
Open Ceramics 16 (2023) 100448

Available online 1 September 2023
2666-5395/© 2023 Published by Elsevier Ltd on behalf of European Ceramic Society. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Impact of the reduction of graphite content in critical properties of MgO–C 
bricks for steelmaking industry 
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A B S T R A C T   

Nowadays, the use of lower amounts of graphite in MgO–C bricks for the steelmaking industry is motivated by 
several reasons, including the reduction of CO2 emissions. In this work, a MgO–C brick with 12 wt% graphite, 
was evaluated in comparison with a similar material containing just 8 wt% of this component. The changes 
induced in the brick by thermal treatments (graphite bed) between 500 and 1400 ◦C were analyzed compara-
tively. Moreover, the effect of reducing the graphite content in the mechanical properties at RT, 1000 and 
1400 ◦C (compressive tests, in argon) and the oxidation resistance in air at 1000 and 1400 ◦C was determined. At 
1000 ◦C, the refractory with 8 wt% graphite exhibited the highest mechanical strength and stiffness. Further-
more, although the decarburized area was larger after treatment at 1000 ◦C in air in this brick, the mass and 
carbon losses showed the opposite trend.   

1. Introduction 

Most industrial processes generate harmful effects such as CO2 
emissions, whose control needs to be improved to reduce environmental 
pollution. Primary economic sectors, like steelmaking, are responsible 
for contributing with huge amounts of CO2 from high-temperature 
processes. In this regard, intelligent refractory solutions in steel pro-
duction will reduce specific energy and CO2 emissions [1,2]. MgO–C 
refractory bricks are used on a large scale in this industry, being at the 
top of the ranking of materials for steelmaking, and they contribute to 
the overall CO2 emissions of steel manufacture, mainly due to the carbon 
content (as both graphite and pyrolytic carbon are used) [3,4]. Since the 
1980′s MgO–C composites have been developed and, nowadays, the 
steel industry employs refractory linings built up with products having 
typically 10–20 wt% of graphite flakes [5,6], depending on the specific 
conditions of the operation, in order to guarantee a good performance of 
the vessel (ladle, BOF, EAF, etc.) and high efficiency of the process. 
However, to meet the requirements of clean steel production and low 
energy loss, the amount of graphite in the refractories’ composition are 
tending to be reduced toward the use of ‘low carbon MgO–C bricks’ 
[6–8]. When carbon content is reduced in MgO–C materials, thermal and 

thermochemical properties are affected such as thermal spalling and 
corrosion resistance at high temperatures. On the other hand, a greater 
carbon percentage leads to increased carbon pick-up by steel, higher 
heat losses, and more CO and CO2 gas by-products are generated. Thus, 
low-carbon MgO–C bricks with desired properties are currently widely 
studied in order to keep maximum productivity in steelmaking and to 
reduce the carbon footprint, which should motivate any actions in this 
direction. 

Since it is not an easy task to counterbalance the impact of reducing 
the carbon content in the MgO–C bricks with the requirements in service 
of refractory linings during clean steelmaking, there are still a great 
number of studies devoted to deep knowledge about the diminishing of 
graphite content in MgO–C bricks and its effects on the final properties 
of the refractory materials. Thus, over the last decade, several works 
have evaluated the effects of lowering the graphite amount in the brick’s 
composition on its main properties [5,6,9–13] and others have proposed 
different routes to reduce the negative impacts by using alternative raw 
materials [14–25]. Even though some studies were successfully explored 
at a laboratory scale and promising results were obtained [13,17,26], 
these new developments have not yet been transferred to industrial 
practice, in most cases. 

* Corresponding author. 
E-mail address: segass@fi.mdp.edu.ar (S.E. Gass).  

Contents lists available at ScienceDirect 

Open Ceramics 

journal homepage: www.sciencedirect.com/journal/open-ceramics 

https://doi.org/10.1016/j.oceram.2023.100448 
Received 14 July 2023; Received in revised form 28 August 2023; Accepted 29 August 2023   

mailto:segass@fi.mdp.edu.ar
www.sciencedirect.com/science/journal/26665395
https://www.sciencedirect.com/journal/open-ceramics
https://doi.org/10.1016/j.oceram.2023.100448
https://doi.org/10.1016/j.oceram.2023.100448
https://doi.org/10.1016/j.oceram.2023.100448
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2023.100448&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Open Ceramics 16 (2023) 100448

2

Another important issue related to MgO–C materials is the organic 
binders used to manufacture refractory products without ceramic bonds; 
these binders have evolved from a traditional pitch to different phenolic 
resins. In the last decades, a new generation of binder systems have been 
incorporated, which have even better carbon yield and oxidation resis-
tance, together with lower or even zero BaP emissions [13,26–31]. 
These eco-friendly binders have mitigated environmental and health 
complex problems when compared to other carbonaceous binders. 
Furthermore, the residual carbon from the binder pyrolysis has an in-
fluence on several of the physicochemical properties of MgO–C bricks; 
the oxidation resistance, for instance, is rather affected by the quality of 
the carbonaceous structure formed at the end of the pyrolysis. Compared 
to the sole phenolic resin, it has been reported that its mixing with an 
eco-friendly binder, based on a chemically modified pitch, increased the 
oxidation resistance by a significant degree, especially at temperatures 
higher than 1000 ◦C [32]. 

The present work, being part of the research project of our lab group, 
focuses the analysis on the effect of reducing the graphite content on the 
mechanical and chemical properties at high temperatures (1000 and 
1400 ◦C) of MgO–C refractories. A brick with 12 wt% of graphite, a 
typical content for the steelmaking industry, is used as a reference, and 
the results are compared with a similar refractory composition having 
just 8 wt% of graphite. Moreover, aligned with the aim of reducing the 
environmental impact, a combination of a phenolic resin with an eco- 
friendly binder was employed in the bricks’ formulation. In order to 
obtain a profound understanding of the behavior between the two 
studied refractories (8 and 12 wt% of graphite), the thermal evolution of 
the materials was also analyzed between 500 and 1400 ◦C. 

2. Materials and methods 

Two MgO–C refractory bricks, based on fused and sintered magnesia 
particles (70/30 mass ratio), and 3 wt% of a binder system, were 
specially manufactured in-plant using the current industrial processes 
for commercial products. The binder (soft-bonding system, SB) is a 
combination of a resol resin (thermal curing) and a chemically modified 
pitch powder (CarboRes® [32]). Two contents of graphite flakes were 
evaluated: 12 wt% (SB12-0 brick) and 8 wt% (SB8-0 brick). After 
pressing, the bricks were tempered/cured at ~300 ◦C (the complete 
thermal treatment lasted ~8 h) to cure and stabilize the binder system. 
Characterization of the as-received MgO–C bricks was conducted using a 
vast group of analytical techniques that were described and referenced 
elsewhere [33] as part of our research line; the main data are summa-
rized in Table 1. Also, from the porosimetry data, just the distribution of 
pores smaller than 13 μm was also obtained (in order to be compared 
with the pore-size distribution of the thermal-treated samples) and this 
pore-sizes profile is shown in Fig. 1 for SB12-0 and SB8-0. 

Granulometric differences observed between SB12-0 and SB8-0 (see 

Table 1) indicate that a granulometric profile was introduced to achieve 
similar global densities for both bricks and suggest that the addition of a 
higher percentage of graphite was done at the expense of the finer 
magnesia particles [33]. A lower proportion of graphite in the bricks’ 
composition reduced the porosity, the mean size of pores, and the 
permeability of the structure. When the graphite content change from 12 
to 8 wt%, the distribution of pore sizes showed a significant increase of 
smaller fractions, i.e., pore sizes below 15 μm. It can be seen in Table 1 
that 83.4 vol% of pores in SB12-0 are larger than 15 μm while only 21.4 
vol% of pores in SB8-0 are in this range (>15 μm). Moreover, from the 
same porosimetry evaluation of the as-received MgO–C bricks [33], it 
was determined that the volume of pores <1 μm increased from ~10 vol 
% for SB12-0 to ~30 vol% for SB8-0; these considerations about 
pore-size profile are meaningful since it has been reported the impor-
tance of small voids for resisting fluids penetration [34]. 

In order to appraise the impact of the reduction of graphite content in 
critical properties of MgO–C materials, three sets of cylindrical speci-
mens (25–30 mm in diameter and 25–40 mm in height) of both re-
fractory compositions (SB12-0 and SB8-0) were thermally treated in a 
graphite bed at different conditions: (1) 5 h at 500 ◦C, (2) 1 h at 1000 ◦C 
and (3) 1 h at 1400 ◦C. An electric furnace (house-constructed) was 
employed for each treatment, with a heating and cooling rate of 5 ◦C/ 
min. Thermally treated samples were characterized by bulk density and 
apparent porosity measurements according to DIN EN 993-1 [35]. In all 
cases, kerosene at 37 ◦C was the reference liquid and a Sartorius BP 221 
S balance was used. In addition, the carbon content was determined by 
the C LECO technique (CR12 LECO equipment) on powder samples (<1 
mm) or estimated from TGA curves (in air) of the thermally treated 
materials. The pore size distribution was determined in the range of 
0.0734–13 μm (mesopores) by mercury intrusion porosimetry using a 
Pascal 440 Thermo Scientific instrument on ~0.6 cm3 samples. 

The mechanical behavior of the as-received MgO–C refractories was 
evaluated at room temperature (RT), 1000 and 1400 ◦C by applying a 
compressive load to obtain stress-strain (s-s) curves, using an internal 
protocol [36]. A testing machine Instron model 8501 was used setting a 
displacement rate of 0.1 mm/min up to the specimen’s failure. An Ins-
tron capacitive extensometer (±0.6 μm) suitable for room and high 
temperatures was employed to measure the axial displacement of the 
cylindrical specimens (30 mm in diameter and 45 mm in height). Tests 
were carried out, at least, in duplicate. An electric furnace (Termolab, 
Fornos Eléctricos Lda) was coupled to the framework for 
high-temperature testing. An argon flow (purity: 99.995%) at 5 L/min 
was introduced into a ceramic chamber to keep an inert atmosphere 
surrounding the specimen. During heating, a slight pre-load was applied 

Table 1 
Characteristics of the as-received MgO–C bricks.   

SB12-0 SB8-0 

Pycnometric density (g/cm3) 3.16 ± 0.06 3.24 ± 0.04 
Bulk density (g/cm3) 2.94 ± 0.05 3.05 ± 0.05 
Apparent porosity (%) 4.1 ± 0.6 3.4 ± 0.6 
Closed porosity (%) ~2.2 ~2.4 
Permeability (cm3/dyn/s) ~1.4 ~1.0 
Pore sizes (vol%) <0.02 μm 1.7 6.3 

0.02–3 μm 11.4 50.3 
3–15 μm 3.5 22.1 
>15 μm 83.4 21.3 

Particle sizes (wt.%) ≥7200 μm 1.0 0.0 
<1190 μm 65.2 64.3 

Carbon content (wt.%)(1) 13.0 ± 0.1 10.2 ± 0.1 
Maximum mass loss (wt.%)(2) 14.7 11.6  

1 Determined by C LECO technique. 
2 Estimated by TGA in air. 

Fig. 1. Pore-sizes distribution for pores <13 μm of the as-received MgO bricks.  
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to maintain the contact between the specimen and the load-bearing 
system. Before the application of the increasingly compressive load, 
the specimen was maintained at the testing temperature for 30 min. 
Mechanical parameters were determined from the s-s curves: (1) frac-
ture strength (σF), corresponding to the stress value for the maximum 
load, (2) fracture strain (εF), which is the strain corresponding to the 
maximum load and (3) secant modulus (E0.001), calculated as the slope 
of a secant line to the s-s curve from the origin to 0.001 of deformation. 

An estimation of the mass lost by the samples during the compressive 
mechanical testing at high temperatures was conducted using the TGA 
thermograms (in air) of the as-received bricks and the mechanically 
tested specimens, both as powdered samples. The delta between the 
maximum mass losses (which take place at ~1000 ◦C) in the thermo-
grams of the as-received brick and the mechanically-tested specimen 
was considered as the mass lost during the mechanical test, and desig-
nated as Δmm (%). 

The refractory’s sensitivity to an oxidant atmosphere (air) was 
analyzed in duplicate, via the isothermal treatment of cylindrical spec-
imens (25 mm in diameter and 25 mm in length) in an air environment 
(0.21 atm of O2) at 1000 and 1400 ◦C. An electric chamber furnace 
(house-constructed) was used with the following heating schedule: 
heating at 5 ◦C/min until the testing temperature, holding the testing 
temperature for 1 h, and then, cooling the samples at 5 ◦C/min till room 
temperature. The specimens tested at 1000 ◦C were previously treated at 
500 ◦C for 5 h in a graphite bed and just the lateral area of the cylinders 
were in contact with the surrounding air. In the case of samples tested at 
1400 ◦C, the flat top surface of the cylinders was also exposed to the 
furnace atmosphere. Then, the tested cylinders were vacuum-packed in 
polyester resin and cut crosswise. The mass loss, named as ΔmO, and the 
decarburized superficial area, both in percentages, were estimated as 
oxidation degree indicators. Images of both cross surfaces of each 
sample were analyzed using Image-Pro Plus v.6 software to appraise the 
decarburized area, which was considered as the peripheral region in 
which a reduction of the black or dark color was visually detected. A 
radius delimiting the decarburized region from the central darker zone 
was defined, from which the decarburized area was calculated. The 
percentage of the total cross-section corresponding to the decarburized 
area of the specimen was considered as the oxidation indicator. 

3. Results and discussion 

3.1. Material evolution during thermal treatments (graphite bed) 

During a thermal treatment at 500 ◦C, the main process taking place 
is the organic binder pyrolysis; it is accompanied by volatile compounds 
elimination that produces mass loss and the formation of channels for 
gases escape. When the temperature of the treatment increases to 
1000 ◦C, some processes, that could begin at a lower temperature, 
advance: the volatile elimination and the formation of a condensed C–C 
structure, the ‘residual carbon’, due to the binder pyrolysis -this last 
process accompanied by volume contraction- and the oxidation of the 
different sources of carbon (the residual carbon first, and then, the 
graphite). Even the thermal treatments have been performed in graphite 
bed to minimize the occurrence of this last process it cannot be complete 
discarded [26,32,37]. At 1400 ◦C, the carbothermal reduction of MgO 
could also take place in the MgO–C bricks, which involves the genera-
tion of gases such as CO and Mg; however, the oxidation of Mg(g) when it 
comes in contact with O2(g) at the specimen external surface may pro-
duce the crystallization of MgO in the structure voids. Such processes are 
responsible for the changes in the textural characteristics and the 
composition of SB12-0 and SB8-0, reported in Table 2 (T represent the 
treatment temperature), after thermal treatments in this thermal range 
(500–1400 ◦C). 

As the temperature of the treatment increased, more amounts of 
open pores were formed, which was associated to the formation of 
channels for volatiles escape and the mass loss, being the change more 

notable between 500 and 1000 ◦C. In tune, the specimens treated at 
500 ◦C (see Table 2) exhibited higher contribution of small pores (<3 
μm) with respect to the original materials (as-received SB12-0 and SB8- 
0 have ~83 and ~73 vol% of pores <3 μm, respectively, as shown in 
Fig. 1), but the opposite trend was observed for the treatment at 1400 ◦C, 
which was attributed to the coalescence of small voids to form larger 
pores (due to the volatiles escape and the oxidation of carbon). Mean-
while, the mass loss increased just after the treatment at 1400 ◦C, as 
expected. 

Regarding the effect of the reduction in graphite content from 12 to 
8 wt% in the open porosity of the materials, it should be noticed that at 
500 ◦C the sample with higher graphite content (SB-12-0) presented a 
lower percentage of apparent porosity (5.5%) than the material with 
reduced graphite content (SB-8-0), which showed 6.7% of apparent 
porosity. Moreover, the contribution of pores <1 μm, which are 
considered those which resist the fluids penetration, was higher for 
SB12-0 after the treatment at 500 ◦C (54 vol%) with respect to 28 vol% 
of SB8-0, but near to the original brick (60 vol% from Fig. 1). However, 
when lower amount of graphite was present (SB8-0), the volume per-
centage of pores smaller than 1 μm showed a significant drop (from the 
as-received with ~42 to 28 vol% of SB8-0 treated at 500 ◦C). These 
changes suggest that the permeability of materials after this thermal 
treatment increased more when lower amount of graphite was used. 

As is shown in Table 2, the content of carbon for SB8-0 after treat-
ment at 500 ◦C was slightly lower than the original bricks (Table 1), 
conversely to that observed for SB12-0. Meanwhile, the former exhibited 
a slightly larger mass loss (1.5 vs 1.4 wt%) during the treatment at 
500 ◦C. This fact, together with the textural changes discussed above 
was attributed to soot formation (2 CO(g) → CO2(g) + C(s)) [37,38]; taken 
into account the differences in the characteristics of SB12-0 and SB8-0 
after the treatment, this type of carbon was produced in a higher de-
gree in SB12-0 than SB8-0. 

Conversely to that observed after the thermal treatment at 500 ◦C, 
the volume of open pores, when the temperature reached 1000 ◦C, 
increased to a lower degree for SB8-0 compared with SB12-0, which 
exhibited a higher value of apparent porosity, like in the as-received 
materials (with no thermal treatment). In tune, the proportion of 
small pores (<3 μm) resulted similar for both materials. In this case, it 
should be considered that as the pyrolysis of the organic binder 
advanced to a larger degree under this thermal condition, the charac-
teristics of the graphite flakes and how are they distributed in the re-
fractory structure, will be more determining for the material’s texture. 
According to previous reports, the presence of Mrozowski cracks in 
graphite particles favors the separation of sheets in the flake at tem-
peratures around 1000 ◦C [39,40], contributing to the porosity increase; 
a greater effect is expected for a higher amount of graphite, and these 
facts could explain the differences in the porosity changes when the 
graphite content change from 8 to 12 wt% at that temperature. 
Considering the variation observed in the mass loss and the carbon 
content in the samples after the heat treatments, the hypothesis of soot 
deposition is reinforced, as well as the fact that more amount of such 

Table 2 
Characteristics of materials after thermal treatments in graphite bed.   

T 
(◦C) 

Apparent 
porosity (%) 

Pores volume 
(vol%) 

Carbon 
content (wt. 
%) 

Mass loss 
(wt.%) 

<1 
μm 

<3 
μm 

SB12–0 500 5.5 54 88 13.4(1) 1.4 
1000 11.0 59 82 ~13.3(2) 1.4 
1400 11.2 54 79 12.8(1) 2.7 

SB8-0 500 6.7 28 78 9.9(1) 1.5 
1000 9.3 57 80 ~9.4(2) 1.5 
1400 9.6 41 70 9.6(1) 3.0  

1 Determined by C LECO technique. 
2 Estimated from TGA curves of the thermally-treated materials. 
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kind of carbon was formed in the refractory with higher content of 
graphite. Taking into account the particular shape of graphite particles 
and their ability to accommodate in the structure, graphite flakes can be 
considered as obstacles to pore interconnection, which would contribute 
reducing the permeability of SB12-0 in respect to SB8-0 after the 
treatment at 1000 ◦C, in spite of the higher increase in the apparent 
porosity, together with the effect of pores blockage by soot deposition. In 
fact, for the specimens treated at 1000 ◦C, the permeability was quite 
similar for SB12-0 (6.1 cm3/dyn/s) and SB8-0 (6.2 cm3/dyn/s) [37], as 
was the proportion of pores <1 μm for both materials (Table 2). 

When the refractories were thermally treated at 1400 ◦C, the same 
trends discussed for the treatment at 1000 ◦C were observed. Even when 
there were higher mass losses at this temperature, especially for SB8-0, 
the volume of open pores did not show the same degree of increment and 
SB12-0 exhibited the higher open porosity. In fact, there was a little 
reduction in the C content in respect to the original amount in the as- 
received materials, being more pronounced for SB8-0 (~6% compared 
with a reduction ~1.5% for SB12-0), which manifests the oxidation of 
this component; due to their characteristics, the soot and the residual 
carbon were the carbon sources more sensitive to be oxidized. This may 
be another reason why at this temperature (1400 ◦C) the proportion of 
smaller pores (<3 μm) was similar to that of the as-received materials (as 
the voids occupied by soot were emptied). 

It is worth noting that the use of a graphite bed as a way to generate a 
non-oxidant atmosphere has the advantage of simulating the conditions 
of the inner part of a MgO–C brick in a vessel lining. When the carbon of 
the brick’s hot face oxidizes, the formed CO may diffuse inside the brick 
(depending on the chemical potential and thermal gradients). The ob-
tained results suggest that the available CO contributes to the in situ 
formation of additional sources of C as soot, which reduce, block, or 
close voids in the structure. 

3.2. Mechanical properties 

The mechanical parameters E0.001 (secant elastic modulus), σF 
(fracture strength) and εF (fracture strain), together with the value of 
ΔmM during the thermal exposition in the test, are displayed in Fig. 2. 

Regarding the mechanical properties at RT, a tendency of E0.001 to 
decrease with the reduction in the amount of graphite from 12 to 8 wt% 
is observed (see Fig. 2a), conversely to what was expected considering 
that graphite is a flexible component (and taking into account that the 
value of the secant modulus includes elastic as well as non-elastic 
deformation [41]). This behavior seems to imply that neither Mro-
zowski cracks [40] nor the flexibility of graphite flakes were deter-
mining factors in the deformation during the mechanical loading. In the 
same direction, the porosity detected in the materials (lower and smaller 
in SB8-0 than in SB12-0) could not account for the observed differences 
in the secant-Young modulus values. Thus, the low affinity and inter-
action between MgO particles and the bonding system could be the 
reason for the lower rigidity of the SB bricks with 8 wt% graphite [33]. 
On the other hand, reducing the percentage of graphite increased the 
mechanical strength of the bricks, as a higher amount of more resistant 
MgO particles are present, together with a smaller volume of pores (see 
Fig. 2b). The fracture deformation was also increased when the graphite 
content varied from 12 to 8 wt%, in spite of the loss of the component 
with the great ability to deform; this is probably the result of the higher 
mechanical resistance combined with a lower stiffness exhibited by 
SB8-0 (see Fig. 2c). 

When the evaluation was conducted at high temperatures, the mass 
losses (ΔmM) showed a similar trend observed with the thermal treat-
ments in graphite bed as a function of graphite content, i.e., higher 
values for SB8-0 at both temperature levels and the results obtained at 
1400 ◦C duplicate the values at 1000 ◦C for both compositions (SB12- 
0 and SB8-0). As the testing temperature was increased, the mechanical 

Fig. 2. Mechanical properties at RT, 1000 ◦C and 1400 ◦C and values of ΔmM for the mechanical tests at high temperature.  
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properties varied according to the changes that took place in the re-
fractories and were analyzed in the previous section. The tendency for 
both materials was the following: when the testing temperature rose up 
to 1000 ◦C, the secant modulus and the mechanical strength increased, 
and the fracture deformation decreased in agreement with these 
changes, but the opposite was observed when the temperature was 
further increased up to 1400 ◦C. The degree of consolidation achieved by 
the carbonaceous network product of the binder pyrolysis at 1000 ◦C, 
was a determining factor working in opposition to other processes which 
degrade the solid structure, such as increased porosity due to mass loss, 
opening of channels for gases escape and microcracking. Conversely, 
these degradation processes, together with the contribution of visco-
plasticity, were the dominant factors of the mechanical behavior when 
the testing temperature was 1400 ◦C. 

However, the changes in the mechanical properties for higher tem-
peratures, although showing a similar tendency for SB12-0 and SB8-0, 
were more marked for the last material, i.e., the one with lower 
graphite content. This difference in behavior, between both refractories, 
for the mechanical properties at high temperatures, would imply that 
the C–C network development could have a stronger effect than just the 
porosity changes. For instance, when the specimens were treated at 
1000 ◦C, SB12-0 exhibited a larger change in apparent porosity (more 
than double between the as-received condition and after 1000 ◦C 
treatment, see Tables 1 and 2), although the value of σF, for this spec-
imen, was almost unchanged between RT and 1000 ◦C. It is worth noting 
that SB8-0 exhibited the highest values of fracture strength and secant 
modulus, together with the lowest εF at 1000 ◦C. This behavior was also 
observed by increasing the soaking time at 1000 ◦C previous to the 
mechanical loading (from 30 to 60 min) [37]. Considering the evolution 
of the materials, as it was discussed in the previous section, the 
distinctive mechanical response of SB8-0 was mainly attributed to: (a) 

the loss of graphite, which would have more chances to be oxidized as 
lower amount of the more sensible soot would formed (when compared 
with SB12-0) and (b) incipient sintering of fine MgO particles, which 
seem to replace graphite flakes [37], favored by the little pre-load 
during heating and permanence at high temperature. Unfortunately, 
from a thermo-mechanical point of view, high mechanical strength and 
elastic modulus have a negative impact on the thermal shock behavior. 
Furthermore, less graphite content in MgO–C refractories will affect 
thermal shock behavior since the flake graphite conductive interface 
minimizes the thermal stresses; but from another point of view, and 
seeking alternatives to mitigate this drawback, further research is 
necessary to evaluate how the deposition of soot impacts this key 
property. 

3.3. Oxidation resistance 

The oxidation indicators (decarburized area and ΔmO) of specimens 
treated in air at 1000 ◦C and 1400 ◦C are reported in Fig. 3. The mass loss 
was divided by the exposed area to obtain comparative values. More-
over, the relative carbon loss was estimated considering that mass 
reduction was exclusively due to the carbon oxidation (i.e. ΔmO/original 
carbon content, per area; the original carbon content was determined by 
the C LECO technique). 

From the thermodynamic point of view, the reduction in the amount 
of graphite leads to a lower oxidation resistance, manifested by a higher 
carbon loss at temperatures between 1000 ◦C and 1400 ◦C, as was re-
ported in a previous work of the authors [42]; moreover, the amount of 
residual graphite does not change between these temperatures accord-
ing to the equilibrium calculations [42]. Under the oxidant atmosphere, 
used for the oxidation test, the pyrolysis of the binder system, as well as 
the oxidation of the different sources of carbon (residual, soot and 

Fig. 3. Oxidation indicators. a) ΔmO per exposed area; b) relative carbon loss per exposed area and c) decarburized area.  
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graphite), is expected to occur at both testing temperatures. During the 
previous stages, the specimens were exposed to different thermal 
treatments (heating and isothermal soaking at 500 ◦C) which produced 
several changes in the refractories structures (in the texture and 
composition), as those previously discussed. These changes, which are 
dismissed in the equilibrium calculations, as well as other aspects of the 
systems such as the granulometric ones, partially explain the differences 
between the thermodynamic predictions and the experimental results, 
as was already discussed [33,42]. As a consequence of the evolution of 
such changes, all of the parameters in Fig. 3 indicate that the oxidation 
resistance of SB12-0 and SB8-0 decrease when the testing temperature 
rose from 1000 to 1400 ◦C, as expected. 

By considering the decarburized area as an indicator of the oxidation 
degree, the bricks’ resistance at both temperatures (1000 and 1400 ◦C) 
lowered as the graphite content was reduced (SB12-0 exhibited smaller 
decarburized areas, see Fig. 3c). However, if ΔmO and the relative carbon 
(per unit area) are compared (Fig. 3a and b), the oxidation resistance 
does not seem to follow the same trend. Conversely, less amount of mass 
and carbon were lost when the graphite content in the brick’s compo-
sition decreased, which implies that the oxidation resistance was 
increased, i.e., SB8-0 > SB12-0. 

In other words, higher graphite content in the original composition 
(SB12-0) involved higher carbon losses with respect to SB8-0. However, 
this was not translated into an increase in the decarburized area. This 
particular behavior could be related, on the one hand, to the higher 
restriction that the reactive gas (O2) has to enter the interior of SB12- 
0 (due to the characteristic of its texture, which involved a higher de-
gree of pores blockage, for instance, and probably, its lower perme-
ability after heat-treatment when is compared with SB8-0). On the other 
hand, it was inferred the presence of a higher amount of soot deposited 
during the previous thermal treatments in SB12-0, which is a carbona-
ceous component more susceptible to oxygen attack than graphite. The 
faster soot oxidation generated a high concentration of gaseous prod-
ucts, whose diffusion toward the outside hindered more effectively the 
entry of reactive gases into the refractory sample, further reducing the 
decarburized area. Since the formation of soot can involve the CO 
coming from the oxidation of the graphite flakes of the bricks, it cannot 
be discarded that the deposition of soot incorporated additional mass of 
the sample, increasing the mass loss relative to the initial sample’s mass. 

An interesting result is obtained when both materials were thermally 
treated at 1400 ◦C in graphite bed (1 h), and then, tested at 1000 ◦C in 
air (1000-PT1400 in Fig. 3). Under this condition, the three indicators 
manifest that lower graphite amount in the refractory formulation 
reduced the oxidation resistance, as shown in Fig. 3 (textured bars). At 
this point, it is important to consider that the previous thermal history 
plays an important role to interpret these oxidation results. During the 
pretreatment at 1400 ◦C, greater changes in the textural and composi-
tional characteristics of the bricks took place in comparison with those 
produced during the permanence at 500 ◦C; at the end of the treatment 
at 1400 ◦C, the textures between both bricks were more similar (at least 
under non-oxidant atmosphere). As was previously mentioned, the 
experimental data showed that there was a slight oxidation of C even 
during the treatment at 1400 ◦C (in graphite bed) in SB8-0, together 
with the signs of a formation of a lower amount of soot. Considering the 
complete scenario, it seems that the particular changes, which occurred 
during the treatment at 500 ◦C, contribute to mask the lower oxidation 
resistance in terms of mass/carbon loss when the refractory has lower 
graphite content in the tested conditions. In other words, the larger 
mass/carbon loss determined for SB12-0 would let to infer that the 
material has a lower oxidation resistance; however, probably the more 
significant amount of mass loss could be attributed to the oxidation of 
soot (formed during the 500 ◦C treatment) than the loss of original 
graphite contained into the as-received product. This could be consid-
ered as a strategy to mitigate the effect of the lowering the amount of 
graphite in the brick’s composition on the oxidation resistance. Another 
important variable to consider is the different carbon-precursors 

involved in the composition of the MgO–C samples that will lead to 
different thermal behaviors and produce variations in the type of car-
bons obtained; thus, this particular outcome will require further studies. 

4. Conclusions 

In this work, a MgO–C brick with a typical composition for use in the 
steelmaking industry, with 12 wt% graphite, was evaluated in com-
parison with a similar material containing just 8 wt% of this component. 
Aligned with the purpose of reducing the environmental impact, an eco- 
friendly binder was used in combination with a phenolic resin. The main 
findings regarding the effect of lowering the graphite content in the 
brick’s composition on the thermal evolution, the mechanical proper-
ties, and the oxidation resistance are the following:  

- Signs of the formation of soot during thermal treatment at 500 ◦C and 
1000 ◦C under a non-oxidant atmosphere were found; the amount of 
such type of carbon seems to be lower for 8 wt% of graphite than for 
12 wt% of graphite.  

- The mechanical strength was almost constant for the brick with 12 
wt% of graphite, whereas the refractory with 8 wt% of graphite 
exhibited the highest value of this parameter at 1000 ◦C; the 
behavior of the latter was explained by the consolidation of the C–C 
structure produced by the binder pyrolysis, together with an incip-
ient sintering of the finest magnesia particles.  

- The decarburized area after treatment at 1000 ◦C in air was larger for 
the brick with 8 wt% of graphite, although the mass and carbon 
losses showed the opposite trend; this particular behavior seems to 
be a consequence of distinctive changes in the texture and formation 
of soot during the pre-treatment at 500 ◦C. 

The most interesting results about how the brick performance was 
affected by the graphite content were those obtained at 1000 ◦C. This 
temperature, lower than the maximum operation temperatures, is rele-
vant in any case because some operations are carried out at the inter-
mediate thermal range, as the preheating of ladles, for instance, besides 
the thermal gradient inside the ladle lining during the campaign implies 
that the inner part of the brick is around this temperature during long 
periods of times. The formation of carbon in the bricks during the 
permanence in the low-middle range of temperatures in the CO atmo-
sphere should be explored as a strategy to mitigate the negative effects of 
reducing the graphite content. 
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