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Abstract

The introduction of MgO nanoparticles developed in situ in the matrix of high-alumina low cement, ultra-low and no cement
refractory castables was made by means of a low viscosity containing aqueous polymeric resin, produced by the Pechini method.
The addition of the liquid resin to the castables played two roles: first to serve as a supplier of mixing water and second as a precursor
of nanoparticles of MgO, which were formed in situ in the castables matrices during firing. The results confirmed the benefits
brought by the developed in situ MgO nanoparticles on the refractory properties of the investigated castables.

Keywords: refractory castables, polymeric resins, MgO nanoparticles, Pechini method.

Resumo

A introdugdo de nanoparticulas de MgO desenvolvidas in situ na matriz de concretos refratdrios de baixo teor de cimento, ultrabaixo
e sem cimento foi feita por meio de uma resina polimérica aquosa de baixa viscosidade, produzida pelo método Pechini. A adi¢do
da resina liquida aos concretos desempenhou dois papéis: primeiro serviu como fornecedor de dgua de mistura e segundo como
precursor de nanoparticulas de MgO, que foram formadas in situ nas matrizes de concretos durante a queima. Os resultados
confirmaram os beneficios trazidos pelas nanoparticulas de MgO desenvolvidas in situ nas propriedades refratdrias dos concretos

investigados.

Palavras-chave: concretos refratdrios, resinas poliméricas, nanoparticulas de MgO, método Pechini.

INTRODUCTION

A substantial increase in the performance of refractory
castables has been obtained in the last three decades by
reducing the content of calcium aluminate cement (CAC),
in the range from 2 to 6 wt% or even its virtual absence
in refractory castables. As a consequence, because of the
resulting lower CaO contents in these castables matrices,
a strong reduction in the amount of eventual liquid-phase
development at high temperature could be achieved. In
the search for refractory castables without cement for
more demanding applications, the ‘no cement’ variety was
developed using hydratable alumina, colloidal silica or
colloidal alumina as binding agents. Therefore, the modern
refractory castables are able to present creep and corrosion
resistance similar to formed refractories of the same class
[1, 2]. The advantage of using the hydratable alumina
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as a binder is that it does not need to be cured under high
relative humidity. When hydratable alumina reacts with
water, it forms a thick layer of pseudoboehmite gel around
the aggregates during the hydration process. Part of this
gel is then transformed into boehmite (AL0,.2H,0) and
crystalline bayerite (A1,0,.3H,0) [3, 4].

Aiming to obtain an overall improvement of properties,
recently there has been a great interest in including
nanoparticles of highly refractory oxides in ceramics. The
introduction of nanoparticles of refractory oxides in the
matrix of advanced refractory castables can be considered
a new route to improve physical and thermo-mechanical
properties of these materials. Until now, the refractory oxide
nanoparticles were generally added to castables either in
powder form, or as colloidal suspensions of silica or alumina
[5, 6]. However, the use of the colloidal silica carries SiO,
to the castable matrix, forming low melting compounds
other than mullite. In addition, the presence of silica is not
desirable for several steelmaking processes. On the other
hand, the use of colloidal alumina has some drawbacks such



J. A. Alves Junior et al. / Ceramica 65 (2019) 592-598 593

as not enough solid contents to provide strength and the need
for drying over 50 °C to set and harden.

Inordertotake advantage of the potential of nanoparticles,
an innovative way of introducing nanoparticles of refractory
oxides in castables was developed by the present authors. It
consists of forming in situ, during firing, nanoparticles of
highly refractory oxides (ALO,, MgO, Cr,0,, ZrO,) in the
castables matrices. Through this novel technique, aqueous
Pechini resins containing AI**, Mg**, Cr** and Zr** cations
in their polymeric chains are introduced playing the double
role of water vehicle for workability and hydration, while
at the same time fulfilling the role of precursor for in situ
development of the targeted refractory oxides nanoparticles
[7-9]. Through this new route, agglomeration problems
of nanoparticle additions in powder form are eliminated.
Moreover, the nanoparticles are developed in a nascent state
closely adhered to the aggregates, being much more reactive
than when colloidal particles or ready-made nanoparticles
in powder form are introduced. In this way, there is a great
improvement in overall properties of refractory castables.
In the present study the in situ development of MgO
nanoparticles is shown together with the benefits coming
from its reaction with fine alumina aggregates, leading also
to the in situ formation of magnesium aluminate spinel
(MgALO,) and hebonite (Ca0.6A1,0,), chemically stable
and neutral refractory compounds. When the spinel and
hebonite phases form in situ, they occur with expansion,
helping the closure of cracks increasing the resistance to
slag attack and metal penetration [10-13].

EXPERIMENTAL PROCEDURE

Preparation of the Mg resin using the Pechini method.
in 1 L of water (under stirring), 250.3 g of citric acid was

Table I - Reagents used to produce the Mg?* polymeric resin.
[Tabela I - Reagentes utilizados na produgdo da resina
polimérica de Mg*".]

Reagent Formula
Citric acid monohydrate (Merck CH,O0..HO
Millipore)
Magnesium nitrate hexahydrate Mg(NO,),.6H,0
(Merck Millipore)
Ethylene glycol (Synth) CH,0,

Table II - Compositions (wt%) of the three different castables.

added. After complete dissolution, 102.4 g of magnesium
nitrate hexahydrate were added slowly. The solution
remained several hours under agitation until complete
dissolution of the magnesium nitrate hexahydrate. Then the
solution was heated to 70 °C and remained for 1 h at this
temperature. After this time, 48.6 mL of ethylene glycol was
added and the solution was heated to 90 °C, remaining at
this temperature for 2 h. When added to the castable, the
mixture was left stirring for 2 min [6]. In this study, an
attenuated Mg resin was prepared using the reagents shown
in Table I. The aqueous resin presented a viscosity of 7 cP.
In order to check the formation of the MgO nanoparticles,
X-ray diffraction (XRD) and BET analyses were done after
a separate test of pyrolysis and burning of the Mg aqueous
resin. The crystallite size was determined by the association
of the XRD technique with the Scherrer method shown by:

T = K M(B.cosO) (A)

where T is crystallite size, K constant, A X-ray wavelength,
B broadening at half maximum intensity, and 8 Bragg angle.
Castable specimen preparation: specimens with
dimensions of 120x25x25 mm of low cement (LCC), ultra-
low cement (ULCC) and no cement (NCC) castable types,
using water or Mg?* resin as the mixing liquid, were produced
by mixing in a 5 L capacity planetary mixer (mod. 020,
Amadio) and molded in metallic molds under light vibration
in a vibration table NTG-1220N for 20 s under a 2 mm
amplitude. In Table II the raw materials used, as well as their
respective percentage for each of the three types of castables,
are shown. The compositions were formulated aiming the
optimization of particle packing, using Andreasen’s particle
packing procedure under a distribution modulus of q=0.26
[14, 15]. The castables LCC  , ULCC  , and NCC__
were molded with 5.8 wt% water. The castables LCCMgO,
ULCCM o and NCC were molded with 8 wt% of the
liquid Mg polymerlc resm After 24 h, the specimens were
demolded and dried for 24 h at 110 °C, after which they were
fired at 1450 °C/2 h in an EDG-1700 electric muffle.
Physical and thermo-mechanical testing: apparent
density and apparent porosity were evaluated by the
Archimedes principle, using samples from the broken
pieces of the fired bar-shaped specimens after being
submitted to three-point bend flexure strength measurement
in a universal testing machine (DL10000-100 kN__, Emic)

[Tabela II - Composicdo (% em massa) dos trés diferentes concretos.]

miizal 417{‘2) 1(1):20 2(1):20 7017?40 #1;?5 CTCT;?)‘OO CAC  HA 917\/5U STP APA
LCC 210 16.0 100 130 17.0 13.0 50 - 50 0.1 0.05
ULCC 21.0 16.0 10.0 13.0 18.0 14.5 2.5 - 5.0 0.1 0.05
NCC 21.0 16.0 10.0 13.0 18.0 13.0 0.5 35 50 0.1 0.05

FA - Elfusa AL fused alumina (99.47% AL,O,, 0.04% Fe,0,); CA - Almatis CL-370 calcined alumina (99.7% AL,0, 0.05% Fe,0, 0.07% SiO,); CAC - Kerneos Secar 71
calcium aluminate cement (>68.5% Al O <31 0% CaO, <0.8% SiO,, <0.4% Fe,0,); HA - Almatis Alphabond 300 hydratable alumma MS - Elkem 971U microsilica
(>90% SiO,, <1% H,0); STP - Merck lelzpore 85% sodium tripolyphosphate; APA - Dyspersal B130 ammonium polyacrylate 44%.
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using a 120 mm span and a crosshead speed of 1 mm/min.
Dynamic elastic modulus measurement by the impulse
excitation technique (IET) is a valuable tool in revealing
how the microstructure evolves during heating and cooling.
Using IET, the dynamic elastic modulus (DEM) of the bar-
shaped fired specimens was evaluated in a heating/cooling
cycle from room temperature to 1500 °C and back, under a
heating rate of 5 °C/min and a cooling rate of 10 °C/min. The
DEM was determined using a RFDA HT 1600 from IMCE,
Belgium. The thermal expansion behavior of the different
castables was also evaluated from room temperature to
1300 °C, in a dilatometer coupled to the RFDA HT-1600
equipment, under a heating rate of 5 °C/min. The thermal
shock resistance of the different castables was evaluated
using the residual flexural strength after submitting the fired
(1450 °C/2 h) bar-shaped specimens to one cycle exposure
at sudden temperature gradients of AT= 300-600-900 °C in
running water at 24 °C.

Scanning electron microscopy analysis: was performed to
analyze the microstructure of the castables with and without
the use of the polymer resin. The castables were cut in the
shape of 10 mm cubes and later had their surfaces polished.
The analyses were performed in an FEI Inspect S50. Phase
assembly by XRD analysis: the resulting mineralogical
compositions of the castables were determined by X-ray
diffraction analysis, using Bruker D-8 Advanced ECO.

RESULTS AND DISCUSSION

Characteristics of the resulting MgO nanopowder: it was
seen that after pyrolysis and firing of the Mg?* polymeric
resin, the development of pure crystalline MgO indeed
occurred already at 600 °C, increasing strongly its crystalline
character at 1000 °C as shown by the X-ray diffractograms
presented in Fig. 1. The results of surface area and crystallite
size (calculated by Scherrer equation) are shown in Table
III. Tt was clear that the resulting powder after pyrolysis and
firing (1000 °C/1 h) of the Mg polymeric resin was really
nanometric.

Results of physical properties: itis known that the apparent
porosity directly influences the mechanical properties such
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Figure 1: X-ray diffraction pattern of powder resulting from the
pyrolysis and firing of the Mg?* polymeric aqueous resin.

[Figura 1: Difratograma de raios X do po resultante da pirdlise e
queima da resina polimérica de Mg**.]

Table III - Particle size, surface area and crystallite size of
MgO after pyrolysis and firing (1000 °C/1 h) of the Mg?
polymeric aqueous resin.

[Tabela III - Tamanho de particula, area superficial e tamanho
de cristalito do MgO apos pirdlise e queima (1000 °C/1 h) da
resina polimérica de Mg**.]

Surface area - BET Particle size  Crystallite size
(m?/g) (nm) (nm)
83.1 21 18

as modulus of elasticity and mechanical strength of ceramic
materials [14]. In Table IV it is shown the results of apparent
porosities and densities of the investigated castables, after
firing at 1450 °C/2 h. It was noted that the concretes molded
with the Mg resin presented lower apparent porosity and
higher densification than those molded with water. This fact
indicated that the in situ generation of nanoparticles led to
improved densification, contradicting the expected potential
negative effect of the increase of pore volume fraction, as
a result of the pyrolysis of the resin, releasing CO, and the
vaporization of part of its aqueous content. The densification
effect of MgO nanoparticles found in this study was in line
with the literature [16], which found the same densifying
effect after adding submicron-sized spinel to high-alumina
refractory castables.

Results of scanning electron microscopy (SEM): through
the SEM micrographs presented in Fig. 2, it was possible
to verify, as already expected from the results of physical
properties, that the specimens without the presence of the
resin presented a less compact microstructure with a higher
quantity of pores when compared to the specimens with the
presence of the resin. The observed compact microstructure
of the castable molded with the Mg resin was comparable
to the results presented in [16]. We may consider that this
fact was directly responsible for the improvement of the
mechanical properties of castables [14], which is shown in
the mechanical property results.

Results of X-ray diffraction: XRD testing was used
in order to evaluate comparatively the resultant phase
assembly of the different castables (with and without the

Table IV - Results of apparent porosity and density of the
investigated castables after firing at 1450 °C/2 h.

[Tabela IV - Resultados de porosidade e densidade aparen-
tes dos concretos investigados apos queima a 1450 °C/2 h.]

Castable Appazrge/lcl:tmctinsity Appare(r:;) I))orosity
LCC, . 3.02 21
ULCC, . 291 21
NCC,,.. 2.85 19
LCC,,, 307 19
ULCC,,, 3.16 19
NCC,,, 329 16
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Figure 2: Scanning electron micrographs of the polished surface
after firing at 1450 °C/2 h of the castables molded with and without
the Mg resin.

[Figura 2: Micrografias eletrénicas de varredura da superficie po-
lida apos queima a 1450 °C/2 h dos concretos moldados com e sem
a resina de Mg.]

Mg resin), after firing at 1450 °C/2h. A comparison between
the Figs. 3a and 3b indicated that the main mineralogical
composition differences between the LCC _ and LCC, |
castables were: a) presence of spinel (MgAlLO,) in the
LCCMgo castable; b) absence of spinel (MgAlLO,) in the
LCC_ ; and ¢) more mullite (3A1,0,.2Si0,) and hebonite
(Ca0.6AL0, - CA)) and less gehlenite (2Ca0.Al0,.Si0,)
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were developed in the LCC, , castable. From the intensity of
the spinel peaks, it may be inferred that all the MgO coming
from the Mg resin upon firing was transformed into spinel
after reacting with fine alumina from the aggregates. This
was so because when 8 wt% of liquid resin was transformed
into MgO nanoparticles, after its pyrolysis and firing, it
resulted in only 0.7 wt% of MgO in the whole castable
mix. The presence of gehlenite in LCC__ resulted from the
reaction of CaO coming from the calcium aluminate cement
with microsilica and alumina fines in the castable matrix.
Apparently, the presence of MgO inhibited a more intensive
development of gehlenite. This may enhance indirectly the
hot modulus of rupture as shown by the values of dynamic
elastic modulus. For the NCC castables, the virtual absence
of gehlenite (2Ca0.Al,0,.8i0,) as shown in Figs. 3¢ and
3d led us to infer that all the CaO coming from the 0.5
wt% calcium aluminate cement used in both NCC _  (Fig.
3¢) and NCCMgo (Fig. 3d) castables reacted only with the
alumina fines forming CAG. On the other hand, all the silica
content coming from the 5 wt% microsilica used in both
castables reacted with alumina fines forming mullite. In this
case it appeared that the Mg resin favored mullite and CA,
formation. These findings agreed well with what was found
in [17]. The phases CA,, spinel, and gehlenite identified by
XRD analysis indicated that the castables molded with the
resin can display good resistance to the thermal shock [14,
16-19] as it is shown ahead.

Results of cold mechanical strength using the 3-point
bending test: from the results presented in Fig. 4, it is
apparent that the resin incorporated in the refractory castables
turned their respective flexural strengths substantially higher
(>75%) than the ones molded with water. The use of MgO
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Figure 3: X-ray diffraction patterns of castables after firing at 1450 °C/2 h: a) LCC_ _;b) LCC, ;¢) NCC - and d) NCCMgO.

MgO? water”

[Figura 3: Difratogramas de raios X dos concretos apos queima a 1450 °C/2 h: a) baixo teor de cimento moldado com dgua; b) baixo teor
de cimento moldado com a resina de MgO; c) sem cimento moldado com dgua, e d) sem cimento moldado com a resina de MgO.]
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Figure 4: Room temperature modulus of rupture in 3-point bending
of the investigated castables after firing at 1450 °C/2 h. Values are
the average of 5 tested specimens for each castable.

[Figura 4: Modulo de ruptura (em trés pontos) a temperatura am-
biente dos concretos estudados apos queima a 1450 °C/2 h. Valores
sdo médias de 5 espécies de cada concreto.]

resin as an aqueous vehicle and nanoparticle precursor,
combined with the replacement of calcium aluminate cement
by hydratable alumina, caused a significant increase in the
strength as shown by the NCCMgo castable. These facts may
be credit to an enhancement of the sintering during firing
caused by the high reactivity of the in situ formed MgO
nanoparticles with the fine alumina aggregates, forming
magnesium aluminate spinel and favoring the development
of the CA, phase in an interlocking mode, strongly bridging
the alumina aggregates, as was reported in [16]. In addition,
the spinel phase development occurred with expansion,
leading to a closure of pores causing an indirect increase
in the strength. This also happened for the CA, phase. The
high levels of three-point bend strength (>32 MPa) achieved
by the castables molded with the liquid Mg resin after firing
at 1450 °C/2 h were considerably higher than the values
reported in the literature (even the ones after firing at
1600 °C/3 h), when spinel phase is added ready-made or
developed in situ in refractory castables by the reaction of
added MgO powder and the fine alumina aggregate [7, 11-
13, 16, 20].

Results of thermal expansion behavior: in Fig. 5, the
thermal expansion behavior of the investigated castables
is presented. Through Fig. 5a it can be seen that the final
expansions of the castables molded with water followed
the ranking: NCC _<ULCC <LCC . In addition,
the thermal expansion coefficients [o=(dL/L).(1/AT)] from room
temperature to 600 °C were almost the same (0~8.1x10° °C") for the
three castables. However, LCC _ presented a higher value
(0=8.7x10 °C") from 600 °C. These data were compatible
with no addition calcium aluminate bonded high-alumina
(>85% ALO,) containing refractories. In addition, they
started to display a kind of softening (creeping) around
750 °C. In Fig. 5b a similar trend presented by the thermal
expansion behavior of the castables molded with the Mg
polymeric resin can be seen. The same ranking with respect
to dimensional changes variations was maintained, that is
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Figure 5: Linear dimensional variation (dL/L) of the different
castables specimens molded with 5.8 wt% water (a) and 8 wt% Mg
aqueous polymeric resin (b), after firing at 1450 °C/2 h.

[Figura 5: Variagdo linear dimensional (dL/L) dos espécimes de
diferentes concretos moldados com 5,8% de agua (a) e 8% da resi-
na polimérica de Mg (b), apos queima a 1450 °C/2 h.]

NCC,, Vg0 o<ULCC,, <LCC,, Vg0 . The main difference presented
by the castables molded with Mg resin was that their final
expansion values were at least 20% smaller than the ones
molded with water. The same occurred for their thermal
expansion coefficients (0~6.5x10° °C!) comparatively to
the castables molded with water. In addition, their softening
started to occur at approximately 900 °C, while for the
castables molded with water the softening started at 750 °C.
These important differences brought by the inclusion of MgO
can be credit to the development of magnesium aluminate
spinel and CA, (which have smaller thermal expansion
coefficients than alumina), as a consequence of the reaction
between the fine alumina aggregates with the developed MgO
nanoparticles and CaO coming from the calcium aluminate
cement [17].

Results of dynamic elastic modulus measurements: the
development of dynamic elastic modulus has been used as
a tool to understand the dynamic evolution of refractory
microstructures [21, 22]. In Fig. 6 the results of elastic
modulus versus temperature using the IET technique
are presented. It was seen the following features: a) the
magnitude of dynamic elastic modulus (DEM) of all the
castables molded with the Mg resin was substantially higher
than the ones corresponding to the castables molded with
water; the magnitude of the resulting final DEM values at
room temperature, are expressively higher than the ones
reported in the literature for the high-alumina castables [16,
23]; b) for all castables independent of the liquid vehicle
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Figure 6: Dynamic elastic modulus measurements using IET of
dried (110 °C/12 h) bars of the investigated castables, with a heating
rate of 5 °C/min until 1500 °C and a cooling rate of 10 °C/min.

[Figura 6: Medidas do modulo eldstico dindmico usando a técnica
de excitagdo por impulso de corpos de prova secos (110 °C/12 h) com

taxa de aquecimento de 5 °C/min até 1500 °C e taxa de resfriamento
de 10 °C/min.]

used in their molding (water or Mg resin), there was a clear
trend showing that the decrease in the calcium aluminate
content of the castable led to an increase in the dynamic
elastic modulus value, making an apparent DEM ranking
of B, (.<E_; o«<Eyce ©) for all castables molded with water
during the heating branch, there was an errant loss of
signal (damping) for temperatures higher than 1200 °C; the
damping may be related to the liquid phase development
and/or pyroplasticity; in addition, DEM values after cooling
to room temperature were always smaller than their initial
value at the starting of the heating branch because some
microstructure damage; d) it was also seen that there was a
mismatch between the heating and cooling branches, creating
a visible hysteresis area which was more pronounced for the
castables molded with water. The hysteresis phenomenon can
be credited to microstructure stability features. Considering
that refractory castables are the monolithic type, they
present dynamic behavior achieving microstructure stability
only as a function of temperature and time. In this sense, it
was seen that the castables molded with the Mg liquid resin,
by displaying smaller hysteresis areas, presented a higher
maturation degree ending up to be more stable than the
ones molded with water. As far as the authors’ knowledge,
there are no reports in the literature showing results of
DEM during heating and cooling of high-alumina refractory
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Figure 7: Residual flexural strength after a single thermal shock
under sudden temperature gradients of AT= 25 (without thermal
shock), 300, 600 and 900 °C.
[Figura 7: Resisténcia a flexdo em trés pontos apos um ciclo de
choque térmico nos gradientes de temperatura de 25 (sem choque
térmico), 300, 600 e 900 °C.]

castables containing nanoparticles.

Thermal shock results: in Fig. 7 the results of thermal
shock relative to the six castables are shown. Considering
the strong decrease in flexural strength, it was seen that a
AT=300 °C was critical for all the castables, causing a ~30%
decrease in the original flexural strength without thermal
shock for the castables molded with water. Conversely, it
was clear that the same AT=300 °C was more critical for
the castables molded with the Mg resin, causing a ~50%
decrease in the original strength without thermal shock.
Based on the magnitude of the flexure strength decay of
the castables molded with the Mg resin, we may infer a
resulting high degree of microstructure damage in them.
However, their AT=300 °C flexural strength decay did not
impair the load-bearing ability of these castables, which
were still stronger (except LCCMgO) than the ones molded
with water. An interesting point noticed was that, after the
critical AT=300 °C, the strength decay almost leveled off
for castables of ultralow and no cement type molded with
Mg resin. This fact, indirectly implied good microstructure
stability (stopping crack growth) under increased severity of
thermal shock, keeping high strength levels. The presence of
the CA and spinel phases as already mentioned also directly
influenced the high resistance to thermal shock in the
castables molded with resin. Similar results with addition of
spinel particles of different granulometry were obtained in
castables and in spinel composites [16, 19, 20, 24].

CONCLUSIONS

A comprehensive analysis of the obtained results led to
the conclusion that the use of a novel technique for the in
situ development of MgO nanoparticles within the matrix
of LCC, ULCC and NCC refractory castables using a Mg
polymeric aqueous resin provided a strong increase in the
physical and mechanical properties, with a low overall
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thermal expansion, at the same time aiding the formation
of highly refractory phases (MgAlO,, Ca0O.6Al0,,

3A1,0,.28i0,) while inhibited the formation of low melting
point phases as, for example, gehlenite (2Ca0.Al,0,.S8i0,).
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