
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$36.0

http://dx.doi.or

nCorrespond

E-mail addr
Ceramics International 38 (2012) 6235–6241

www.elsevier.com/locate/ceramint
The effect of nano-Cr2O3 on solid-solution assisted
sintering of MgO refractories

H.R. Zargarn, C. Oprea, G. Oprea, T. Troczynski

Materials Engineering Department, University of British Columbia, Vancouver, BC, Canada, V6T 1Z4

Received 11 April 2012; received in revised form 27 April 2012; accepted 27 April 2012

Available online 17 May 2012
Abstract

The effect of Cr2O3 particle size on the densification of magnesia refractories was investigated. Magnesia grains (o45 mm) were mixed

with 2 wt% of micro-Cr2O3 (2 mm) and nano-Cr2O3 particles (10–20 nm) and sintered at 850–1450 1C, for 5 h in air. The progress of the

densification and phase evolution of samples was studied with the support of X-ray diffraction phase analysis (XRD), Fourier

transformer infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). It was shown that the densification of magnesia

was enhanced by reducing the particle size of the added chromia to the range of 20 nm. According to the phase analysis results, the

higher dissolution rate of Cr2O3 in MgO in the MgO–Cr2O3 system was responsible for the faster densification of nano-Cr2O3

containing mixes.

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

MgO refractories are good candidates for the lining of
cement and steel furnaces, owing to the high melting
temperature of MgO (2800 1C) and to the fact that it is
inert toward the basic slags. However, they have poor
thermal shock resistance and high thermal conductivity,
which limited their applications. Several researchers
addressed these shortcomings by including different addi-
tives, such as SiO2, Al2O3, Cr2O3, TiO2, ZrO2, MgCl2, and
WO3 [1–10]. Chaudhuri et al. [11] studied the effect of
ZrO2 and TiO2 on magnesia and showed that both oxides
enhanced its densification. The TiO2 reacted with the calcia
in magnesia, forming calcium titanate, while ZrO2 was
dissolved in MgO. Han et al. [12] found that the addition
of WO3 to MgO resulted in the formation of phases with
low melting points (MgWO4 and CaWO4) in the magnesia
grain boundaries; the presence of liquid phases resulted in
a higher densification. In fact, the formation of CaWO4

during sintering led to a decrease in the CaO/SiO2 ratio in
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MgO and as such, to reduced amounts of 3CaO �SiO2

(C3S) and 2CaO � SiO2 (C2S) phases.
In recent years, nano-crystalline ceramics and the appli-

cation of nanoparticles to improve the ceramic processing
have attracted considerable interest, as the mechanical,
optical, electrical, and magnetic properties are crystallite-
size sensitive. Zhao et al. [13] studied the addition of
nano-Fe2O3 (average particle size of 17 nm) into the matrix
of magnesia–chrome ceramics and reported that the
sintering temperature was reduced by about 150 1C. Also,
adding up to 2 wt% nano-Fe2O3 progressively increased
the compressive and bending strength at every sintering
temperature [13]. Azhari et al. [14] found that adding iron
oxide with an average particle size of 60 nm enhanced
the formation of magnesioferrite spinel at much lower
temperatures (1350 1C, compared to 1550 1C for samples
without nano-Fe2O3). Adding an identical amount of
micron-sized Fe2O3 (d o45 mm) led to the formations
of less MgFe2O4 spinel, with lower compressive and
bending strength than the samples containing nano-Fe2O3.
The deterioration of the mechanical properties was attrib-
uted to the higher degree of the homogeneity of MgFe2O4

in the microstructure of samples containing nano-Fe2O3,
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Fig. 1. TEM image of synthesized nano-Cr2O3.
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compared to the micron-sized Fe2O3 samples. The dilato-
metry results showed that the onset sintering temperature
(when the shrinkage started) was �1100 1C for the
samples with 4 wt% nano-Fe2O3, �50 1C lower than for
the reference sample (with no nano-Fe2O). The lower
sintering temperature of the samples containing nano-
Fe2O3 was attributed to the decrease in dihedral angle
between the magnesia grains [14].

Similar effects of nanoparticles—reducing the sintering
temperature and improving the mechanical properties—were
also reported for non-oxide ceramics. Wang et al. [15] coated
Si3N4 particles with Al2O3 and Y2O3 via the citrate nitrate sol–
gel procedure, and showed that the nano-sized oxides formed
in-situ on the Si3N4 grains acted as sintering aids, reducing the
sintering temperature to 1250 1C, compared to 1480 1C for the
samples without additives. The reduction of sintering tem-
perature by the nanoparticles was attributed to the crystal-
lization of YAG phase at a very low temperature (600 1C); the
YAG phase reacted with the SiO2 on the Si3N4, resulting in
the early formation of the liquid phase. Consequently, the
liquid phase existed over a wider temperature range and for a
more prolonged duration. Braulio et al. [16] studied the effect
of nano-Al2O3 and nano-MgO on the expansion behavior of
alumina–magnesia refractory castables. The mixture of the
nano-oxides (nano-AM) was proposed as a novel additive that
could accommodate the expansion caused by the spinel
formation and enhance the sinterability of alumina–magnesia
castables. The increased densification of nano-AM was
measured based on the spinel expansion temperature in the
expansion-temperature diagrams [16]. However, there was a
3 wt% limit in the addition of nano-Al2O3, above which no
distinguishable changes in the sintering properties were mea-
sured. Qiu et al. [17] investigated the densification of AlN
powders in the presence of nano-AlN; substituting 2 wt% of
AlN with nano-AlN increased the density from 2.78 to 3.28
(g/cm3) after firing at 1600 1C. Due to its higher activity
and surface area, the nano-AlN acted as a sintering
additive, increasing the green density and facilitating the
mass transport.

To the best of our knowledge, there are few published
results on the effect of the nano-additives formed in-situ on
the sintering temperature of ceramic materials. Most
existing sources [13–19] are limited to the application of
pre-formed nanoparticles. In the present work, the effect of
the nano-Cr2O3 formed in-situ on the sintering of magne-
sia grains was investigated. The nano-chromia precursor
was coated on the MgO grains and the densification of the
mixes containing nano-Cr2O3 was compared to that of the
samples containing micro-Cr2O3. This methodology also
ensured the uniform distribution of the chromia additive
on the magnesia grains.

2. Experimental procedures

Two sets of samples containing magnesia with 2 wt%
nano-Cr2O3, and magnesia with 2 wt% micro-Cr2O3 were
prepared. The citrate nitrate sol–gel process was used to
prepare the samples containing the nano-Cr2O3. The
precursors used were chromium nitrate nonahydrate
(Fisher UN2720), citric acid (Aldrich 11328BO) as chelat-
ing agent and ammonium hydroxide (Fisher Scientific
Canada 321275) to adjust the pH. The citric acid sup-
presses the precipitation during the pH change and acts as
a ‘‘fuel’’, reacting with nitrates to generate heat and
facilitate the Cr2O3 formation [19,20]. The resulting
Cr2O3 particles were 10–20 nm in size, as seen in the
TEM image in Fig. 1. In order to coat the magnesia grains
with the synthesized nano-Cr2O3, the magnesia grains
(MagChem P98, o45 mm) were immersed into the as-
prepared 0.1 M chromia sol, ensuring that the amount of
nano-Cr2O3 in MgO–Cr2O3 was 2 wt%. The chromia sol
was subsequently aged for 2 h at 80 1C in order to gel it.
The mixture was then dried for 24 h at 100 1C and calcined
at 650 1C for 2 h, to minimize the amount of volatile
species and to form nano-Cr2O3 particles on the MgO
grains. In order to prepare the samples with micro-Cr2O3,
the magnesia grains were mixed with 2 wt% micro-chro-
mia (Fisher C.I. 77288, d50¼2 mm) in a ball mill. In both
cases the coated grains were mixed with 5 wt% poly-vinyl
alcohol (PVA) solution and pressed uniaxially into pellets
under 80 MPa pressure. The specimens were heated with a
constant heating rate (5 1C/min) in air, up to the sintering
temperatures (850–1450 1C) and soaked for 5 h. The Four-
ier transform infrared spectroscopy (FTIR) tests were
conducted with a Perkin Elmer Spectrum 100 instrument
(USA) in transmission mode and KBr as a diluting agent.
The phase analysis was performed with a Rigaku Multiflex
X-ray diffractometer (Japan), using the Cu-Ka radiation.
The microstructure analysis was performed using a Hitachi
S3000N (Japan) scanning electron microscope, equipped
with an electron dispersive X-Ray spectroscopy (EDS)
detector and Quartz X-One X-ray post-processing soft-
ware. The TEM was performed using a Hitachi H-800
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transmission electron microscope. The thermal analysis of
samples was performed with a Linseis (Germany) differ-
ential thermal analyzer.
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Fig. 3. XRD patterns of MgO-2 wt% nano- and micro-Cr2O3 samples

sintered at 750–950 1C for 5 h; M: MgO, MC: MgCr2O4 spinel.
3. Results and discussion

Fig. 2 shows the DTA patterns of the samples with both
nano and micro-Cr2O3. In both cases, relatively sharp
exothermic peaks were seen between 200 1C and 470 1C.
The exothermic peaks of the ammonium nitrate dissocia-
tion were only seen in the samples with nano-Cr2O3, at 347
and 387 1C. For both sets of samples, a peak at 460 1C was
present, and it was attributed to the PVA combustion [21].
However, the peak at 460 1C might also result from the
burnout of the residual carbon. In addition, two broad
exothermic peaks were observed at about 600 1C and
1000 1C in the specimens with nano-Cr2O3, while there
was only one broad peak at �1000 1C in the specimens
with micro-Cr2O3. Fig. 3 shows the XRD patterns of
samples with nano and micro-Cr2O3 sintered at tempera-
tures lower than 1000 1C. The XRD peaks of MgCr2O4

were first observed for the specimen with nano-Cr2O3 fired
at 850 1C, indicating that the crystallization of MgCr2O4

started around that temperature [22]. However, for the
samples with micro-Cr2O3, the MgCr2O4 spinel was first
observed only at 950 1C. Based on this, we propose that
the higher reactivity of the nano-Cr2O3 effected the spinel
formation at lower temperatures than in the samples with
micro-Cr2O3. At temperatures below 850 1C, the spinel
formation via the counter-diffusion of magnesia and
chromia was initiated by the expected high reactivity of
nano-Cr2O3 precursors. Because the XRD technique could
not identify the spinel formation below 850 1C, FTIR was
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Fig. 2. DTA spectra of specimens containing 2 wt% (A) micro-Cr2O3,

(B) nano-Cr2O3.
performed on the samples fired at 650 1C and on pure
MgO, Cr2O3 and MgCr2O4, in order to analyze the
reaction at that temperature. In the FTIR patterns shown
in Fig. 4, the broad –OH band centered on 3400 cm�1 and
the H2O vibration band centered at 1650 cm�1. The peak
around 2800 cm�1 is related to the stretching of the C–H
vibrations from the organic compounds (citrates) used
during synthesis [19]. In the sample calcined at 650 1C
(Fig. 4A) the C–H groups are still present, but they
disappeared in the calcined powders at higher tempera-
tures (1450 1C), and the band at 600 cm�1, corresponding
to the metal–oxygen–metal bond (M–O–M), became shar-
per and stronger [23]. Since the latter peak was also
observed in the FTIR pattern of MgCr2O4, the broad peaks
at 650 and 1000 1C indicates the MgCr2O4 formation.
Comparing the XRD and FTIR patterns, it is proposed
that the spinel formation in the samples containing nano-
Cr2O3 occurred in two steps, the first one as low as 650 1C,
due to the high reactivity of the nano-Cr2O3. In contrast,
only one peak at about 1000 1C was observed in the
samples with micro-Cr2O3. This confirms that the nano-
Cr2O3 precursors reacted with the MgO grains (substrate)
and formed MgCr2O4 in the 600–750 1C temperature range.
Since the temperature was relatively low, it is expected that
the formed MgCr2O4 had a structure with defects and low
crystallinity [22], thus no XRD peaks for MgCr2O4 were
observed at temperatures below 850 1C.
Fig. 5 shows the nano-morphology of MgCr2O4 parti-

cles formed on the MgO grains in samples calcined at
850 1C. According to the EDS analysis, the bright phase
was composed of 31.6 wt% MgO and 68.4 wt% Cr2O3,



Fig. 4. FTIR spectra of samples containing nano-particles calcined at (A)

650 1C and (B) 1450 1C.

Fig. 5. BSE microstructure of 2 wt% nano-Cr2O3 coated magnesia grains

calcined at 850 1C, showing the formation of MgCr2O4 spinel on the

magnesia grains.
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which is somewhat different from the stoichiometric
composition (21 wt% MgO and 79 wt% Cr2O3) of spinel
in the XRD patterns. This was attributed to the small
particle size of the MgCr2O4 formed on the MgO sub-
strate, which caused the detection of additional Mg from
the surrounding MgO.

Increasing the heat treatment temperature resulted in the
instability of MgCr2O4, due to the solid-solution formation,
as predicted by the MgO–Cr2O3 phase diagram [24]. As a
result, the MgCr2O4 peaks were not observed in the samples
air-quenched from the sintering temperature; instead, a shift
of up to 0.241 2y was observed in the MgO peaks location
(Fig. 6), which indicated the formation of the solid-solution.
Based on these results, the lattice parameter was determined
in both sets of samples, in order to compare the extent of
solid-solution formation as a function of the heat treat-
ment temperature. The incident XRD beam was Cu-Ka1,
and the (111) peak of MgO was analyzed on 0.1570.01 g
of pulverized (o45 mm) sintered samples, with a X-ray
time per step of 2 s and 2y step of 0.021 for a 2y range of
10–801. In order to calculate the error of measurement,
titanium of 99.99% purity was selected as the internal
standard sample. Based on the d-spacing displacement of
the titanium peaks, the combined standard uncertainty was
calculated at 0.0015 Å.
Fig. 7 shows the variation of the lattice parameter versus

the sintering temperature for samples containing nano and
micro-Cr2O3 air-quenched from the sintering temperature.
The lattice parameter of all these samples decreased with
increased sintering temperature. Since Crþ3 has smaller
cationic radii (123 pm) than Mgþ2 (144 pm), the dissolu-
tion resulted in the reduction in the lattice parameter and
the displacement of MgO peaks to higher angles. The
lattice parameter in the samples containing nano-Cr2O3

was smaller than in the samples with micro-Cr2O3 between
850 and 1250 1C, but had about the same value (4.162 Å)
at 1350–1450 1C. This behavior can be attributed to the
higher rate of the solid-solution formation in the low
temperature range, due to the higher activity of the
chromia nano-particles compared to the micro-particles.
At higher temperatures (1350–1450 1C), the same rate of
solid-solution formation was expected for both nano and
micro-Cr2O3, owing to the grain growth and to the fact
that Cr2O3 in both cases was in the form of a solid-
solution.
The contribution of the solid-solution formation to the

densification behavior of MgO samples is shown in Fig. 8.
As seen, the density of the samples with nano-Cr2O3

increased with 12%, while for the samples with micro-
Cr2O3 increased with only 4.8%, when sintered in the
range of 850–1450 1C. It is worth noting that for the
samples with micro-Cr2O3 no densification was observed
up to 850 1C, in contrast to about 2% densification in the
nano-Cr2O3 samples. Considering the higher increasing
rate of the theoretical densities (DTD) for the samples with
nano compared to the samples with micro-Cr2O3 in the
sintering temperature range, the better densification of the
samples containing nano-chromia was attributed to the
faster solid-solution formation, hence to the enhanced
atomic mobility at the sintering temperature.
The high degree of homogeneity of the nanoparticles, as

well as their high reactivity due to the increased surface
area, resulted in enhanced solid-solution formation, as
shown by the lattice parameter change plotted in Fig. 7. As
previously reported by Kolar et al. [25] on the sintering of
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BaTiO3–SrTiO3 solid-solutions, one-directional diffusion
of species increased the ‘‘Kirkendall effect’’, which chan-
ged the structure of the neck area by creating voids, and
thus decreased the extent of densification. For more than
5 wt% BaTiO3 in SrTiO3 (or vice versa), the degree of
sintering decreased due to the heterogeneous solid-solution
formation. Comparing our results with those reported by
Kolar, we propose that the atomic mobility, hence the
densification, were increased due to the homogeneous
distribution of the nano-Cr2O3, and to the vacancies
formation, as for every 2Crþ3 that diffused to the MgO/
Cr2O3 interface, 3Mgþ2 must also diffuse there [26,27].
Since in the ionic materials the vacancies are responsible
for the diffusion mechanisms, the increased number of
vacancies could enhance the diffusion rate and thus result
in higher densification rates. Moreover, the enhanced atomic
mobility lasts over a wider temperature range, compared to
the samples containing micro-Cr2O3; this might be a reason
for the better densification of MgO with nano-Cr2O3. In
fact, for the samples with micro-Cr2O3, the reduced contact
area between Cr2O3 and MgO grains led to the decreased
solid-solubility of Cr2O3 in MgO and lowered the concen-
tration of vacancies, compared to that of specimens with
nano-Cr2O3.
The back scattered (BSE) SEM images of the samples

air-quenched from 1450 1C are shown in Fig. 9. The
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microstructure of the MgO with micro-Cr2O3 consists of
sharp-edged magnesia grains and agglomerates of MgCr2O4

spinel, while the microstructure of the MgO with nano-
Cr2O3 is composed of round-edged grains, indicating the
solid-solution formation. Very fine MgCr2O4 spinel pre-
cipitates were observed in the microstructure of the
samples containing nano-Cr2O3, which verifies the better
solid-solubility of the samples containing nano- in com-
parison to micro-Cr2O3. The microstructure of the fur-
nace-cooled samples is presented in Fig. 10. Due to the
decrease in solid-solubility at low temperatures, a layer of
MgCr2O4 precipitated at the grain boundaries of the MgO
grains in the sample with nano-Cr2O3, while no spinel was
observed in the grain boundaries of MgO grains with an
identical amount of micro-Cr2O3. Regarding the micro-
structure of the samples with nano-Cr2O3, Layden and
McQuarrie [28] reported that a certain amount of additive
could enhance the densification of MgO; this quantity was
close to the solubility limit of the additive in MgO. Based
on his investigations, this quantity was 0.1 wt% for Cr2O3,
and the addition of more than 0.1 wt% resulted in the
precipitation of MgCr2O4 and reduced the final density of
magnesia. It should be mentioned that no MgCr2O4 spinel
was observed in the microstructure of the air-quenched
samples, due to the higher solubility of Cr2O3 in MgO at
1450 1C.

4. Conclusions

We have demonstrated that the in-situ formation of
chromia nano-particles is a reliable method to homoge-
neously introduce nano-particles into the micron-sized
MgO ceramics. The Cr2O3 with particle size in the nano
range (10–20 nm) increased the dissolution of the Cr2O3

into MgO at relatively low temperatures (as low as
850 1C), and consequently enhanced the densification of
MgO, compared to MgO with micro-Cr2O3. These results
indicate the effectiveness of the nano-Cr2O3 particles as
sintering additives for MgO refractories, where the poros-
ity is required to be below 10–15%.
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