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Abstract

Al2O3–C refractories containing graphene oxide nanosheets (GONs) and additives of Al, Si and SiO2 were prepared. The GONs/α-Al2O3

composite powders were prepared by ball milling expanded graphite (EG) with micron sized α-Al2O3, and then used to make the Al2O3–C
refractory specimens. The results showed that GONs were distributed well in α-Al2O3 powder by ball milling, and the size and thickness of
GONs depended on the amount of expanded graphite added. The GONs enhanced the formation of ceramic whiskers in the specimens at lower
temperature owing to their higher reactivity than graphite flake. The mechanical properties such as cold modulus of rupture (CMOR), flexural
modulus (E), force and displacement curves of Al2O3–C refractories with GONs were improved compared with those without GONs.
This improvement was attributed to the strengthening effects of GONs at 800 1C and the synergetic strengthening effects with graphite flake and
the in-situ formed whiskers at 1000–1400 1C.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon containing refractories have been widely used in
steelmaking industries owing to their excellent corrosion
resistance and thermal shock resistance [1–5]. However, with
the development of low carbon and ultra low carbon steelmak-
ing technology, traditional carbon containing refractories
which have relatively high carbon content (12–18 wt%) cannot
meet the requirements because of carbon pick-up in molten
steel. Therefore, it's imperative to develop low carbon contain-
ing refractories (5 wt% C, or even lower than 3 wt% C) with
high performance. Generally, graphite flake is the typical
carbon source for traditional carbon containing refractories.
However, the mechanical properties of carbon containing
refractories normally deteriorate by simply decreasing the
carbon amount.

Recently, nanosized carbon sources have been introduced as
carbon source into carbon containing refractories to produce nano-
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structural matrix for high performance [6,7]. On the one hand, they
fill more easily not only in the tiny spaces between the coarse,
medium and fine particles in the specimen but also in the interior
pores and gaps, which contribute to reduce the porosity, increase
the densification, strength and corrosion resistance [8]. On the other
hand, these kinds of nanosized carbon with different morphologies
can absorb and relieve the thermal stress, and thereby improve the
thermal shock resistance. Carbon black as zero-dimension nano-
sized carbon source has been widely used in MgO–C refractories.
Mousom Bag [9] found that the thermal shock resistance of MgO–
C refractory was improved with the addition of nano carbon black.
Nano-tech magnesia carbon bricks showed outstanding properties
such as thermal shock resistance, corrosion resistance, oxidation
resistance using nano-sized hybrid graphite black [10,11]. More-
over, carbon nanotubes (CNTs) as one dimensional carbon source
have attracted considerable attention in carbon containing refrac-
tories due to their excellent physical, chemical and mechanical
properties [12,13]. Luo et al. [14] found that Al2O3–C refractories
containing multi-walled carbon nanotubes (MWCNTs) possessed
better mechanical properties, than that without addition of
MWCNTs. Roungos et al. [15] reported that the addition of
carbon nanotubes and alumina nanosheets into Al2O3–C
ghts reserved.
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refractories resulted in excellent thermal shock performance. What's
more, owing to the high specific surface area and reactivity, these
forms of nano-carbon can easily react with other additions to form
the nano-sized ceramic phases which reinforce and toughen the
refractories [16–19].

Recently another nanosized two-dimension carbon source,
graphene nanosheets with nanoscale thickness and better mechan-
ical properties compared with graphite flake, have been incorpo-
rated into ceramic or polymer materials to improve their
mechanical properties [20–22]. Wang et al. [23] reported that
the fracture toughness of the graphene nanosheet/alumina com-
posite was about 53% orders of magnitude higher than that of
unreinforced alumina material. Ramanathan et al. [22] found that
polymers containing functionalized graphene sheets offered the
mechanical properties equal to or even better than those contain-
ing single walled carbon nanotubes.

In the present work, GONs are incorporated to strengthen
the Al2O3–C refractories. GONs themselves can improve the
mechanical properties at lower temperature based on the two
dimensional structures. Meanwhile, GONs can promote the
formation of SiC whiskers in the Al2O3–C refractories at high
temperatures. Fan [24] obtained larger displacement and
greater force in graphite flake containing Al2O3–C refractories
than carbon black containing refractories because of the much
Fig. 1. Low (a) and high (b) magnifica

Fig. 2. Low (a) and high (b) magnific
more curved SiC whiskers contributed by graphite flake.
GONs have the same structure as graphite flake and higher
reactivity than that of the latter, therefore it can strengthen
Al2O3–C refractories with much more SiC whiskers.
2. Experimental

2.1. Preparation of GONs/α-Al2O3 composite powders

In the experiment, expanded graphite was firstly manufac-
tured by exfoliating commercial expandable graphite (50 mesh,
98% C, Shangdong, China) in microwave oven for 20 s. Then
certain amount of expanded graphite was mixed with α-Al2O3

(2 μm, 99% Al2O3, Kaifeng Special Refractories Co., Ltd.,
China) and wet milled with N-methyl-pyrrolidone (NMP) at
room temperature for 7 h in a conventional planetary ball
milling. The weight ratio of balls to powder was 1:1, and the
rotation rate of the vial was 400 rpm. After ball milling, the
composite powders were dried at 60 1C for 120 h. The ratios of
α-Al2O3 to expanded graphite were 100:0, 100:1, 100:2.1,
100:5.5 and 100:8.8, and the mixtures were designated as N0,
N10, N21, N55 and N88, respectively.
tion image of expandable graphite.

ation image of expanded graphite.
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2.2. Preparation of Al2O3–C refractories specimens

Tabular alumina (8–14 mesh, 14–28 mesh, 28 mesh, 325 mesh
and 20 μm, 99.5 wt% Al2O3, Qingdao Almatis Co., Ltd., China),
aluminum powder (45 μm, 99 wt% Al), silicon powder (45 μm,
98.47 wt% Si, China), microsilica powder (0.5 μm, 97 wt% SiO2,
China), graphite flake (200 mesh, 97.58 wt% fixed carbon, China)
were used as raw materials. In addition, thermosetting phenolic
resin (liquid, 440% fixed carbon, Wuhan Lifa Chemistry &
Fig. 3. SEM micrographs of the ball milled composite p

Fig. 4. XRD patterns of specimens GN0 and GN88 fired at different temperature
#-Al4C3, ◇-AlN, ▲-Al, ◆-graphite.
Industry Co., Ltd., China) was added as binder. The basis batch
composition (labeled as GN0) consisted of 83 wt% tabular
alumina, 2 wt% Al powder, 3 wt% Si powder, 1 wt% microsilica
powder, 1 wt% graphite flake and 10 wt% N0 powder. On the
basis of GN0, different amount of as-milled powders such as
10.1 wt% N10, 10.21 wt% N21, 10.55 wt% N55 and 10.88 wt%
N88, were incorporated into the material to replace N0 powder
(labeled as GN10, GN21, GN55 and GN88, respectively), and the
amount of graphite flake was adjusted to control the carbon
owders of (a) N10, (b) N21, (c) N55 and (d) N88.

s. (a) specimen GN0 and (b) specimen GN88. ■-Corundum, ★-β-SiC, ●-Si,
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content of 1 wt% in all the composite. All the raw materials were
mixed for 30 min in the mixer with the rotation rate of 80–
120 rpm. Then, specimens of 25 mm in width, 25 mm in height
and 100 mm in length were fabricated by cold pressing at
150 MPa and cured at 160 1C for 24 h. After that, the as-
prepared specimens were placed inside a corundum sagger which
was filled with petroleum coke powder. Finally, the whole sagger
was then placed into an electrical furnace and heated from room
temperature to 800 1C, 1000 1C, 1200 1C and 1400 1C with a
heating rate of 5 1C/min and a holding time of 3 h before cooling
to room temperature.

2.3. Testing and characterization methods

Mechanical properties including cold modulus of rupture
(CMOR) and modulus of elasticity (E) were measured by using
the three-point bending test at ambient temperature with a span of
80 mm and a loading rate of 0.5 mm/min by means of electronic
digital control system (EDC 120, DOLI Company, Germany).
The force–displacement curve of each refractory specimen was
recorded simultaneously during the test. All the preceding
measurements were carried out with three samples for each
composition. The microstructures of ruptured surfaces of all the
fired Al2O3–C refractories were observed by a field emission
scanning electron microscope (FESEM, Quanta 400, FEI Com-
pany, USA) equipped with energy dispersive X-ray spectroscope
Fig. 5. SEM micrographs of specimen GN0 fired at different tempe
(EDS, Noran 623 M-3SUT, Thermo Electron Corporation,
Japan). The phase compositions of the fired specimens were
analyzed by X-ray diffraction (XRD, X' Pert Pro, Philips,
Netherlands). Thermogravimetry-differential scanning calorimetry
(TG-DSC, STA499, NETZSCH, Germeny) was employed to
evaluate the reactivity and calculate non-isothermal oxidation
kinetics of the graphite flake and expanded graphite (EG).
3. Results and discussion

3.1. Microstructures of expanded graphite and its ball-milled
composite powder

Fig. 1 shows the SEM micrographs of the expandable graphite
particles. The expandable graphite flake is irregular in shape
(Fig. 1a). Magnified image reveals that the individual expandable
graphite particle is approximately 300 μm in length and 35 μm in
thickness (Fig. 1b). Expanded graphite (EG) manufactured by
exfoliating expandable graphite in microwave oven, has a loose,
worm-like structure and a large amount of pores (Fig. 2a), with
the length of about 900 μm and layer thickness of about 10 nm
(Fig. 2b), similar to other reports [25,26].
As shown in Fig. 3, the ball milled composite powders

containing different ratios of GONs to α-Al2O3 have been
fabricated by ball milling EG with α-Al2O3. For sample N10,
GONs with length of 2–3 μm and thickness of approximately
ratures. (a) 800 1C, (b) 1000 1C, (c) 1200 1C and (d) 1400 1C.
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10 nm are embedded into α-Al2O3 (Fig. 3a). With the addition
of expanded graphite, the amount and size of GONs increased
remarkably (Fig. 3b–d). Moreover, compared with N10, it can
be observed clearly that not only thin sheets (10 nm), but also
large amount of thick sheets (50 nm) appeared in the N88
powder in Fig. 3d. However, Fan et al. [27] reported that most
of the pulled-out sheets were 50 nm in thickness and no thin
GONs (below 20 nm) was observed, which was explained that
too thin sheets cannot be identified by a SEM image. The thin
sheets were also easy to rupture under the shearing stress, yet
the thick sheets are strong enough to withstand the shearing
shear stress. In other words, the ball milling of α-Al2O3 and
different amounts of EG could fabricate different composite
powders with various GONs amount, size and thickness.
3.2. Phase composition

In order to understand the effect of GONs on the phase
evolution of Al2O3–C refractories fired in the temperature
range from 800 to 1400 1C, all the specimens are examined
by X-ray diffraction (Fig. 4). For the specimen GN0 fired at
800 1C, only corundum, graphite, Al, Si phases were
detected, demonstrating that no new phase formed at this
temperature. At 1000 1C, the Al phase disappeared, but AlN
and Al4C3 phases formed in the specimens. At 1200 1C, the
AlN and Al4C3 phases disappeared, but the SiC phase was
Fig. 6. SEM micrographs of specimen GN21 fired at different tempe
detected in the specimens instead. Up to 1400 1C, the Si
phase disappeared whereas the peak intensity of SiC phase
increased a little (Fig. 4a). With regard to the specimens
containing GONs, it seems that the GONs had an influence
on the phase forming or disappearing temperature compared
with specimen without GONs. For example, in the specimen
GN88, the SiC phase formed at 1000 1C, while the Si and
graphite phases disappeared at 1200 1C and 1400 1C,
respectively (Fig. 4b). These differences in phase composi-
tion of specimens may be closely associated to the reactivity
of GONs and graphite flake.
3.3. Microstructure

The SEM micrographs of ruptured surfaces of all the
specimens are shown in Figs. 5–7. In the specimens without
GONs, it can be seen that the graphite flake remained intact
and no ceramic phases were presented in the specimen fired at
800 1C (Fig. 5a). At 1000 1C, a few striated or curved whiskers
were observed in alumina-riched region (Fig. 5b), which were
confirmed to be AlN or Al4C3 whiskers according to the XRD
and EDS analysis. When the specimens were fired at 1200 1C,
many SiC whiskers grew from the particle boundaries of
partially disintegrated graphite flake (Fig. 5c), which were in
agreement with our previous observations [24]. At 1400 1C,
the amount of SiC whiskers increased continually (Fig. 5d).
ratures. (a) 800 1C, (b) 1000 1C, (c) 1200 1C and (d) 1400 1C.
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With regard to the specimens containing GONs, it can be
found that GONs were homogeneously dispersed in the
matrix of specimens, for example, in GN21 (Fig. 6a). In
contrast, when increasing the temperature to 1000 1C,
besides the formation of some AlN or Al4C3 whiskers, large
amount of SiC whiskers with high aspect ratio turned out in
the specimen surprisingly (Fig. 6b). Up to 1200 1C, the
amount of SiC whiskers increased continually (Fig. 6c). At
1400 1C, large amount of SiC whiskers formed, which
interlocked with each other to form the intertextures and
distributed well in the matrix. However, the aspect ratio
Fig. 7. SEM micrographs of specimen GN88 fired at different tempe

Table 1
CMOR and E of specimens with different amounts of GONs fired at various temp

Temperature Index GN0 GN10

800 1C CMOR (MPa) 6.6170.29 9.647
E (GPa) 1.6470.01 2.297

1000 1C CMOR (MPa) 7.3070.11 12.227
E (GPa) 1.6370.04 2.417

1200 1C CMOR (MPa) 17.1670.23 23.257
E (GPa) 2.8770.03 3.327

1400 1C CMOR (MPa) 15.3970.35 17.217
E (GPa) 2.9470.08 3.197
decreased in comparison with the specimen fired at 1200 1C
(Fig. 6d). With the addition of GONs, much more GONs
dispersed homogeneously in the matrix, for example, in the
specimen GN88 at 800 1C (Fig. 7a). More SiC whiskers
formed and located in the matrix at 1000 1C (Fig. 7b)
compared with GN21. At 1200 1C, the amount of SiC
whiskers increased continually and they interlocked together
with each other (Fig. 7c). With further increase in firing
temperature to 1400 1C, the amount of SiC whiskers
decreased slightly (Fig. 7d), and the length became shorter
compared to the specimens fired at 1200 1C.
ratures. (a) 800 1C, (b) 1000 1C, (c) 1200 1C and (d) 1400 1C.

eratures.

GN21 GN55 GN88

0.01 10.1570.16 10.3770.01 9.3370.19
0.01 2.0970.01 2.1970.07 1.7770.04
0.13 12.8870.06 11.4170.13 11.2970.03
0.07 2.5070.10 2.4970.08 2.1670.07
0.28 25.6070.08 23.2970.17 19.5170.28
0.06 3.4870.02 3.4570.03 3.1170.06
0.11 21.3170.28 15.4370.37 15.4170.28
0.03 3.1070.06 3.1070.08 2.8370.06



Fig. 9. Phase changes of Al2O3–C refractories at 1000 1C.
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3.4. Mechanical properties

Mechanical properties including CMOR and E of Al2O3–C
refractories were measured using the three-point bending test at
room temperature, and the results are presented in Table 1. The
values of CMOR and E of the specimens increased simultaneously
with the firing temperature from 800 to 1200 1C, and then
decreased suddenly at 1400 1C. For specimen GN0, the CMOR
and E values at 800 1C were 6.61 MPa and 1.64 GPa, respectively.
Then, they increased persistently to the maximum values of
17.16 MPa and 2.87 GPa at 1200 1C, yet decreased to
15.39 MPa and 2.94 GPa, respectively. It's notable that the speci-
mens containing 0.21 wt% GONs presented larger CMOR and E
values when the firing temperature ranging from 1000 1C to
1400 1C. Nevertheless, the CMOR and E for specimens fired at the
same temperature values decreased with the addition of GONs.

The force–displacement curves of Al2O3–C refractories fired
at 800 1C, 1000 1C, 1200 1C and 1400 1C were shown in
Fig. 8. It can be seen that the force and displacement values of
the specimens fired at different temperatures displayed the
same trend as the values of CMOR and E. That's to say, the
force and displacement values of the specimens increased
continually with the increasing temperature from 800 to
1200 1C, but decreased at 1400 1C. Meanwhile, the specimens
containing GONs demonstrated greater force and larger dis-
placement, no matter what firing temperature was. Moreover,
the specimens containing 0.88 wt% GONs showed larger
displacement for the coking temperature ranging from 800 to
Fig. 8. Force—displacement curves of the specimens fired at different te
1000 1C. However, with the increase of firing temperature up
to 1200 1C and 1400 1C, the specimens containing 0.21 wt%
GONs presented greater force and larger displacement values.

3.5. Discussion

Based on the results presented above, the mechanical
properties of Al2O3–C refractories were strongly dependent
on the microstructural evolution in the temperature range
from 800 to 1400 1C. In our experiment, tabular corundum,
mperatures. (a) 800 1C, (b) 1000 1C, (c) 1200 1C and (d) 1400 1C.



Fig. 10. Heating rate dependence of DSC curves for the oxidation of (a) graphite flake, and (b) expanded graphite.

Fig. 11. Kissinger plots, ln(βi/Tpi
2 ) vs. 1/Tpi (a); Ozawa plots, lnβi vs. 1/Tpi (b).

Table 2
The oxidation activation energy (kJ/mol) of graphite flake and expanded
graphite in air.

Methods Graphite flake Expanded graphite

Kissinger 293.53 202.58
Ozawa 291.27 208.24
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metal aluminum, silicon, reactive alumina, microsilica,
GONs and graphite are used as raw materials to prepare
the Al2O3–C refractories in coke bed. The possible new
phases to form in the matrix of refractories at high
temperature can be predicted via thermodynamic
calculation.

Equilibrium thermodynamic calculations were performed
using the FACT package together with Gibbs energy mini-
mization module EQUILIBRIUM. The atmosphere in the
petroleum coke bed to fire all the specimens is approximately
0.35 atm CO and 0.65 atm N2 [28]. Assuming the corundum
and reactive alumina are not involved in the reactions in this
system, Al2O3 was not included in the calculations. Therefore,
2 g Al, 3 g Si, 1 g SiO2 and 2.6 g C (including 1 g C from
graphite and 1.6 g fixed carbon from liquid resin), which were
the composition of the matrix in Al2O3–C refractories, were
included as starting batch composition for the calculations.
Alpha is the weight ratio of atmosphere to matrix mass [29].
The results were plotted as log gram number of phase species
as a function of Alpha.

The relationship of all the phases at 1000 1C with Alpha
value is shown in Fig. 9. The phase evolution in the system is
closely related to the Alpha value. For instance, when Alpha is
close to 0, the partial pressures of CO and N2 are very low, and
SiC and Al4C3 form simultaneously. With the increase of
Alpha, the amount of Al4C3 and SiC decreases gradually,
finally achieves their minimum value when Alpha reaches 0.09
and 0.39, respectively. Moreover, the amount of AlN begins to
increase when Alpha increases from 0.01 to 0.10, and reaches
the maximum when Alpha is 0.10. The amount of AlN begins
to decrease steadily when Alpha increases from 0.10. All the
new phases in Al2O3–C refractories at the elevated temperature
are calculated by Factsage software and are in agreement with
the results of XRD analyses.
Analyzing the XRD patterns, there is no obvious difference

of new phase species in all specimens except for the phase
forming or disappearing temperatures. For example, the SiC
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phase formed in the specimen GN88 at 1000 1C (Fig. 7b) and
in the specimen GN0 at 1200 1C (Fig. 5c); the Si phase
disappeared in the specimens GN88 at 1200 1C (Fig. 7c), but it
no longer existed only at 1400 1C in the specimens GN0
(Fig. 5d). Such difference is closely related to the difference in
the reactivity of carbon sources. GONs possessed higher
reactivity than graphite flake. The addition of GONs with
higher reactivity into Al2O3–C refractories promoted the
formation of SiC phase and the decrease of Si phase. Mean-
while, the amount and the aspect ratio of SiC whiskers were
much larger in the specimens containing GONs at 1000 1C and
1200 1C, which resulted in better mechanical properties of
specimens containing GONs. In contrast, the SiC whiskers
were difficult to be found in the specimen GN0 fired at
1000 1C. With the increase of firing temperature to 1400 1C,
the contribution of GONs to the mechanical properties
transferred to that of graphite flake because graphite flake
had been prevailed to produce SiC whiskers at high tempera-
ture. However, the combination of graphite flake and GONs as
carbon source produced positive influence on the mechanical
properties of Al2O3–C refractories.

With respect to the reactivity of carbon source, non-
isothermal kinetics, both Kissinger and Ozawa methods, were
employed to study the oxidation kinetics of GONs and
graphite flake in our experiment. EG was represented for
GONs because of their similar nature. Calorimetic signals of
phase transformation were monitored in DSC analysis when
the continuous-heating regime was used from room tempera-
ture to 1200 1C at a heating rate of 5–20 1C/min. Fig. 10 shows
the heating rate dependence of DSC curves for EG and
graphite flake (50 mesh, 98% C, Shangdong, China). It is
obvious that the exothermic oxidation peak of EG was much
sharper and the temperature was lower compared with graphite
flake at the same heating rate. The Kissinger and Ozawa curves
of EG and graphite flake are depicted in Fig. 11.

For the Kissinger method, the equation [30],

ln
βi
T2
pi

 !
¼ ln

AkR

Ek
−
Ek

R

1
Tpi

where βi refers to the heating rate, Tpi is the peak temperature of the
maximal mass loss rate. R is the gas constant, while the model
parameters Ak and Ek are the frequency factor and activation
energy, respectively. The Ozawa equation is based on the
following equation [31]:

lgβi ¼ lg
AkEk

RGðaÞ

� �
−2:315−0:4567

Ek

RTpi

where G(a) is the integral equation of the reaction. Activation
energy Ek can be obtained from the slopes of the straight lines for
the functions, with ln(βi/Tpi

2 ) vs. 1/Tpi for the Kissinger method and
lgβi vs. 1/Tpi for the Ozawa method respectively.

Both Kissinger and Ozawa methods reveal a good linearity. The
oxidation activation energy was caculated from the Kissinger and
Ozawa curves. As shown in Table 2, the oxidation activation
energies of graphite flake deduced from the Kissinger and Ozawa
curves are 293.53 kJ/mol and 291.27 kJ/mol respectively, which
are greater than 202.58 kJ/mol and 208.24 kJ/mol of EG. So, the
oxidation activation energy results indicated that EG has higher
reactivity than that of graphite flake.

4. Conclusions

The following conclusions were made on the basis of phase
compositions, microstructures, and mechanical properties of
Al2O3–C refractories fired from 800 to 1400 1C in coke bed.
(1)
 Graphene oxide nanosheets (GONs) were well distributed in
α-Al2O3 powder by ball milling expanded graphite with
micron sized α-Al2O3 powder, and the size and thickness of
GONs depended on the addition amount of expanded graphite.
(2)
 GONs can accelerate the in-situ formation of ceramic whiskers
in specimens because they have higher reactivity than
graphite flake.
(3)
 GONs produced the strengthening effects on Al2O3–C
refractories after firing at 800 1C and the synergetic
strengthening effects with graphite flake and the in-situ
formed whiskers after firing at 1000–1400 1C.
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