a measure of how fast a material dissipates heat
through conduction and is defined as the proportional-
ity constant in Fourier’s law of heat conduction.
Thermal conductivity is related to thermal diffusivity
according to Eq. [7] as follows:

K ¼ aqCp; ½7�

where K is the thermal conductivity (W/m.K), a the
thermal diffusivity (m2/s), q the density (kg/m3), and
Cp the heat capacity (J/kg.K).

III. EXPERIMENTAL

A. Materials and Samples Specifications

Magnetite (Sigma-Aldrich, 99.99 pct trace metals
basis) of ~1 lm particle size and graphite (Alfa-Aesar,
synthetic, conducting grade, 99.9995 pct, �325 mesh)
powders was chosen as reactants. The C:O molar ratio
was kept at the stoichiometric ratio of 1. After addition
of 1 wt pct binder (sodium bentonite, Alfa-Aesar), the
reactants were mixed in an agate mortar.
Distilled water (as much as ~25 wt pct of the mixture)

was added and after stirring, the mixture was divided
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into two groups of batches. The first one consisted of
~200 mg batches which would be used for the Thermo-
gravimetric Analysis (TGA). The second group, being in
~250 mg batches, was retained for other tests. They were
accordingly compacted under a pressure of ~21 MPa by
means of a hydraulic press (Paul. Weber, Stgt-Uhlbach,
Germany) and cylinder-piston steel moulds of 7.20 mm
(for ~200 mg samples) and 12.15 mm internal diameter
(for 250 mg ones). Samples were dried by keeping them
at room temperature for at least 24 hours. Thereafter,
they were weighed in a microbalance and their thick-
nesses were measured using a micrometer. Thus, having
the values of mass, thickness, and diameter, the initial
apparent density was computed. Finally, the samples
were examined by Scanning Electron Microscopy
(SEM) to ensure that no microcracks were present in
the samples.

B. Measurement of Effective Thermal Diffusivity by the
Laser-Flash Method

A Laser-Flash unit (model TC-7000H/MELT,
Sinku-Riko, Japan) with a maximum sample tempera-
ture limit of 1873 K (1600 �C) was employed in the
present study to measure the thermal diffusivity values
in situ. A schematic diagram of the laser-flash unit is
given in Figure 1.

In this method, the top side of a specimen is irradiated
with a laser which provides an instantaneous energy

pulse from a top mounted Nd-glass laser (2.40 kV). The
laser energy is absorbed by the top surface of the
sample. The temperature of the rear face is monitored
using a photovoltaic infra-red detector. The temperature
rise of the back surface of the sample is plotted as a
function of time. Figure 2 shows the principle of the
laser-flash method.
The thermal diffusivity values were calculated based

on Eq. [8], wherein t1/2 is the time required for the rear
surface to reach half of the maximum temperature. The
value ‘‘1.37’’ is a factor calculated based on calibration
measurements using standard stainless steel samples
with different thicknesses, supplied by Sinku-Rico. L in
the equation represents the sample thickness in cm.

a ¼ 1:37L2=p2t1=2 ½8�

After the sample was positioned inside, the reaction
tube was evacuated and filled with argon gas (AGA,
Sweden). Prior to introducing the argon gas to the
reaction chamber, the gas was successively passed
through columns of silica gel and Mg(ClO4)2 (to remove
the residual moisture), column of ascarite (to remove
CO2) and finally through columns of copper and magne-
sium turnings kept at 923 K and 723 K (650 �C and
450 �C), respectively, to remove residual oxygen.[10] Prior
to heating, the sample was kept inside the instrument for
36 hours at room temperature under an argon flow of
50 mL/min. Thermal cycle consisted of heating at the rate
of 7 K/min to 1423 K (1150 �C), holding the sample for
270 minutes this temperature, and then cooling it down to
the room temperature at the same rate as heating.
Once heating was started, argon flowrate was

increased to 200 mL/min. Further, due to concerns
regarding the dissociation of magnetite under very low
partial pressures of oxygen, magnesium furnace in the
gas cleaning system was turned off. During the whole
cycle, thermal diffusivity was monitored every seven
minutes. Finally, collected data were corrected with
regard to the variation in the base-line as well as the
thickness decrease. Selected experiments were repeated
in order to confirm the reproducibility of the results.

C. Thermogravimetric Analysis (TGA)

TGA experiments were carried out parallely in order
to correlate the thermal diffusivity results with mass loss

Fig. 1—Schematic diagram of the Laser-Flash unit, reprinted from
Ref. [9].

Fig. 2—(a) laser irradiation on the sample top and temperature re-
sponse from the back surface and (b) normalized temperature rise vs
time. t = 0 corresponds to the time of impact of the laser shot, rep-
rinted from Ref. [9].
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occurring during the carbothermic reduction of iron
oxide. The results also enabled an estimation of the
(apparent) density changes during the progress of the
reaction. Samples were compacted into disks with
dimensions 7.20 mm inner diameter and 2.40 mm in
thickness. The experiments were carried out in a
SETARAM 92 TGA unit (SETARAM Instrumenta-
tion, France). A schematic representation and the
experimental details are given in an earlier publica-
tion.[11] It is noteworthy that the experimental condi-
tions inside the TGA apparatus were kept the same as
the Laser-Flash unit so that the measurements could be
synchronized. The results could be confirmed by
repetition.

D. Quenching Studies

After both thermal diffusivity measurements and
TGA, it was observed that the samples showed a
remarkable shrinkage. According to the equation for
thermal diffusivity (Eq. [8]), sample thickness is an
important factor, therefore monitoring dimensional
changes proved to be essential when accurate data are
desired.

Subsequently, a series of quenching tests were per-
formed to follow the dimensional changes of the sample
during the thermal cycle. For this purpose, a horizontal
furnace set-up (Figure 3) was employed. Experimental
conditions were the same as the Laser-Flash and TGA
experiments. Samples (same dimensions as in thermal
diffusivity measurements) were quenched at different
time intervals by drawing them to the cold end of the
tube and cooling them under flushing argon. Thereafter,
the final dimensions of the samples were measured at
room temperature using a micrometer and thereby, the
dimensional changes were calculated. It has to be
admitted that this method of following dilatations
assumes that thermal expansion is negligible compared
to the shrinkage due to sintering.

Collected data were used for the calculation of
volume as well as density changes. This was based on
the assumption of isotropic shrinkage of the pellet which
was confirmed later on by means of a comparison
between calculated and measured volumes. Measure-
ment of the apparent volume was based on the buoy-
ancy law and accomplished through an Archimedes test
set-up.

E. Metallography and Structure Analysis

Final product was first studied by X-ray Diffractome-
ter (model D5000, SIEMENS, Germany) in order to
characterize the constituent phases. Subsequently, in
order to observe the morphology, a series of metallo-
graphic investigations were conducted. The sample was
cut into half, mounted, and polished. Thereafter, the
sample surface was studied by means of SEM. Elemen-
tal analysis at different points was carried out through
the Energy Dispersive Spectroscopy (EDS). Thereafter,
sample was etched by Nital 3 pct solution and studied by
a Light Optical Microscope (LOM) aiming at prelimi-
nary morphology characterization. Finally, the sample

was polished again and this time it was etched by the
solution Klemm (I) as cementite was suspected to have
formed. Chemical composition and function of the
etching solutions are reported in the literature.[12]

IV. RESULTS

A. Characterization of the As-Produced Sample

According to the SEM micrograph of the initial
sample (Figure 4), a uniform distribution of phases
could be observed which verifies the effectiveness of
performed manual mixing. Average apparent density of
the pellets was calculated to be 2.01 ± 0.03 g/cm3, which
yields a porosity of 53.7 pct. This value was calculated
using Eq. [9] (rule of mixture) from the room temper-
ature density of graphite as well as the pure phases in the
iron-oxygen binary system. These are summarized in
Table I. It has to be mentioned that these are actually
averages of the reported values from literature.[2,13]

e ¼ 1� Vdense

Vapparent
¼ 1�

Pn
i¼1 ðqi=miÞ
Vapparent

; ½9�

where e is the porosity (pct), Vdense, is the volume of
completely dense sample (cm3), Vapparent is the mea-
sured volume of the sample (cm3), qi is the density of
species i (g/cm3), and mi is the mass of the same spe-
cies (g).

B. Measurement of the Effective Thermal Diffusivity

A maximum deviation of 4 pct from the calibration
curve was observed during measurements on the stan-
dard sample which was continuously heated/cooled at
the rate of 7 K/min. This confirmed the proper func-
tioning of the instrument and that the interference to the
laser energy from the furnace was negligible. These steps
ensured that the results obtained are reliable and
reproducible.
Results of the measurements on the experimental

samples are shown in Figure 5. The line (marked as
‘‘raw data’’) is the raw data obtained if the thickness is
assumed constant. As mentioned earlier, in the current
case, due to the high temperature of reduction and
sintering of the oxides as well as the metallization caused
by reduction, considerable decrease in the thickness was
found to take place. Accordingly, correction of the
acquired data with regard to this effect was necessary.
After a series of quenching tests (which will be described
in Section IV–D), data on thermal diffusivity were
re-processed in order to obtain corrected values. This
is shown in Figure 5 by the line marked as ‘‘corrected
data.’’ It is to be noted from the difference between the
two lines that the correction factor is significant.

C. Thermogravimetry Analysis (TGA)

The TGA results are shown in Figure 6. Numerical
data indicated that the reaction started at about 1173 K
(900 �C). However, the mass loss between 1173 K and
1273 K (900 �C and 1000 �C) was found to be negligible
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(less than 0.1 pct). Significant mass loss could only be
observed when the temperature was higher than 1273 K
(1000 �C). Between 1273 K and 1413 K (1000 �C and
1140 �C), rate of the reaction was found to increase
slowly and an overall mass loss of ~3 wt pct was
obtained when the temperature reached 1413 K
(1140 �C). Once the temperature exceeded 1413 K
(1140 �C), rate of the reaction was found to increase
suddenly and it quickly proceeded to near-completion.
Thereafter, reaction rate suddenly decreased and the rest

of the reaction continued somewhat slowly. The overall
curve assumed a sigmoidal shape. At the end, a total
mass loss of 37.5 pct was achieved which corresponds to
about 97 pct reduction degree.

D. Quenching Tests

Similar to the TGA curve, thickness changes show a
three-stage sigmoidal behavior. Shrinkage (linear
change of thickness) was found to start from ~1173 K
(900 �C), but its magnitude was small (less than 1 pct)
up to 1273 K (1000 �C). Above this temperature,
shrinkage rate continuously increased and finally
decreased in a way that a total linear shrinkage of 33.7
pct was achieved (Figure 7). Compared to the TGA
curve, however, a larger part of the change took place
during the isothermal step.

E. Characterization of the Reduced Sample

Figure 8 shows the SEM micrograph of polished
surface of the product. Morphology consists of sponge
iron, residual graphite, and considerable amount of
porosity. From EDS spot analysis, (points 1 and 2 in the
figure), it was revealed that the gray continuous back-
ground is the iron phase and the black region on the
middle-right part of the image is residual graphite. Rest
of the microstructure is porosity as indicated by shiny
edges of the iron phase.
Etching the sample by Nital 3 pct and Klemm (I)

solutions indicated a ferritic matrix which lacks any
pearlite. In view of this, it was concluded that the
microstructure consists of iron, residual graphite, and
porosity. XRD spectrum of the product revealed that
the sample consists mainly of iron and graphite.
Amount of magnetite phase was very small and was
neglected in further considerations.

Fig. 3—Horizontal furnace set-up.

Fig. 4—SEM micrograph (acquired in secondary electron mode) of a
composite pellet as starting material.

Table I. Room Temperature Density of Iron, Wüstite,

Magnetite, and Magnetite

Phase Fe FeO Fe3O4 C

Density (g/cm3) 7.87 5.70 5.17 2.2
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V. DISCUSSION

Neglecting the small amount of magnetite in the final
product, a total mass loss value of 37.5 pct corresponds to
a final composition of 96 wt pct iron and 4 wt pct carbon.
Carbothermic reduction of iron oxides is a stepwise
process.[8,14] First step corresponds to the conversion of
magnetite to wüstite which was observed to occur
between 1173 K and 1413K (900 �Cand 1140 �C) during
continuous heating at a rate of 7 K/min. The second step
corresponds to the reduction of wüstite to metallic iron
and is fast[15] unlike the relatively slow first stage. This is
attributed to the autocatalytic effect of iron on
Boudouard reaction (gasification of graphite)[16] (Eq. [4]).
This effect, in turn, indicates that, before the sharp drop in
the TGA curve, no metallic iron has been formed.

A value of 37.5 pct total mass loss suggests that,
during the course of the reaction, the off-gas is mainly
composed of carbon monoxide. This can be justified
considering that a total mass loss of 31.5 pct is achieved
if the overall reaction is according to Eq. [10]. If it takes
place according to Eq. [11], the mass loss would be 40.1
pct.

Fe3O4 þ 2C ¼ 3Feþ 2CO2 ½10�

Fe3O4 þ 4C ¼ 3Feþ 4CO ½11�
Since the experiment is performed under inert atmo-

sphere, and proper residual oxygen removal has been
done prior to the experiment, the most likely reaction to
dominate the reduction initiation is the solid-solid
reaction between iron oxide and solid carbon at the
contact points (Eq. [2]). Reaction between the two
solids, viz., Fe3O4 and carbon, is expected to have high
activation energy. This can be attributed to the separa-
tion of a carbon atom and an oxygen atom from the
corresponding crystalline lattices and bringing them into
an activated complex: This would be more difficult than
the formation of an activated complex from a gaseous
carbon monoxide molecule and an oxygen atom in the
magnetite lattice. This is likely to be the reason for high
reaction initiation temperature compared to the reduc-
tion of magnetite by a reducing gas.[1]

Due to the physicochemical changes that happen as a
consequence of the reduction reaction, composite pellet
showed a remarkable shrinkage. This is due to the
sintering of unreacted oxides and metallic product that
take place under the driving force of decrease in the total
surface energy of the system. As the pellet has the
geometric shape of a disk and its contraction was shown
to be isotropic (there was no evidence of any sample
distortion), calculation of pellet volume over the whole
thermal cycle became possible. Combining the data on
sample mass and volume changes, a curve of apparent
density vs time can be plotted (Figure 9). During the
thermal cycle, both mass and volume would be decreas-
ing. Hence, the rate of decrease in each of these two will
determine whether the density would increase or

decrease. Calculated curve shows a three step behavior
of the density: first increasing, then decreasing, and
finally increasing towards saturation. Initially, sintering
of oxides dominates the reaction, therefore the density
would be expected to increase. Suddenly, second stage of
the reaction takes place which accompanies a sudden
mass decrease. Since mass decrease dominates the
reaction, density decreases rapidly. Immediately after
this, sintering of iron starts and density increases until it
approaches a value of 4.29 g/cm3.
At the beginning of the third step, rate of densification

is high because the total surface area is high and
thereafter as sintering is removing the porosity, the
driving force would decrease. Since sintering is not
performed in vacuum, densification cannot proceed
towards completion as the product gas would be
trapped within the closed pores. Difference in the
apparent density of the final product and theoretical
density of iron can be attributed to this effect.
In Figure 10, the corrected thermal diffusivity curve is

re-drawn. For the sake of comparison, the temperature
dependencies of thermal diffusivities of pure iron
(Akiyama et al.[2]) and pure magnetite (Szelagowski
[17]) are shown. Difference between the curves can be
attributed to the differences in porosity and composi-
tion. Porosity of the initial pellet in this study was 53.7
pct, while data from Szelagowski [17] correspond to 24
pct porosity and that from Akiyama et al.[2] to 60 pct. In
the present work, a value of 40 pct was calculated for the
porosity of the product. Therefore, it is considered
reasonable that the present values lie between the
reported values. Before t = 140 minutes [~1273 K
(1000 �C)], thermal diffusivity of the composite pellet
is following the temperature dependency of the thermal
diffusivity of pure magnetite. On the other hand, after
t = 430 minutes (cooling start), thermal diffusivity is
following that of pure iron. This is consistent with the
data from TGA and apparent density curves. According
to these two, no remarkable change is observed below
1273 K (1000 �C) and after cooling starts.
In Figure 11, thermal diffusivity and TGA data are

plotted together. From Figures 9 and 10, two important
points regarding the course of physicochemical phe-
nomena during the carbothermic reduction of magnetite
can be derived. First point is the decrease in the thermal
diffusivity which is coincident with sharp decrease in
mass and apparent density (t = ~160 minutes). This is
due to the conversion of wüstite to metallic iron. This
would involve the creation of large amounts of porosity
which, in turn, decreases the ability of the pellet to
conduct heat through the conduction. Subsequent
increase in apparent density and thermal diffusivity
(t = ~170 to 230 minutes) can be attributed to the
sintering of the product as well as higher thermal
diffusivity of iron compared to wüstite and magnetite.
After determination of the thermal diffusivity and

apparent density changes, the only remaining factor of
the thermal conductivity is the heat capacity. In the
present work, to estimate the thermal conductivity, heat
capacity was calculated based on two assumptions. The
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first one was that the reaction is stepwise, in other words
from 1173 K to 1413 K (900 �C to 1140 �C), conversion
of magnetite to wüstite is taking place and then from

1413 K to 1436 K (1140 �C to 1163 �C), wüstite is
reduced to metallic iron. The second assumption was
that during each step, mass fraction of each phase

Fig. 5—Effective Thermal diffusivity of the pellet over the whole thermal cycle.

Fig. 6—Mass change of carbon-magnetite composite as a function of time and temperature.
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Fig. 7—(a) Initial pellet (left) and final product (right), major ticks on the ruler designate centimeters and (b) sample thickness change percentage
as a function of time and temperature.
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changes linearly with temperature. This was inspired by
the work conducted by Liu et al.[14] Subsequently, the
total heat capacity of the pellet was calculated by the law
of mixtures (Eq. [12]).

Cp ¼
Xn

i¼1

fi Cp;i ½12�

in which fi is the mass fraction and Cp,i is the heat
capacity of each phase.

The thermal conductivities estimated as described
above are shown in Figure 12. In addition to the current
experimental data, separate points represent the exper-
imental data of Akiyama et al.[2] Continuous curves
(curves 2 and 5) are the calculated values obtained
through a combination of the geometric mean
model,[6,18] which accounts for chemical composition

dependency of thermal conductivity, and finite heat
transfer model[19] which expresses porosity dependence.
In order to validate and prove the present approach, a

comparison between the calculated (based on the
present experiment, curve 4) curve and that derived (at
corresponding temperatures) from the data reported by
Akiyama et al (curves 3,6 and 7) is presented in
Figure 12. Due to lack of experimental data for an
exactly similar case with regard to composition and
porosity, the above comparison can be only qualitative.
It shows a similar trend during the heating period which
is due to the fact that the initial pellet consists mainly of
magnetite. However, since porosity of magnetite pellets
in the present case is more than 32 pct, the obtained
values lie below those reported by Akiyama et al for
fired magnetite. Further, due to the sintering of formed
wüstite, the calculated curve lies slightly above the
reported values which correspond to 50 pct porosity.[2]

Once the second step of the reduction reaction takes
place, consistent with sudden creation of large amounts
of porosity, thermal conductivity decreases. Thereafter,
as sintering of formed iron is taking place, thermal
conductivity increases and finally saturates as less and
less open pores exist. During cooling, there is significant
discrepancy between the present results and the data
reported by Akiyama et al. While the present calculated
values are higher, this can be justified by the fact that
porosity of the produced metallic iron in the present case
is less than the reported values of Akiyama et al for the
produced metallic iron by CO reduction (40 pct com-
pared to 62 pct). Moreover, the present values are more
consistent with the trend obtained through modeling
calculations for Fe-4 wt pct C alloy, with 40 pct
porosity, as well as experimental values for the temper-
ature dependence of the thermal conductivity of pure
dense iron.[2,13]

Fig. 8—SEM micrograph of the product (acquired in secondary elec-
tron mode) and results of spot analysis performed by EDS. Values
in the table are in weight percent.

Fig. 9—Sample apparent density as a function of time and temperature.
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VI. SUMMARY

Effective thermal diffusivity of the magnetite-graphite
composite pellet was measured in the dynamic mode by

means of laser-flash unit over a pre-defined thermal
cycle and under inert atmosphere. It was shown that, for
a heating rate of 7 K/min or lower, interference of

Fig. 10—Comparison of the measured thermal diffusivity with some literature values.

Fig. 11—Thermal diffusivity values as a function of time and mass loss.
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external heat with the laser energy was negligible and
dynamic measurements were reliable. Sintering during
the course of reaction as well as during the heating of the
sample was found to be an important factor which must
be considered for sake of accurate dynamic
measurements.

Complementary measurements, viz., TGA as well as a
series of quenching tests were conducted, under the same
experimental conditions as in the thermal diffusivity
measurements, to monitor the chemical reaction and
volume changes due to sintering. Heat capacity of the
pellet was calculated based on some simplifying assump-
tions. Thus, it became possible to calculate the effective
thermal conductivity.

Sintering of oxide, chemical reaction and sinter-
ing/carburization of the product are the physicochem-
ical phenomena involved in the reduction of magnetite
by graphite. As the chemical reaction led to formation
of pores, it decreased the thermal conductivity. In fact,
the system showed the lowest thermal diffusivity/con-
ductivity just after the reduction of wüstite to iron.
Thereafter, the metallic iron produced started to sinter.
Further, as it came into more and more contact with the
residual graphite, carburization took place concurrently
with the sintering. Just after the reduction of wüstite to
iron, rate of increase in the thermal conductivity was
found to be high. It then was gradually found to
decrease until it finally approached stabilization at a
certain value. The stabilization in thermal conductivity
value is believed to be due to a drastic decrease in

sintering rate. Upon cooling, the reduced samples
showed the same temperature dependency of thermal
conductivity as in the case of pure iron.
The present investigation indicates the possibility of

the in situ measurements of thermal diffusivity and
corresponding estimation of the heat capacity, which
makes it possible to calculate the continuous change of
the thermal conductivity. These values can be further
analyzed and modeled to explain the physicochemical
changes occurring with the progress of the chemical
reaction.
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Fig. 12—Estimated changes in thermal conductivity of the reactive magnetite-graphite composite pellet over the whole thermal cycle.
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