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Abstract

MgO–C refractories containing expanded graphite particles (EGs) and Al, Si additives were prepared. The EGs were prepared firstly

by exfoliating commercial expandable graphite. Then, the composite powder containing EGs was obtained by mixing EGs and magnesia

powder and incorporated into MgO–C refractories. The microstructure and mechanical properties of all the MgO–C refractories

obtained were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM) coupled with energy dispersive X-ray

spectroscopy (EDS), three-point bending and thermal shock tests. The results showed that EGs affected the microstructural evolution of

MgO–C refractories. Much more interlocking aluminum carbides and nitride phases formed in the matrix of the specimen containing

EGs because of their higher activity compared to flaky graphite. Also, EGs had a positive influence on the mechanical properties of

MgO–C refractories. MgO–C specimens containing EGs had much higher cold modulus of rupture and better toughness compared to

the specimens containing only flaky graphite; furthermore, the thermal shock resistance of MgO–C refractories was improved with the

addition of EGs. It was suggested that EGs and in-situ formed ceramic phases in the matrix had a strengthening and toughening effect

on MgO–C refractories.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Many efforts have been made to develop low carbon
refractories for the production of low carbon and ultra-low
carbon steels. Approaches used to prepare low carbon
refractories with outstanding mechanical and thermal prop-
erties included the addition of micro-/nano-powders and the
incorporation of one dimensional nanosized carbon. For
instance, carbon black has been used widely in recent years
to make low carbon containing refractories [1–11]. Bag et al.
[12] reported that the addition of 0.9 wt% nanosized carbon
in combination with 3 wt% flaky graphite gave the best
properties in their low carbon refractories. Carbon nanofi-
bers (CNFs) or carbon nanotubes (CNTs) have also been
investigated for their use as carbon sources for low carbon
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refractories due to their unique thermal, mechanical and
chemical properties [13,14]. Matsuo et al. [15] reported an
enhancement of 2.2 times in strength for the MgO–C
specimen containing 0.4 wt% CNFs compared to that
containing no CNFs, owing to the crack arresting effect
of CNFs. Also, Luo et al. [16] found that better mechanical
properties can be obtained in Al2O3–C refractories when
0.05 wt% CNTs was added. Roungos and Aneziris [17] also
reported that adding of CNTs in combination with alumi-
num nanosheets in Al2O3–C refractories led to superior
thermal shock resistance.
Recently, another new type of nanosized carbon, graphene

or graphite oxide nanosheets (GONs), was investigated for
use as a reinforced phase for the polymer matrix and ceramic
matrix composites owing to its excellent mechanical, thermal
and electrochemical properties [18–22]. For example, Wang
et al. [23] obtained a fracture toughness value of 5.21
MPa m1/2 for the graphene nanosheets/alumina composites,
ll rights reserved.
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Table 1

Batches composition of MgO–C refractory specimens.

Ingredient (wt%) S-FG S-GONs S-EG

Fused magnesia aggregate 70 70 70

Magnesia powder 22 12 12

Flaky graphite (FG) 5 4.8 4.8

MgO–GONs 10.2

MgO–EGs 10.2

Silicon powder 1 1 1

Metallic aluminum 2 2 2

Phenolic resin powder þ0.4 þ0.4 þ0.4

Liquid phenolic resin þ4 þ4 þ4
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which was 53% higher than that for pure alumina
(3.40 MPa m1/2). In previous work, GONs were incorpo-
rated into MgO–C refractories as new carbon source to
improve the mechanical and thermo-mechanical properties
owing to their morphology and high activity [24]. In fact,
the mechanical and thermo-mechanical properties of carbon
containing refractories can be influenced by the amount
and morphology of in situ formed ceramics in the matrix
[25–30]. Hayashi et al. [31] also found that superior toughen-
ing behavior was obtained in MgO–C refractories containing
expanded graphite compared to the specimens containing
flaky graphite. In the present work, expanded graphite (EG)
was used as carbon source to partially replace flaky graphite
in MgO–C refractories in order to study the effect of its
addition on the microstructure and mechanical and thermo-
mechanical properties, and further elucidate the strengthening
and toughening mechanisms of this kind of material.

2. Experimental

2.1. Preparation of MgO–EGs and MgO–GONs composite

powder

The expanded graphite (EG) was prepared by exfoliat-
ing commercial expandable graphite (50 mesh, 96 wt%
fixed carbon, Qingdao, China) in a microwave oven
(MM721AAU-PW, Midea, 700 w) for 20 s. In order to
distribute the EGs homogeneously in magnesia powders,
the as-prepared EGs and MgO powders (�45 mm,
98 wt%, Dashiqiao, China) were mixed for 3 h in a
polyurethane bottle rotating at a speed of 400 rev/min
with corundum balls as the abrasive media; the mixing
ratio of magnesia powder to EG was 100:2, and the mass
ratio of corundum balls to the powder mixtures was 1:1.
The composite powder obtained was designated as MgO–
EGs. It was further ball-milled at a rotating speed of
400 rev/min for 7 h in a planetary ball mill using N-methyl
pyrrole (NMP) as the disperse media, which was followed
by drying at 60 1C for 120 h and then dry-grinding into
fine powders; the powder obtained at this stage was
designated as MgO–GONs.

2.2. Preparation of MgO–C refractory specimens

The raw materials used for preparing the batch compo-
sitions of the MgO–C refractories were fused magnesia
(3–1 mm, 1–0.5 mm, 0.5–0 mm and o45 mm, 98 wt% MgO,
Dashiqiao, China), silicon powder (o45 mm, 98 wt% Si,
Anyang, China), aluminum powder (o45 mm, 98 wt% Al,
Xinxiang, China), flaky graphite (FG, o74 mm, 97.5 wt%
fixed carbon, Qingdao, China), as-obtained MgO–EGs
and MgO–GONs composite powders. Thermosetting phe-
nolic resins, one in liquid form (36 wt% of carbon yield,
Zibo, China) and one in powder form (55 wt% carbon
yield, Zibo, China) were used as binders. The batch
compositions investigated are given in Table 1. All the
batches were mixed for 30 min in a mixer with a rotating
speed of 80–100 rev/min. After kneading, bar shaped speci-
mens (140 mm� 25 mm� 25 mm) were prepared by cold
pressing at 150 MPa and then cured at 200 1C for 24 h.
Finally, the as-prepared specimens were fired at 1000 1C and
1400 1C for 3 h in a sagger filled with coke grit; the heating
rate used was 5 1C/min.
2.3. Tests and characterization methods

The bulk density (BD) and apparent porosity (AP) of
the MgO–C refractory specimens were measured according
to Archimedes’ Principle with kerosene as the medium.
Mechanical properties including cold modulus of rupture
(CMOR) and flexural modulus (FM) were measured by
the three-point bending test at ambient temperature with a
span of 100 mm and a loading rate of 0.5 mm/min using an
electronic digital control system (EDC 120, DOLI Com-
pany, Germany). The force–displacement curve of each
refractory specimen was recorded simultaneously during
the test. The phase composition and microstructure of the
specimens were analyzed by means of X-ray diffraction
(XRD) (X’Pert Pro, Philips, Eindhoven, The Netherlands;
using Ni filtered, Cu Ka radiation at a scanning rate of
21/min and a temperature of 289 K (16 1C)), and field emission
scanning electron microscopy (SEM) (Nova 400 Nano
FESEM, FEI Co., Philips, Eindhoven, The Netherlands)
coupled with energy dispersive X-ray spectroscopy (EDS)
(EDAX, Phoenix, Philips, Eindhoven, The Netherlands).
The thermal shock resistance of the specimens fired at

1400 1C was tested by firstly heating the specimens in a
coke bed to 1100 1C with a heating rate of 5 1C/min and
then soaking at this temperature for 30 min, which was
followed by quickly quenching into an oil bath; the
purpose of using an oil bath instead of water bath was
to prevent oxidation and hydration of the specimens.
This cycle was repeated 5 times. After 5 thermal shock
cycles, the mechanical properties of the specimens were
assessed by the three-point bending test. The residual
strength ratio of CMOR was calculated by the change in
CMOR before and after the thermal shocks, i.e. the
residual strength ratio of CMOR¼100CMORTS/CMOR,
where CMOR and CMORTS were the CMOR before and
after 5 thermal shock cycles, respectively.



Fig. 1. SEM images of different types of carbon: (a) FG, (b) EG, (c) MgO–EGs and (d) MgO–GONs.
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3. Results and discussion

3.1. SEM images of FG, EG and GONs

The original micrographs of FG and EG are shown in
Fig. 1a and b, respectively. FG exhibits a laminar struc-
ture, while EG is a worm-like structure with large amount
of multi-pores [24,32,33]. EGs exfoliated by mixing
and ball milling were fragmented and distributed evenly
in magnesia powders, as indicated in Fig. 1c and d.
The difference between the composite powders MgO–EGs
and MgO–GONs was that graphite particles with different
sizes distributed homogeneously in MgO–EGs powders.
For example, MgO–EGs powders contained both small
GONs 1–5 mm in size and large graphite flake of several
hundred microns in size, while the size of graphite flake in
the MgO–GONs powders was 1–3 mm.

3.2. The phase composition and microstructure of MgO–C

refractory specimens

Fig. 2 shows XRD patterns of MgO–C refractory
specimens fired at 1000 1C and 1400 1C. It is evident that
the spinel phase appeared together with periclase, graphite
and silicon phases in all the specimens fired at 1000 1C
(Fig. 2a), whereas AlN and SiC phases formed but Si
disappeared in the specimens firing at 1400 1C (Fig. 2b).
The Al carbides such as Al4C3 and Al2OC phases were not
detected in MgO–C specimens because their content was
too low to be detected by XRD, which was also the case as
discussed in the previous work [17,24,27].
SEM micrographs showing the ruptured surface of MgO–C

refractory specimens subjected to treatment at different
temperatures are presented in Figs. 3–5. For the compositions
cured at 200 1C (Fig. 3), much more EGs were torn off from
the matrix of the specimen S-EG while flaky graphite was
almost intact in the specimens S-FG and S-GONs. In all
specimens fired at 1000 1C (Fig. 4), the in situ formed fibrous
structures (identified as Al carbides by EDS analysis) and
cubic crystalline particles (confirmed as magnesia–alumina
spinel by XRD and EDS) appeared in the matrix where
aluminum particles were originally located, which was con-
sistent with the observations of previous studies [27,34].
Furthermore, these phases were much more easily found in
the matrix of MgO–C refractories containing EGs and GONs.
For the specimens fired at 1400 1C (Fig. 5), the microstruc-
tural difference in specimens of the three different composi-
tions resulted from the amount and distribution of lamellate
grains, which were confirmed as AlN by XRD and EDS.
It can be seen obviously that the amount of AlN formed in
S-FG (Fig. 5a and b) was less than in the specimens S-EG and
S-GONs (Fig. 5c–f), which contained EGs and GONs,
respectively. The specimen S-EG contained the highest
amount of AlN with interlocking grains distributed in the
pores as well as in the matrix (Fig. 5e and f). In addition, some
of the EGs were pulled out at the local positions in the
specimen S-EG (Fig. 5g), implying that the specimen S-EG
might have higher toughness.



Fig. 2. XRD patterns of MgO–C refractory specimens fired at 1000 1C (a) and 1400 1C (b).

Fig. 3. SEM micrographs of MgO–C refractory specimens (a) S-FG, (b) S-GONs and (c) S-EG cured at 200 1C.
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3.3. The mechanical properties of MgO–C refractory

specimens

Mechanical properties including CMOR and FM of
MgO–C refractories were measured using the three-point
bending test at room temperature, and the results are
presented in Table 2. For the different compositions cured
at 200 1C, the specimen S-FG had the lowest CMOR and
FM values (20.33 MPa and 5854 MPa, respectively) and
the specimen S-EG had the highest CMOR and FM values
(28.32 MPa and 6515 MPa, respectively). The high CMOR
and FM values of the specimen S-EG may be attributed to
the extent of close packing of the specimens (Table 3) and
the toughening effect of large sized EGs via a pull out
mechanism (Fig. 3c). Among the specimens fired at
1000 1C, the specimen S-GONs had the highest CMOR
and FM values, which were 7.72 MPa and 2261 MPa,
respectively. CMOR and FM increased simultaneously in
all the specimens as the firing temperature was increased
from 1000 1C to 1400 1C. Meanwhile, the specimens contain-
ing EGs and GONs (S-EG and S-GONs) had greater
CMOR and FM values than the specimen containing only



Fig. 4. SEM micrographs of MgO–C refractory specimens (a) S-FG, (b) S-GONs and (c) S-EG fired at 1000 1C.
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FG. The highest CMOR and FM values achieved at a firing
temperature of 1400 1C were for the specimen S-EG, which
were 12.35 MPa and 2824 MPa, respectively.

Fig. 6 shows the force–displacement curves of MgO–C
refractory specimens treated at 200 1C, 1000 1C and
1400 1C. It was not difficult to find that the changes of
force and displacement had the similar tendency with
CMOR and FM of the specimens, i.e. a larger force and
displacement corresponded to a higher CMOR and FM.
It can be seen that the displacement for the specimens
S-GONs and S-EG was larger than for the specimen S-FG
irrespective of the treating temperature used. Moreover,
the specimen S-EG showed the highest displacement after
treatment at all the temperatures.
3.4. The thermal shock resistance of MgO–C refractory

specimens

The residual CMOR and strength ratio after 5 thermal
shock test cycles are shown in Table 4. After the thermal
shock tests, the specimen S-EG showed the highest residual
CMOR (4.79 MPa) compared to the other two composi-
tions, although higher CMOR values had higher strength
loss for the specimen S-EG, similar to the specimen
S-GONs. As shown in the SEM micrographs (Fig. 5),
the microstructure of the specimen containing EGs and
GONs featured the interlocking network of laminated AlN
phase and the pulling-out of EGs, which contributed to
better thermal shock resistance.

3.5. Discussion

Based on the results presented above, it may be
concluded that the phase composition and microstructure
of the MgO–C refractories studied were influenced by the
firing temperature and addition of EGs. At 1000 1C,
aluminum carbide (Al4C3) existed in the form of whiskers
[reactions (1) and (2)] (Fig. 4), which transferred almost
completely to the lamellate AlN at 1400 1C [reactions (3)
and (4)] (Fig. 5). The formation of cuboidal spinel might
be based on reactions (5)–(11) (Figs. 4 and 5). Although
SiC whiskers or particles could not be identified in SEM
micrographs for the specimens of all the compositions,
XRD analysis demonstrated the existence of SiC (Fig. 2b).
The occurrence was attributed to the reactions (12)–(15).

4Al l; gð Þþ3CðsÞ ¼ Al4C3ðsÞ ð1Þ

8Al l; gð Þþ6COðgÞ ¼ 2Al4C3ðsÞþ3O2ðgÞ ð2Þ

2Al l; gð ÞþN2ðgÞ ¼ 2AlNðsÞ ð3Þ

Al4C3ðsÞþ2N2ðgÞ ¼ 4AlNðsÞþ3CðsÞ ð4Þ

2Al l; gð Þþ3COðgÞ ¼ Al2O3ðsÞþ3CðsÞ ð5Þ

Al4C3ðsÞþ6COðgÞ ¼ 2Al2O3ðsÞþ9CðsÞ ð6Þ



Fig. 5. SEM micrographs of MgO–C refractory specimens (a,b) S-FG, (c,d) S-GONs and (e–g) S-EG fired at 1400 1C.
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Al2O3ðsÞþMgOðsÞ ¼MgAl2O4ðsÞ ð7Þ

Al4C3ðsÞ ¼ 4AlðgÞþ3CðsÞ ð8Þ
2AlðgÞþMgOðsÞþ3COðgÞ ¼MgAl2O4ðsÞþ3CðsÞ ð9Þ

MgOðsÞþCðsÞ ¼MgðgÞþCOðgÞ ð10Þ
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MgðgÞþ2AlðgÞþ4COðgÞ ¼MgAl2O4ðsÞþ4CðsÞ ð11Þ

Si s; gð ÞþCðsÞ ¼ SiCðsÞ ð12Þ

2Si s; gð ÞþO2ðgÞ ¼ 2SiOðgÞ ð13Þ
Table 2

CMOR and FM of MgO–C refractory specimens treated at various

temperatures.

Temperature (1C) Index S-FG S-GONs S-EG

200 CMOR (MPa) 20.33 23.96 28.32

FM (MPa) 5484 5943 6515

1000 CMOR (MPa) 6.41 7.72 6.30

FM (MPa) 2137 2261 1881

1400 CMOR (MPa) 10.02 10.97 12.35

FM (MPa) 2647 2758 2824

Table 3

BD and AP of MgO–C refractory specimens treated at various

temperatures.

Temperature (1C) Index S-FG S-GONs S-EG

200 AP (%) 7.6 6.4 5.9

BD (g cm�3) 2.96 3.00 3.02

1000 AP (%) 12.7 11.8 13.3

BD (g cm�3) 2.93 2.95 2.92

1400 AP (%) 12.3 12.0 12.1

BD (g cm�3) 2.94 2.96 2.96

Fig. 6. Force–displacement curves of MgO–C refractory spec
SiOðgÞþ2CðsÞ ¼ SiCðsÞþCOðgÞ ð14Þ

SiOðgÞþ3COðgÞ ¼ SiCðsÞþ2CO2ðgÞ ð15Þ

For the specimens containing EGs and GONs, it may be
deduced that the EGs and GONs promoted the in situ
formation of ceramic phases, especially the formation of
aluminum carbides whiskers and lamellate AlN at 1000 1C
and 1400 1C, respectively. Difference in the microstructure
of specimens fired at different temperatures may be
ascribed to the higher activity of small sized EGs and
GONs compared with flaky graphite [35,36]; the small
sized EGs and GONs decreased the partial pressure of
oxygen in the matrix, which further accelerated the
formation of ceramic phases in the matrix.
For the specimens fired at 1000 1C, the one with the

composition S-GONs had the highest CMOR, which was
due to the capability of GONs to promote the formation
of aluminum carbides whiskers in the matrix (Fig. 4). For
the specimens with the compositions S-EG and S-GONs
fired at 1400 1C, more AlN phase formed in the matrix
imens treated at 200 1C (a), 1000 1C (b) and 1400 1C (c).

Table 4

The CMOR change of MgO–C refractory specimens fired at 1400 1C after

5 thermal shocks.

S-FG S-GONS S-EG

CMOR (MPa) 10.02 10.97 12.35

CMORTS (MPa) 3.75 4.56 4.79

The residual strength ratio (5TS) (%) 37.43 41.57 38.79
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with interlocking grain morphologies, which provided
better mechanical properties. In addition, the fracture
and pulling-out of EGs in the matrix toughened and
strengthened MgO–C specimens, as also observed in
studies by other investigations [31,37,38].

4. Conclusions

The EGs were prepared and used to prepare MgO–C
refractory specimens. The microstructures were analyzed
and mechanical properties were measured for the speci-
mens after heat treatment at different temperatures in a
coke bed. The following conclusions can be made with the
results obtained:
(1)
 Adding EGs affected the microstructural evolution of
MgO–C refractories during heat treatment. Much
more interlocking aluminum carbides whiskers and
laminated aluminum nitride phases formed in the
matrix of the specimen containing EGs after firing at
1000 1C and 1400 1C, respectively.
(2)
 The specimens containing EGs exhibited higher
strength and higher toughness, which was attributed
to the strengthening provided by the formation of
much more ceramic phases in the matrix and the
toughening facilitated by a mechanism of pulling-out
of EGs.
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