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Carbon nanotubes (CNTs) have often been used as additives to improve the properties of
refractories containing carbon. However, it is very difficult to evenly distribute CNTs in the
matrix. In order to solve this difficulty, an alumina/multi-walled carbon nanotube (MWCNT)
(AM) composite powder in which MWCNTs had grown on the surfaces of Al,O3 particles was
developed and used in alumina-carbon (Al,03-C) refractories. The effects of the AM composite
powders on the microstructure and properties of the Al,O3-C refractories were studied and
compared with the commercial MWCNTSs. The nanocomposite powders significantly improved
the distribution uniformity of MWCNTSs in the Al,Os-C matrix. The densification, fracture
properties, thermal shock resistance, and slag corrosion resistance were enhanced due to the
well-dispersed MWCNTs. On the contrary, no improvement of the densification, fracture
properties, and thermal shock resistance of the refractories was achieved by addition of

commercial MWCNTs due to the agglomeration of MWCNTs.
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I. INTRODUCTION

REFRACTORIES containing carbon are important
materials used in the iron and steel industry. In recent
years, nanoscale additives have been included in refrac-
tories containing carbon to improve their properties.
For example, Roungos and Aneziris!!! reported that the
combination of nanoscale powders based on carbon
nanotubes (CNTs) and alumina nanosheets led to
refractories with superior thermal shock performance
and approximately 30 pct less residual carbon in com-
parison to commercially available Al,O5-C refractories.
Bag et al”! added nanoscale carbon black into MgO-C
refractories to reduce the carbon content and found that
the mechanical properties, thermal shock resistance, and
slag corrosion resistance were improved. Liu er al.l’!
studied the effects of nanometer carbon black on the
mechanical properties of low-carbon MgO-C refracto-
ries and found that the modulus of rupture and crushing
strength increased gradually with increasing nanoscale
carbon black content. Matsuo e al.™ reported that the
mechanical strength of MgO-C refractories was remark-
ably improved b?; the addition of carbon nanofibers.
Pagliosa et al®! developed a special nanographite
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material to replace natural graphite flake and decrease
the amount of carbon in MgO-Al,O5-C and MgO-C
refractories. Luo er all® reported that addition of
0.05 wt pct multi-walled carbon nanotubes (MWCNTs)
into Al,Os-C refractories resulted in an increase of
mechanical properties, whereas they got deteriorated
with the further increase of MWCNTSs amount from 0.1
to 1 wt pct.

However, in order to use nanoscale materials in
refractories effectively, two key problems remain to be
solved: First, a uniform distribution of the nanoscale
materials in the matrix is required, and second, the price
of the nanoscale materials must be reduced. Geol ez al.l”!
prepared an Al,O5 + graphite + nanocarbon composite
by means of mechanical dispersion and surface func-
tionalization, and the enhancement of thermal shock
resistance of Al,O;-C refractories was obtained by
adding this composite. Recent investigations had shown
that when Al,O3-CNT composites were introduced into
ceramics as starting materials, the mechanical properties
and wear resistance of ceramic/CNT nanocomposites
could be improved to some extent.® !

Up to now, the Al,O5-CNT composites had prepared
using various mixing methods, but it was difficult to
obtain a highly uniform distribution of CNTs in the
composites. In this study, a novel method of preparing
MWCNTs containing Al,O5-C refractories had been
developed by introducing AlLO;/MWCNT (AM) com-
posite powders in which MWCNTs had grown on the
surfaces of Al,Oj particles. When the nanocomposite
powders were used as the CNT source, the distribution
of MWCNTs in the refractory matrix should be greatly
improved. In the present study, the effect of increasing
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amount of MWCNTs on the properties of Al,O5-C
refractories prepared by nanocomposite powder tech-
nology was studied. Composition with the same
MWCNT content was also compared with conventional
processing by mixing with commercial MWCNTSs under
exactly similar conditions.

II. EXPERIMENTAL PROCEDURE

A. Preparation of ALO3MWCNT Composite Powders

The preparation of AILLO;/MWCNT composite pow-
ders was carried out at atmospheric pressure via
catalytic decomposition of methane in a stainless-steel
fixed-bed reactor (length and diameter of the reactor
were 500 and 300 mm, respectively) using Fe-Ni/Al,O3
catalysts. The catalysts were prepared by conventional
impregnation method with total metals loading adjusted
to 0.2 wt pct. FC(NO3)39H20 and NI(NO3)26H20
(supplied by Aldrich) were used as metal sources, and
tabular alumina particles (<43 um, supplied by Almatis)
were used as the catalyst support. The Fe:Ni molar ratio
was 1:1. The catalyst and MWCNT pre[Paration proce-
dures have been described previously.'*"?! Two AM
composite powders with different carbon contents of
0.52 and 0.98 wt pct were prepared by adjusting the
methane flow rate. The carbons deposited on the
catalyst were analyzed using scanning electron micro-
scope (SEM, Nova 400 NanoSEM, FEI Company,
USA) and high-resolution transmission electron micro-
scope (HRTEM, 2000F, Jeol Ltd., Japan).

B. Preparation of Al,O3-C Refractory Samples

White fused alumina (98.51 pct Al,O;, Zhengzhou
Zhongtian Special Alumina Co., Ltd., China) in two
different size classes (3 to 1 and <l mm), tabular
alumina powder (<0.043 mm, 99.42 pct Al,O3, Qingdao
Almatis Co., Ltd., China), silicon powder (<0.074 mm,
98.45 pct Si, Anyang Yuhong Metallurgy & Refractory
Co., Ltd., China), and graphite flake (<0.147 mm,
97.52 pct fixed carbon, Qingdao Tianhe Graphite Co.,
Ltd., China) were used as the raw materials. Thermoset-
ting phenolic resin (liquid, 40 pct fixed carbon, Wuhan
Lifa Chemistry & Industry Co., Ltd., China) was added
as a binder.

The as-prepared AM composite powders and com-
mercial MWCNTSs (purity >98 pct, Alpha Nano Tech.
Inc., Chengdu, China) were used as CNT sources,
respectively. The SEM and TEM images of various
CNT sources are shown in Figure 1. These images show
that MWCNTs with diameters of 10-50 nm had formed
on the surfaces of the Al,O3 particles in the nanocom-
posite powders (Figures 1(a) through (c)). The commer-
cial MWCNTs are bulk aggregates in which MWCNTs
with diameters of 20-70 nm were typically curved and
twisted (Figures 1(d) and (e)). These aggregates were
very difficult to disperse.

The batch compositions of the Al,O3-C refractory
samples are given in Table I. There were no MWCNTs
in sample CO. The MWCNTs in samples Cl and C2
were introduced by AM composite powders, while the
MWCNTs in sample CT were introduced as commercial
MWCNTs. The raw materials were mixed and bound

Fig. —SEM and HRTEM micrographs of Al,O;/MWCNT composite powders with different CNT contents and commercial MWCNTs: (a)
SEM image of the nanocomposite powders containing 0.52 pct MWCNT, (b) SEM image of the nanocomposite powders containing 0.98 pct
MWCNTs, (¢c) HRTEM images of the nanocomposite powders; (d) SEM images of commercial MWCNTs, (¢) HRTEM images of the commer-

cial MWCNTs. Insets show the high-magnification images.
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Table I. Formulations of Al,O3-C Refractory Samples (Weight Percent)

Sample Code

Ingredient Co C1 C2 CT

White Fused Alumina (3 to 0 mm) 65 65 65 65

AlLO3;/MWCNT Composite Powders 30 30

Tabular Alumina 30 29.7

Silicon Powder 2 2 2 2

Graphite Flakes 3 3 3 3

MWCNTS 0 (0.15) (0.3) 0.3

Phenolic Resin (Liquid) +4 +4 +4 +4
Parentheses denote MWCNTSs from AM composite powders.

with phenolic resin and then aged at room temperature 20 mm

for 36 hours. Bar samples of dimension 25 mm x 25 1

mm x 140 mm and crucible samples (height = 50 mm, W Z

diameter = 50 mm) with a hole of dimension 20 mm E S (/ S 7 \

. , . j . Py 0 [ 0 /
diameter and 18 mm height were prepared by pressing = / %
under a pressure of 150 MPa and then cured at 493 K g Z //
(220 °C) for 24 hours. Finally, the as-prepared samples 2 A/
were fired at 1273 K and 1673 K (1000 °C and 1400 °C)
in a saggar filled with fine petroleum coke powders.

C. Tests and Characterization Methods . —_
The apparent porosity (AP) and bulk density (BD) of [ (a) (b)

the samples were measured according to Archimedes’
principle with water as medium. The fracture properties
of the bar samples, including flexural strength o,
Young’s modulus E, and work of fracture ywop, 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 Company, Germany), where ywor
was determined by the single-edge-notch-beam method
(SENB) using notched bars with notches of 1 mm in
width and 6 mm in depth.

The theoretical thermal shock parameter R'V!'* was
then calculated in order to predict thermal shock
behavior of the samples as follows:

v _ Eywor 1]
a2(1—v)’

where v is the Poisson ratio, measured by resonant fre-
quency and damping analyzer (RFDA, HTVP 1600,
IMCE, Belgium) in accordance with ASTM E
1876-1999.

The thermal shock resistance test was carried out via
heating—cooling process. The samples fired at 1273 K
(1000 °C) were heated in a coke bed up to 1373 K
(1100 °C) with a heating rate of 5 K/min and then
soaked at this temperature for 30 minutes. Then, the
samples were taken out and quickly quenched into a
large container of silicone oil at room temperature. This
cycle was repeated for 3 times. The residual flexural
strength was measured, and the thermal shock resistance
was evaluated as the residual strength ratio of flexural
strength, i.e., o¢/ap ratio, where op is the flexural
strength of the original sample and o¢ is the flexural
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Fig. 2—Sketch of the crucible for the slag corrosion resistance test.
Sp is the area of the hole in the original crucible, and S is the cor-
roded area of the crucible after testing.

strength of the quenched sample. Slag corrosion test by
static crucible method was done for all the different
samples using the cured crucibles as shown in
Figure 2(a), at 1773 K (1500 °C) for 3 hours in a
reducing atmosphere using steel converter slag (compo-
sition given in Table II). The corroded samples were cut
horizontally into two pieces, and the original and the
corroded (as pointed out by the shaded area in
Figure 2(b)) areas of the sample cross section were
measured, namely S, and S. After that, the corrosion
index I = S§/Sy x 100 pct was evaluated.

The phase compositions of the fired samples were
analyzed by X-ray diffraction (XRD, X’'Pert Pro,
Philips, Netherlands). The microstructures of ruptured
surfaces of all the fired samples were observed by SEM,
equipped with energy-dispersive X-ray spectroscope
(EDS, Noran 623M-3SUT, Thermo Electron Corpora-
tion, Japan).

III. RESULTS

A. Phase Compositions

In order to observe the effect of MWCNTs addition
and temperature on the phase compositions, XRD
patterns of samples fired at 1273 K and 1673 K
(1000 °C and 1400 °C) are measured and shown in
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Table II. Chemical Composition of Slag (Weight Percent)

S102 A1203 F6203 CaO MgO K20 NaZO T102
12.18 2.10 31.01 41.59 9.30 0.035 0.05 0.66
* * 0 —o
* I ¥ ol a
A :”J\

Intensity / a.u.

Intensity / a.u.

C2

s
L

cofh__J

Fig. 3—XRD patterns of samples fired at different temperatures: (a) 1273 K (1000 °C) and (b) 1673 K (1400 °C). %: Corundum, H: S-SiC, #:

Si, A: Graphite. Inset shows -SiC (111) planes of samples.

Figure 3. Al,O;, Si, and graphite flake phases were
detected after fired at 1273 K (1000 °C) (Figure 3(a),
indicating that no new ceramic phases formed at this
temperature. With further increasing the firing temper-
ature to 1673 K (1400 °C), SiC phase formed, while the
peak intensity of Si phase disappeared completely
(Fig. 3(b)). The peak intensity of SiC phase increased
with the increase of MWCNT content (inset in
Figure 3(b)), and the peak intensity of SiC phase was
similar for sample C2 and CT with the same MWCNT
content, that is to say, the amount of ceramic phases SiC
was increased by the addition of MWCNTs. SiC were
synthesized by reacting graphite flake and MWCNTs
with Si particles, while MWCNTs acted as additional
carbon source.['>"!

B. Microstructure

Figures 4 and 5 show SEM micrographs of samples
C0, C2, and CT treated at 1273 K and 1673 K (1000 °C
and 1400 °C) for 3 h, respectively. Among the samples
treated at 1273 K (1000 °C), sample CO shown some
graphite particles in its SEM image (Figure 4(a)),
whereas MWCNTs were found on the surfaces of the
Al,Oj3 particles in sample C2 (Figure 4(b)). For sample
CT, the MWCNT was aggregated (Figure 4(c)). After
fired at 1673 K (1400 °C), some SiC whiskers formed in
sample CO as a result of the reaction between graphite
and silicon. Many uniformly distributed SiC whiskers
formed through the reaction between silicon and
MWCNTs or graphite were observed in sample C2
(Figure 5(b)). Moreover, SiC whiskers were also
observed in sample CT (Figure 5(c)), but most of them
were just on the surfaces of MWCNT aggregates. It was
obvious that the uniformity of the MWCNT distribu-
tion in the matrix of the ALO;z-C refractories was
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remarkably improved when the AM powders were used
as the MWCNT source.

C. Apparent Porosity and Bulk Density

The change in apparent porosity and bulk density at
various temperatures is shown in Table III. For the
samples C1 and C2, prepared using ALO;/MWCNT
composite powders, increasing MWOCNT content
reduced the AP value and raised the BD value. This is
due to increased filling of the inter-particle spaces of the
refractory by much finer nano-sized materials. However,
the reduction in density was obtained in sample CT with
the addition of commercial MWCNTs. CNT aggregates
would reduce the density of the composite because of
their porous rope-like structure.!'”? The decreases of the
density in the sample CT indicated that many CNT
aggregates remain in the matrix, as shown in
Figure 4(c). Kim er al"® reported that well-dispersed
CNTs in a matrix lead to higher densities, while
agglomerates result in lower densities. In this context,
the sample C1 and C2 had higher densities. It could be
confirmed that successful dispersion of MWCNTs
within the Al,O3-C matrix should be obtained using
AM composite powders, corresponding with the
observed microstructure (Figure 4(b)).

In addition, it is obvious that the apparent porosity
increased with increasing the firing to 1273 K (1000 °C),
but it decreased dramatically at 1673 K (1400 °C);
correspondingly, the change in bulk density as a
function of firing temperature was opposite to apparent
porosity. The higher apparent porosity at 1273 K
(1000 °C) was due to the release of volatile species of
the binder. The reduction of apparent porosity at
1673 K (1400 °C) was considered as a direct conse-
quence of formation of SiC phases in the materials.

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 4—SEM micrographs of samples () CO, (b) C2, (¢) CT fired at
1273 K (1000 °C) for 3 h.

Moreover, more SiC whiskers were formed by the
addition of MWCNTs and its homogeneous distribution
in the matrix, resulting in a lower porosity of samples
containing AM composite powders.

D. Fracture Properties and Thermal Shock Resistance

Table IV shows the testing results of fracture prop-
erties and calculated thermal shock resistance parame-
ters of samples fired at 1273 K (1000 °C). For the
samples prepared using AM composite powders, with
the increase of MWCNT content, the flexural strength

METALLURGICAL AND MATERIALS TRANSACTIONS B

Fig. 5—SEM micrographs of samples () CO, (b) C2, (¢) CT fired at
1673 K (1400 °C) for 3 h.

increased continuously. The flexural strength of sample
C2 was improved 23.5 pct. With the increase of
MWCNT content, better filling as well as better
compaction had occurred, resulting in a better strength.
There was also similar improvement observed in the
elastic modulus of samples, indicating that slow crack
propagation occurred. The work of fracture ywor of
sample C2 confirmed that ~50 pct more energy was
required for crack propagation compared to C0O. Due to
the lower density, the fracture properties decreased in
sample CT containing MWCNT aggregates on the
contrary. This phenomenon was also found in carbon
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Table II1.

AP and BD of Samples After Heat Treatment at Various Temperatures

493 K (220 °C)

1273 K (1000 °C)

1673 K (1400 °C)

Sample Code AP (Pct) BD (g/cm®) AP (Pct) BD (g/em?) AP (Pct) BD (g/cm?)
Co0 14.5 3.08 17.2 3.03 16.5 3.05
Cl 13.8 3.14 15.2 3.06 14.2 3.10
2 13.0 3.17 14.3 3.10 13.6 3.15
CT 15.1 3.05 18.5 3.00 17.5 3.02

Table IV. Fracture Properties and Thermal Shock Resistance Parameters of Samples Fired at 1273 K (1000 °C)
Specimen code Co Cl C2 CT
ary (MPa) 5.5 6.2 7.1 4.8
E (GPa) 4.5 53 5.9 3.6
ywor (J/m?) 18.8 25.6 36.4 15.2
RY (x107% m) 3.5 3.9 4.6 3.2

nanotube/alumina composites.!” 2" Furthermore, as

predicted from R" parameter, indicating the minimum
in the elastic energy at fracture available for crack
propagation,”? sample C2 appeared to have higher
resistance to fracture propagation caused by the thermal
stresses in consequence of the presence of well-dispersed
MWCNTs.

After thermal shock parameters were calculated, the
behavior of materials was predicted on that basis. These
predictions were compared with the experimental ther-
mal shock test data (Figure 6). All the samples contain-
ing AM composite powders exhibited higher residual
strength compared to CO without MWCNTs and CT
with MWCNT aggregates. The sample C2 with
0.3 wt pct MWCNTs added had the highest residual
strength ratio of 0.76, but 0.37 for CO and 0.35 for CT,
indicating that the addition of MWCNTs with homo-
geneous distribution was favorable to improve the
thermal shock resistance of Al,O3-C refractories.

E. Slag Corrosion Resistance

The corrosion indexes of the refractory without and
with MWCNTs are shown in Figure 7. Incorporation of
MWCNTs was observed to significantly inhibit the slag
corrosion. The nanocarbon prevents the corrosion of the
matrix by forming a coating of carbon on the surface
due to its high surface to volume ratio.**! Hence,
addition of nanocarbon in Al,O3-C refractory exhibits
better slag corrosion resistance, as also observed by Bag
et al® Increase in MWCNTs greatly decreased the
corrosion index. Higher amount of MWCNTs increased
its distribution throughout the matrix and reduced the
slag corrosion. There was a significant rise in the
corrosion index of sample CT, compared to that of
sample C2 with the same MWCNT content. It may be
suggested that MWCNT aggregates was less effective for
the improvement of slag corrosion resistance than AM
composite powders.
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IV. DISCUSSION

As mentioned above, the addition of AM composite
powders improved the properties of Al,O3-C refracto-
ries because of the increased uniformity of
MWCNTs in the matrixes. For example, in sample C2, the
MWCNTs existed at the surfaces of Al,O5 particles and
were evenly distributed in the matrix, and these
MWCNTs could be dispersed evenly among the tiny
spaces between coarse, medium, and fine particles,
thereby filling in the pores and gaps (Figure 4(b)) to
reduce the porosity and enhance the density, resulting
in the observed improvement of fracture properties of
AL,O5-C refractory. In previous studies,”* 2! obtaining
high densities had been deemed important for produc-
ing composite ceramics with excellent mechanical and
fracture properties. In addition, MWCNTs with
strengthening and toughening mechanisms, including
crack deflection, bridging, fracture, and pull-out,
strengthened the samples, leading to the better mechan-
ical and fracture properties.””) Meanwhile, the homo-
geneously dispersed MWCNTs not only absorbed and
relieved thermal stresses but also reduced any maldis-
tribution of thermal stresses in the interiors of the
refractories, thus improving the thermal shock
resistance.>**!

Comparing against sample C2, there was a significant
rise in the apparent porosity of sample CT prepared
using commercial MWCNTSs with the same MWCNT
content. The MWCNTs existed as aggregates in the
matrix, as shown in Fig. 4(c), and severe phase segre-
gation was presented in the microstructure, giving
MWCNT aggregates a similar role to pores in the
matrix, as reported and explained by Gallardo-Lopez
et al.®® On other hand, bundles of CNTs likely acted as
flaws and resulted in the lower observed properties,*! so
that poor dispersion of MWCNTs (agglomeration)
could cancel out the advantages of MWCNTSs. The
property tests have shown that no improvement of the
densification, fracture properties, and thermal shock

METALLURGICAL AND MATERIALS TRANSACTIONS B
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resistance of the refractories was achieved by addition of
commercial MWCNTs.

Furthermore, the results of the slag corrosion test at
1773 K (1500 °C) (Figure 7) show that increase in
MWCNTs greatly improved the slag corrosion resis-
tance of the refractories prepared using AM composite
powders; however, the slag corrosion resistance of
sample CT was lower than that of sample C2 with the
same MWCNT content. The results were attributed to
two reasons. First, as shown in Table III, well-dispersed
MWCNTs reduced the apparent porosity of Al,O3-C
refractories, while MWCNT agglomerates result in
higher porosity. Moreover, more SiC whiskers were
formed at 1673 K (1400 °C) and homogeneously dis-
tributed in the samples containing AM composite
powders (Figure 5(b)), resulting in a higher density.

METALLURGICAL AND MATERIALS TRANSACTIONS B

The low porosity and high density of refractories
contributed to the slag corrosion resistance, as reported
by Campos er al.”®! and Braulio er al.*” Second, the
non-wetting behavior of molten slag on SiC and
MWCNTs impeded the penetration of slag and
enhanced the slag corrosion resistance of the
refractories.*'-*%

V. CONCLUSIONS

Compared with the addition of the commercial
MWCNTs by means of mixing, the addition of Al,O3/
MWCNT composite powders in which MWCNTs had
grown on the surfaces of Al,Os particles substantially
improved the distribution uniformity of MWCNT in the
AlO3-C matrix, thereby filling in a better way among
the spaces between particles of starting materials and
filling of interior pores and gaps. This consequently
enhanced the properties of the Al,Os-C refractories,
such as the densification, fracture properties, thermal
shock resistance, and slag corrosion resistance. At the
elevated temperature, the MWCNTs on the surfaces of
the Al,O3 grains reacted with Si to form SiC whiskers,
resulting in further increases in density and improve-
ments of the other properties. On the contrary, no
improvement of the densification, fracture properties,
and thermal shock resistance of the refractories was
achieved by addition of the commercial MWCNTs due
to the agglomeration of MWCNTs. Such nanocompos-
ite powders should also be used in other refractories
containing carbon and CNT composites, leading to
significant advances in refractory materials for the iron
and steel industry.
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