
A

M
M
a
w
r
m
w
e
o
a
Z
©

K

1

n
h
m
w
a
r
i
t
b
r

c
f
c

0
d

Journal of the European Ceramic Society 27 (2007) 4633–4638

Improvement in performance of MgO–CaO refractories by
addition of nano-sized ZrO2

Min Chen ∗, Caiyun Lu, Jingkun Yu
School of Materials and Metallurgy, 312# Northeastern University, 3-11 Wen-Hua Road, Shenyang 110004, China

Received 21 December 2006; received in revised form 28 February 2007; accepted 14 April 2007
Available online 11 June 2007

bstract

gO–CaO refractories added with different sized ZrO2 powders were sintered at 1600 ◦C, the effect of the ZrO2 powders on performance of
gO–CaO refractories was investigated. The results showed that the densification of the MgO–CaO refractories was appreciably promoted when
small amount of ZrO2 was added owing to the formation of small size CaZrO3 facilitated to sintering, and the densification was promoted further
ith increasing the amount of ZrO2 due to the volume expansion caused by the reaction of the added ZrO2 and CaO to form CaZrO3 in the

efractories, and the addition of nano-sized ZrO2 was more effective. The thermal shock resistance of the MgO–CaO refractories was improved by
odification of the microstructure due to the formed CaZrO3 particles that predominately located on the grain boundaries and triple points in the
hole microstructure, and the addition of nano-sized ZrO2 was more effective attributed to its well dispersion and the critical addition amount was

ffectively decreased to 6%. The slaking resistance of the MgO–CaO refractories was appreciably improved by addition of ZrO due to its effect
2

n decreasing the amount of free CaO in the refractories, promotion of densification as well as modification of microstructure, the nano-sized ZrO2

ddition was more effective due to its higher activity. The slag corrosion resistance of the MgO–CaO refractories was enhanced by addition of
rO2 due to the increase of the viscosity of the liquid phase and thus inhibited further penetration of slag at elevated temperatures.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

MgO–Cr2O3 refractories have been widely used in VOD fur-
ace and cement rotary kilns for their excellent properties such as
igh refractoriness, excellent slag corrosion resistance and ther-
al shock resistance.1 Whereas, toxic hexavalent chromates,
hich were formed easily in the presence of alkalis oxidizing

tmosphere, would degenerate the chrome-ore of MgO–Cr2O3
efractories and caused environment problems. Recently, an
ncrease in environmental concerns has been attracting people
o pay much attention on this subject and many studies had
een carried out to develop new type environment friendship
efractories to substitute MgO–Cr2O3 refractories.2–4

MgO–CaO refractories are considered to be one type of

hrome-free refractories to substitute MgO–Cr2O3 refractories
or their properties of excellent stability at high temperatures and
orrosion resistance to alkalinity slag.5,6 In addition, MgO–CaO

∗ Corresponding author. Tel.: +86 24 6368 2241; fax: +86 24 8368 1576.
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rosion

efractories have the advantage to remove inclusions from
olten steel and favorite to clean steel product,7,8 and thus
gO–CaO refractories have been considered to be one type

f potential refractories for clean steel product.9 However, the
pplication of MgO–CaO refractories has been inhibited for their
oor thermal shock resistance and hydration resistance. It has
een reported that the addition of ZrO2 can appreciably improve
he properties of the MgO–CaO refractories, but it causes the
rice of product appreciably rising. Therefore, it is important
o decrease the amount of ZrO2 for the purpose to improve the
roperties of the MgO–CaO refractories.

Nano-technology has been introduced to refractories in
ecent years. It has been reported that the performance of
he refractories was appreciably improved for the well disper-
ion of nano-sized particles in the microstructure and reaction
ctivity.10–14 Therefore, the present work investigated the effect

f nano-sized ZrO2 addition on sintering and properties of the
gO–CaO refractories by comparing with micro-sized ZrO2

ddition. The purpose of the work is to study the effect of nano-
ized ZrO2 addition on the properties of MgO–CaO refractories

mailto:slakejp@163.com
dx.doi.org/10.1016/j.jeurceramsoc.2007.04.001
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Table 1
Chemical composition of as-received MgO–CaO clinker and cement clinker

Materials MgO CaO SiO2 Al2O3 Fe2O3
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reacted with CaO to form the only resultant, CaZrO3. No change
in lattice parameter of MgO phase was measured when ZrO2 was
added indicates that ZrO2 did not formed solid solution with
MgO.
s-received MgO–CaO
clinker

72.59 23.50 1.26 1.52 0.48

linker of cement 4.67 52.80 26.34 7.41 2.31

o as to confirm the possibility to improve the properties of the
efractories with less ZrO2 addition by nano-technology.

. Experimental procedures

The starting material was as-received MgO–CaO clinker,
ith chemical composition as shown in Table 1. Two kinds of
igh-purity ZrO2 powders with properties as shown in Table 2
ere used as additives.
The two kinds of ZrO2 powders with mass percent of 0–8%

ere dry-mixed with the as-received MgO–CaO clinker that was
ieved to pass 150 mesh, respectively. Then the mixed powders
ere one-axial shaped to pellet samples sized D20 mm × 6 mm
nder a pressure of 200 MPa. The samples were heated in an
lectric furnace at a rate of 5 ◦C/min to 1600 ◦C and kept for 3 h,
nd then cooled to room temperature in furnace.

The sintered samples were characterized by carrying out bulk
ensity and apparent porosity, phase compositions, microstruc-
ure analyses, thermal shock resistance, slaking resistance as
ell as slag corrosion resistance. The bulk density and apparent
orosity were measured by immersion method in kerosene under
acuum using Archimedes’ principle and calculated according
o the following equations15:

ulk density (g/cm3) = m1d

m3 − m2
(1)

pparent porosity = m3 − m1

m3 − m2
× 100% (2)

here m1 is the mass of a dried sample in air (g), m2 the mass
f the sample in kerosene (g), m3 the mass of the sample with
ree bubbles on the surface (g), and d is the density of kerosene
g/cm3).

Phase compositions were analyzed by X-ray powder diffrac-
ion (XRD, Cu target, 30 kV and 30 mA). The microstructure
as observed by scanning electron microscopy (SEM) equipped
ith energy dispersive X-ray analyzer (EDX) on the fractured

urfaces after thermal etching at 1400 ◦C for 30 min. The ther-
al shock resistance was evaluated by quenching the samples
n air for 15 min after heating at 1100 ◦C for 15 min, and this
est was recycled till the sample ruptured. The slaking resis-
ance of the samples was evaluated by measuring the mass gain
fter soaking under the conditions of 60 ◦C and 70% relative

able 2
roperties of the high-purity ZrO2 powders

rO2 powder Purity (mass%) Average size

icro-sized 99.5 30 �m
ano-sized 99.9 46 nm
eramic Society 27 (2007) 4633–4638

umidity for 96 h. The slag corrosion test was carried out accord-
ng to the following processing route: first, the hand-pressed
ieces sized D8 mm × 5 mm of cement clinker (composition as
hown in Table 1) were deposited on surfaces of samples, then
he couples clinker-substrate were treated at a rate of 5 ◦C/min
o 1500 ◦C and kept for 3 h. The slag corrosion resistance was
valuated by comparing the degree of penetration and erosion.

. Results and discussion

.1. Densification

Fig. 1 shows the effect of ZrO2 addition on bulk density and
pparent porosity of the sintered samples. It is observed that
he bulk density increased appreciably with 2% ZrO2 addition
nd then increased slightly with further increasing ZrO2 from
% to 8%. At the same time, the apparent porosity decreased
ppreciably with a small amount of ZrO2 addition and decreased
lightly with further increasing ZrO2 addition. It is also observed
hat the bulk density of the sample with nano-sized ZrO2 addition
as higher than that with micro-sized one. From these results, it

s known that the addition of ZrO2 promoted the densification of
gO–CaO refractories and nano-sized ZrO2 addition was more

ffective.

.2. Phase composition and microstructure

Fig. 2 shows the XRD patterns of samples without addi-
ion, with 2% and 4% nano-sized ZrO2. In the sample without
ddition, MgO and CaO were the main crystalline phases. Simul-
aneously, in the sample with 2% and 4% nano-sized ZrO2,

gO, CaO and CaZrO3 were the main crystalline phases, and no
rO2 phase coexisted, furthermore, the intermediate compounds
aZr4O9, Ca6Zr19O44, Mg2Zr5O12, and MgZr6O13,16–18 which
ave been generally admitted in CaO–ZrO2 and MgO–ZrO2 sub-
ystems, were not detected. It indicates that all added ZrO2 had
Fig. 1. Effect of ZrO2 addition on densification of the MgO–CaO refractories.
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addition of nano-sized ZrO2 was more effective. The thermal
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ig. 2. XRD patterns of MgO–CaO refractoriess: (a) without addition, (b) with
% and (c) with 4% nano-sized ZrO2 addition.

Therefore, it is considered that the densification of MgO–CaO
efractories was promoted by addition of ZrO2 in the following
wo aspects:

1) The formation of CaZrO3 by adding a small amount of
ZrO2 enhanced the sintering of the MgO–CaO refractories
and thus the densification was promoted. Since nano-sized
ZrO2 has significant surface effects, size effects, and quan-
tum effects, it would react with CaO at lower temperature
and formed smaller size CaZrO3, which preferred to locate
on intragranular and intergranular sites of MgO and CaO
grains and prone to cause crystal lattice defects. As a result,
the addition of nano-sized ZrO2 was more effective on den-
sification than the micro-sized one.

2) With further increasing the addition of ZrO2, the 7–8%
volume expansion caused by the formation of CaZrO3 con-
tributed to decreasing the pore size between the oxides
grains, and thus the densification was promoted. In addi-

19,20
tion, the increase of real density with increasing the
amount of ZrO2 also facilitated to increase the bulk density
of the MgO–CaO refractories.

s
w
A

ig. 3. SEM images of fractured surfaces of the samples with various nano-sized ZrO
ramic Society 27 (2007) 4633–4638 4635

Fig. 3 shows the typical microstructure of the fractured sur-
aces of samples with various amount of nano-sized ZrO2. For
he sample without addition, due to the impurities in the starting

aterials, some low melting point phases were observed at grain
oundaries and triple points besides MgO (dark gray) and CaO
light gray) grains (Fig. 3a). EDX analyses indicate that these
ow melting point phases were formed by the reaction of CaO
ith impurities of Al2O3, Fe2O3 and SiO2 to generate calcium

luminates, calcium silicate, calcium ferrite, calcium ferritealu-
inate, etc. When ZrO2 was added, it reacted with a part of CaO

o form CaZrO3, MgO (dark gray), CaO (light gray), and CaZrO3
white) were observed in the microstructure (Fig. 3b–d), EDX
nalyses indicate that a small quantity of ZrO2 was observed in
he low melting point phases.

It is considered that the addition of ZrO2 influences the den-
ification of the MgO–CaO refractories in two aspects: on one
ide, the addition of ZrO2 promoted densification due to the for-
ation of small size CaZrO3 particles with crystal defects and

igh activity, on the other side, the formed CaZrO3 as a second
hase inhibited grain growth and densification of the MgO–CaO
efractories. The two aspects caused the results as follow: when
small amount of ZrO2 was added, the former was the deter-
inant factor, the densification of the MgO–CaO refractories
as promoted and the grains grew up (Fig. 3b). With increasing

he amount of ZrO2, the later was the determinant factor, and
he grain size was slightly decreased (Fig. 3c and d). In addi-
ion, since a part of CaO was consumed to form CaZrO3, the
hance of CaO to react with impurities was decreased and thus
he formed amount of low melting point phases decreased.

.3. Improvement on properties

Fig. 4 shows the relationship between thermal shock resis-
ance and the amount of ZrO2. It is observed that the thermal
hock resistance was improved by addition of ZrO2, and the
hock times of the sample with 4% nano-sized ZrO2 addition
as correspondent to the one with 6% micro-sized addition.
nd the effect of 6% nano-sized ZrO2 addition was better than

2 addition: (a) without ZrO2, (b) 2% ZrO2, (c) 4% ZrO2 and (d) 8% ZrO2.
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ig. 4. Improvement in thermal shock resistance of MgO–CaO refractories by
ddition of ZrO2.

hat of 8% micro-sized one. Due to the different thermal expan-
ion coefficients between CaO (13.8 × 10−6 ◦C−1),20 MgO
13.5 × 10−6 ◦C−1)21 and the formed CaZrO3 (7.0 × 10−6 ◦C−1

rom 20 to 1000 ◦C),22 microcracks would prefer to generate
etween CaZrO3 and MgO or CaO during thermal shock pro-
ess. It is considered that the formation of these microcracks
ould effectively slow down and/or interrupted microcrack
ropagation and thus the thermal shock resistance was improved.
wing to well dispersion and homogeneous microstructure

ormed, the nano-sized ZrO2 addition was more effective than
he micro-sized one.

It is also observed from this figure that the curve with nano-
ized ZrO2 addition tends to reach a constant when the amount
f nano-sized ZrO2 addition was more than 6%. But for the
icro-sized one, the thermal shock times was still increasing

ven though 8% was added. Therefore, it is considered that for
he purpose to improve thermal shock resistance of MgO–CaO
efractories, the critical amount of nano-sized ZrO2 addition was
bout 6%, but it was more than 8% for micro-sized one. Thus, it
ould be concluded that the addition of nano-sized ZrO2 could
ffectively decrease the necessary amount of ZrO for improving
2
he thermal shock resistance of MgO–CaO refractories.

Fig. 5 shows the effect of ZrO2 addition on slaking resistance
f MgO–CaO refractories. It is observed that the mass gain of the

Fig. 5. Effect of ZrO2 addition on improvement of slaking resistance.
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gO–CaO refractories decreased appreciably with ZrO2 addi-
ion. For the sample without addition, the mass gain after 96 h
as 2.37%, which was sharply decreased with increasing the

mount of ZrO2. The mass gain was decreased to 1.95% when
% micro-sized ZrO2 was added, and it was merely 1.45% when
he same amount of nano-sized ZrO2 was added, indicating that
he improvement of hydration resistance by nano-sized ZrO2
ddition was about twice as micro-sized ZrO2 addition. With
urther increasing the amount of ZrO2 addition, the mass gain
ecreased further.

It is known that the slaking resistance of CaO contain-
ng materials, both rich-CaO (details as descried in a previous
aper23) and rich-MgO materials, is strongly dependent on the
ontent of free CaO in the materials and its microstructure.24–26

hen ZrO2 was added, the promotion on slaking resistance of
he refractories is considered due to the following reasons.

First, the slaking resistance of MgO–CaO refractories was
mproved by converting part of free CaO to unhydrated CaZrO3
nd surrounding another part of free CaO in MgO and CaZrO3
articles. With increasing the addition of ZrO2, the content of
ree CaO in the refractories decreased further and thus the slak-
ng resistance of the refractories was improved.

Second, the promotion of densification by addition of ZrO2
ecreased the porosity of the refractories and thus its reaction
pecific area was decreased while the refractories were exposed
o humidity environment.

Third, the slaking resistance of the refractories was improved
y modification of the microstructure. It is well-known that
he slaking reaction always begins from the sites with crystal
efects. Thus, the grain boundaries, especially the triple points,
re the poor slaking resistant sites. When ZrO2 was added, the
ormed CaZrO3 predominately located at grains boundaries and
riple points of CaO and MgO grains. Thus, the slaking resis-
ance of the refractories was appreciably improved by addition of
rO2. As well dispersing of the formed CaZrO3 and preference
n occupying these poor slaking resistant sites, the addition of
ano-sized ZrO2 was more effective on improvement of slaking
esistance.

Figs. 6 and 7 show the polished cross-sections of the refrac-
ories after slag corrosion test. In both figures, Figs. 6b and 7b
re the magnified photos of the erosion zone as circled in
igs. 6a and 7a. It is observed that the hand-pressed clinkers
ubstantially adhered to the substrate surface in both samples
hough the interface was still observed, and a reaction zone (ero-
ion zone, shown in Figs. 6b and 7b) was formed. It is also
bserved that the penetration depth (DP) of the sample with
ano-sized ZrO2 addition was much decreased than that of the
ample without addition though the erosion depth (DE) of the for-
er was slightly increased. Under the erosion zone, some liquid

enetrated through grain boundaries and pores. And under the
enetration zone, substrates remain as their original microstruc-
ure. These results are considered to be due to the follows two
spects.
On one hand, as fine CaZrO3 grains dispersed on the bound-
ries and triple points of MgO and CaO grains and the content
f low melting point phases was decreased, thus the growth
f MgO and CaO grains was inhibited and the grain size of
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Fig. 6. Polished cross-sections by (a) optical microscopy and (b) SEM of the sample clinker-substrate without ZrO2.
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Fig. 7. Polished cross-sections by (a) optical microscopy and

hem was decreased. Consequently, the dissolution of MgO,
specially CaO, into slag was enhanced. As a result, the ero-
ion of the sample with 4% nano-sized ZrO2 was observed
lightly severe compared to that one without addition. But,
wing to the adherence ability of cement clinker on refracto-
ies was influenced by the chemical reaction between cement
linker and refractories,27,28 the sample with 4% nano-sized
rO2 is considered favorable to form slag coatings on the sur-

ace of the refractories compared to the sample without ZrO2,
hich contributes to improve the slag corrosion resistance of the

efractories.
On the other hand, it is considered that the increasing in vis-

osity of low melting point phases by introducing CaZrO3
29

hat formed by the reaction of the added ZrO2 and CaO not
nly inhibits the low melting point phases penetrating into sub-
trate, but also consider contributing to forming self-protective
oatings on the surface of the refractories.

Table 3 shows the slag corrosion test results of the MgO–CaO
efractories without addition, with 4% micro-sized and 4%
ano-sized ZrO2 addition, respectively. It is observed that the
enetration index of the MgO–CaO refractories without addition

as higher than that one with 4% micro-sized ZrO2 addition,

nd the penetration index of the MgO–CaO refractories with
% nano-sized ZrO2 was least. Nevertheless, the erosion index

able 3
lag corrosion results of the MgO–CaO refractories without addition, with 4%
icro-sized and with 4% nano-sized ZrO2 addition

erms Erosion index Penetration indexa

ithout addition 20 100
ith micro-sized ZrO2 22 84
ith nano-sized ZrO2 24 76

a Note: The penetration index of MgO–CaO refractories without ZrO2 is
egarded as 100, the others are percentages compared to it.

(

(

M of the sample clinker-substrate with 4% nano-sized ZrO2.

as reversed. It is known that the grains of the MgO–CaO
efractories with ZrO2 addition was inhibited to grow up, fur-
hermore, the addition of nano-sized ZrO2 was more effective
n inhibition. As a result, the smaller grains were prone to
issolve into liquid phase, and caused more severe erosion.
eanwhile, the dissolving process caused the enrichment of

rO2 and improvement of viscosity of the liquid phase, conse-
uently, the low melting point phase was inhibited to penetrate
urther.

. Conclusions

The present work studied the effect of ZrO2 addition on sin-
ering and properties of MgO–CaO refractories. Based on the
esults above, it could be concluded as following:

1) CaZrO3 was the only ternary compound in MgO–CaO–
ZrO2 system.

2) The densification of the MgO–CaO refractories was pro-
moted by adding a small amount of ZrO2 due to the
formation of small size CaZrO3 facilitated to sintering.
Further promotion of densification with increasing ZrO2
addition was contributed to the volume expansion caused by
the reaction of the added ZrO2 with CaO in the MgO–CaO
refractories. The addition of nano-sized ZrO2 was more
effective since the smaller addition was more reactive.

3) The thermal shock resistance of the MgO–CaO refractories
was improved by modification of microstructure by addi-
tion of ZrO2, and the addition of nano-sized one effectively
decreased the critical added amount for improvement of
thermal shock resistance.
4) The slaking resistance of the MgO–CaO refractories was
appreciably improved by addition of ZrO2 due to its effect
on decreasing the content of free CaO in the refracto-
ries, promotion of densification as well as modification of
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microstructure. The nano-sized ZrO2 addition was more
effective owing to its higher activity.

5) The slag corrosion resistance of the MgO–CaO refractories
was improved by addition of ZrO2 which effectively pre-
vented slag penetrating into the MgO–CaO refractories and
would contribute to form the self-protective coatings on the
surface of the refractories. The nano-sized ZrO2 addition
was more effective due to its intrinsic properties.

6) For the purpose to improve the properties of the MgO–CaO
refractories, the addition of ZrO2 could be effectively
decreased by nano-technology.
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