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The microstructures of the reaction interfaces between slag and
corundum aggregates, microporous corundum produced in the
laboratory and tabular corundum were observed after slag
resistance experiments, and their associated slag resistance
mechanisms were investigated. A continuous isolation layer was
observed around the microporous corundum, which showed a
significantly better slag resistance than tabular corundum. The
formation of columnar crystals of CaAl12O19 (CA6) and
CaAl4O7 (CA2) in the isolation layer was the main reason for
the difference in slag resistance. With respect to the nucleation
and growth of second phase, the slag resistance mechanism of
lightweight microporous corundum was explored by thermody-
namic and kinetic analysis. Due to its smaller pore size, the
second phase is more likely to achieve supersaturation, and
large quantities of crystal nuclei are generated for microporous
corundum. The critical dissolved depths of the microporous and
tabular corundum in saturated slag were calculated to be 0.14
and 0.27 lm, respectively. Additionally, the small pore sizes
lead to an increase in the Ostwald ripening rate of the second
phase, and the Ostwald ripening rate of microporous corundum
was 12 times that of the tabular corundum based on Ardell’s
theory.

I. Introduction

A lightweight wear lining for industrial furnaces has
increasingly attracted attention in the field of refractory

materials because a high-porosity lightweight wear lining
could produce better heating insulation, which in turn could
decrease energy consumption at high temperatures. Light-
weight aggregate is a requirement for achieving lightweight
wear lining refractories. Thus, lightweight aggregates have
been widely investigated in recent years, and several methods
have been employed to fabricate lightweight aggregates,
including the decomposition of organic/inorganic matter,1–5

the react bonding technique,6 the pore-forming in situ tech-
nique7,8, and gel freeze drying.9 Deng et al.1,2 prepared alu-
mina ceramics by the decomposition of Al(OH)3, Thijs et al.

3

produced ceramic foams with hollow spheres, and Yan et al.7

fabricated porous corundum-mullite ceramics with Al(OH)3,
kaolinite and MgCO3 as raw materials. Although the previ-
ously described lightweight aggregates exhibited positive
effects on the heat-shielding performance and thermal shock
resistance for wear lining refractories, high apparent porosity
and large pores would weaken the slag resistance, resulting
in serious corrosion of the wear lining.

Extensive studies have been carried out on the dissolution
of alumina/magnesia/spinel aggregates into slag for

understanding slag resistance performance of in-service
refractories wear.10–15 Lee and Zhang10,11 pointed out that
the formation of continuous new solid phases layer would
result in the indirect dissolution of refractories. Bates12

observed the formation of an MgAl2O4 (MA) spinel layer at
the interface of Al2O3 and a slag containing 10%–20% MgO
at 1502°C. In addition, the corrosion of alumina and spinel in
silicate slags has been investigated by Sarpoolaky et al.,13,14

who reported that the formation of CaAl12O19 (CA6) layer
could prevent the refractories from slag corrosion. Neverthe-
less, the dissolution of lightweight microporous aggregate has
not yet been investigated. In addition, several studies16,17 have
been reported concerning the relation between pore size and
slag corrosion of refractories. Matsushita et al.16 pointed out
that slag penetration and corrosion can be modulated by
microstructural control of the refractory status.

Based on the above background, the influence of pore size
on slag penetration into lightweight aggregate was investi-
gated with mathematical simulation methods by Huang
et al.,18 who pointed out that miniaturization of pore size
could improve the slag resistance of lightweight aggregate.
Our group prepared microporous corundum aggregates using
a-Al2O3 micro-powder as the main raw material that were
applied to fabricate alumina-magnesia castable.19–21 Such
alumina-magnesia castable exhibited excellent slag resistance
in an industrial furnace. However, the intrinsic mechanism of
slag resistance associated with microporous corundum aggre-
gate is not understood, and more importantly, the relation-
ships between porosity and pore size of the refractory and
slag resistance remain unclear, as they are very important
when developing new lightweight wear lining refractories
with good slag resistance.

Since tabular corundum aggregates are conventionally
used particles for refractory castables, they were selected as
the reference substance to estimate the performance of micro-
porous corundum aggregates. Herein, we report the slag
resistance of microporous and tabular corundum aggregates
for the first time following an investigation of the nucleation
and growth of second phase by means of thermodynamic
and kinetic analysis. A slag resistance mechanism of light-
weight microporous corundum aggregate was proposed based
on the Ostwald supersaturated nucleation theory and Ost-
wald ripening of second phase particles.

II. Experimental Procedure

Microporous corundum was prepared as a previously pub-
lished work by the authors.12 In a typical synthesis, a-Al2O3

micro-powder (D50 = 2.125 lm; Kaifeng Special Refractory
Co., Ltd., Henan, China) and corn starch (D50 = 11.206 lm,
Shandong Hengren Starch Co., Ltd., Shandong, China) were
mixed with a mass ratio of 9:1, and then water, with approx-
imately 50 wt% of the previously mentioned raw materials,
was added to produce a slurry. The slurry was poured into
the organic plastic mold, with a size of Φ40 mm 9 50 mm,
after wet milling with a planetary ball mill for 30 min. The
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slurry was consolidated by the starch thermogelation after
baked at 80°C for 24 h and then demolded. The samples
were dried at 110°C for 24 h and heated at 1830°C for 3 h,
and the microporous corundum was then produced.

Tabular corundum aggregates (99.5 wt% Al2O3, 0.15 wt%
Na2O, 0.08 wt% Fe2O3, 0.06 wt% SiO2) were produced and
supplied by Jiangsu Jingxin High-temperature Materials Co.,
Ltd., Jiangsu, China. The particle size distribution was mea-
sured by sieve analysis, and its D50 was measured as
13.1 mm.

The bulk density and apparent porosity of corundum
aggregates were determined by the Archimedes’ Principle
with water as the medium. True density was measured using
automatic true density analyzer (ACCUPYC 1330; Micro-
meritrics Instrument Corporation, Norcross, GA). The closed
porosity of samples could be calculated from the Eqs. (1)
and (2).

pt ¼
qt " qb

qt
# 100% (1)

pc ¼ pt " pa (2)

where, pt is the total porosity; qt is the true density; qb is the
bulk density; pa is the apparent porosity; pc is the closed
porosity.

The pore size distribution and average pore diameter of
different corundum aggregates were measured by mercury
intrusion porosimetry measurements (AutoPore IV 9500; Mi-
cromeritrics Instrument Corporation).

The corundum materials obtained after sintering were
ground by a jaw crusher (PEX-609100; Zhejiang Fute
Machinery Co., Ltd., Zhejiang, China.). Laboratory-pro-
duced microporous and tabular corundum aggregates with
diameters of approximately 12 mm were chosen as raw mate-
rials for this study. To guarantee the accuracy of the experi-
mental results, two samples of each type were tested.
Corundum aggregates were put into an alumina crucible
together with a converter slag (<0.088 mm; Wugang Refrac-
tory Co., Ltd., Wuhan, China). The composition of the slag
is shown in Table I. The weight ratio of slag to corundum
was approximately 3:1. The alumina crucibles (with corun-
dum aggregates and slag inside) were put into a box furnace
and then heated at a rate of 7°C /min up to 1600°C. After
annealing at 1600°C for 3 h, the alumina crucibles were
cooled to room temperature and then cut open by a cutting
machine (QG-2; Shanghai Zhongheng Instrument Co. Ltd.,
Shanghai, China). Samples after corrosion test were sepa-
rated perpendicular to the corundum/slag interface, embed-
ded and fixed in cold-setting resin. Standard grinding and
polishing techniques (the smallest abrasive grain used in this
study was 3.5 lm) were used then, after which all samples
were coated with gold. The microstructures and composition
of the samples were characterized by scanning electron
microscopy (SEM; JSM-6610, JEOL, Tokyo, Japan) and an
attached X-ray energy dispersive spectroscopy (EDX;
QUANTAX, Bruker, Berlin, Germany).

III. Results and Discussion

(1) Performances of Aggregates
Tabular corundum aggregate was chosen as a control to
investigate the performance of the microporous corundum

aggregate produced in the laboratory. Herein, the perfor-
mances of the two corundum aggregates are compared.

Table II shows the density and porosity of different corun-
dum aggregates. It can be seen that the microporous corun-
dum shows a lower bulk and true density compared to the
tabular corundum. Although there is a slight increase in the
apparent porosity, the closed porosity of microporous corun-
dum is significantly higher, about twice as much as that of
tabular corundum.

Microporous corundum has a narrower pore size distribu-
tion than that of tabular corundum, as suggested by Fig. 1.
In addition, the pore distribution of microporous corundum
exhibits a single and relatively centered peak with most of
the pore sizes below 1 lm. However, the pore size distribu-
tion of tabular corundum shows a larger range, which is cen-
tered on the values of 1–5 lm. In addition, the median pore
diameters of microporous corundum and tabular corundum
are 0.49 and 0.95 lm, respectively.

(2) Microstructure and Analysis
We further investigated the reaction interface between the
aggregates and the slag to compare the slag resistance of the
two different corundum aggregates.

Figure 2 shows typical SEM images of tabular aggregates
after the slag resistance experiment. Figure 2(a) indicates that
columnar crystals distributed around the aggregate, which
were determined to be CaAl12O19 (CA6) and CaAl4O7 (CA2)
by EDX attached to the SEM. The CA6 and CA2 layer has
heterogeneous thickness around 20–50 lm. In addition, slag
penetrates into the aggregate through gaps between crystals,
and it severely corrodes the aggregate [Fig. 2(b)]. Moreover,
the slag penetrates into aggregates mainly through large
pores and cracks, and the penetration around small pores is

Table I. The Main Chemical Constituents of the Slag Composition

Components SiO2 Al2O3 CaO MgO MnO TiO2 FeO CaF2 Basicity (CaO/SiO2)

Mass fraction (wt%) 15.92 1.71 42.92 5.14 3.36 0.56 24.35 3.87 2.89

Table II. Performance Parameters of Different Corundum
Aggregates21

Corundum
aggregate

Bulk
density
(g/cm)3

True
density
(g/cm)3

Apparent
porosity
(%)

Closed
porosity(%)

Tabular corundum 3.63 3.94 2.8 5.0
Microporous corundum 3.36 3.92 4.1 10.1

Fig. 1. Pore size distribution of different corundum aggregates.
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weak. Our results also indicate that the slag significantly pen-
etrated into the aggregate at partial slag-penetrated region
without the columnar crystals, as indicated by Fig. 2(c).
These results prove that the tabular corundum exhibits poor
slag resistance.

Figure 3 shows the SEM images of the interface after
microporous corundum aggregates were corroded by the
slag. A continuous isolation layer with a thickness of
50–100 lm is formed on the surface of microporous corun-
dum [Fig. 3(a)]. In addition, a larger number of columnar
crystals, when compared to tabular corundum, were distrib-
uted in the isolation layer, and the growth direction of these
columnar crystals is perpendicular to the surface of the
microporous corundum aggregates. Spinel [Mg(Al,Mn3+,
Fe3+)2O4] crystals are also observed among the columnar
crystals of CA6 and CA2, as suggested by the EDX results
shown in Fig. 3(b). When the aggregates are exposed to the
slag, the CaO in the slag will react with corundum first to
form high melting point phases such as CA6 and CA2. Since
the CaO is largely consumed, the viscosity of the slag
increases. The decrease in Ca concentration in slag favored
the local increase in the amount of Mg, which reacted with
Al2O3 to form spinel. Additionally, FexO and MnO were

absorbed by spinel during the reaction. The consequent
increase in viscosity also favors the local concentration of
reactants. An isolated layer was formed in-situ with the gen-
eration of numerous calcium aluminates and spinel, and
effectively prevented the sample from further corrosion and
from slag penetrating into the aggregate; hence, the aggregate
was slightly corroded compared to the seriously corroded
tabular corundum.

(3) Thermodynamic and Kinetic Analysis
The above-mentioned results indicated that the columnar
crystals play an important role in the slag resistance of light-
weight microporous corundum aggregate. Hence, the nucle-
ation and growth of crystals were investigated to explore the
related slag resistance mechanism.

(a)

(b)

(c)

Fig. 2. SEM images of the reaction interface between slag and
tabular corundum aggregate: (a) a small amount of columnar
crystals distributed around the aggregate; (b) higher magnification of
(a); (c) partial slag-penetrated region without columnar crystals.

(a)

(b)

(c)

(d)

Fig. 3. SEM images of the reaction interface between slag and
microporous corundum aggregate: (a) a continuous isolation layer is
formed on the surface of microporous corundum; (b) and (c) higher
magnification of (a); (d) EDX spectrum of the spinel.
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(A) Nucleation of the Second Phase: According to
Ostwald’s supersaturation theory,22 nucleation free energy
depends on the supersaturation of the solution (S), net inter-
facial energy of nucleation (r), temperature (T), and superfi-
cial area of grains (A):

DG ¼ "T lnSþ rA (3)

According to Eq. (3), increasing the supersaturation of the
solution is conducive to nucleation of the second phase.

In this study, since columnar crystals are mainly composed
of CaO and Al2O3, assuming that CaO is the matrix and
Al2O3 is the second phase. In the following parts, the disso-
lution and supersaturated precipitation of Al2O3 in CaO are
discussed.

The slag resistance experiment was carried out at 1600°C
in this study. As shown in Fig. 4, theoretically, solid phases
(CA2) appear at this temperature when the mass ratio of
Al2O3 and CaO is 1.82. This means that when the mass ratio
is greater than 1.82, the slag is supersaturated and calcium
aluminates will precipitate out.

Considering the difference between the two samples
stands in pore size and porosity of the aggregates, the
observed difference in slag resistance of the two samples is
mainly caused by the relation between pores and slag pen-
etration. When the aggregates are exposed to the slag, the
pores, which are the weakest parts, are the first to be pen-
etrated by the slag. Assuming that the voids in the aggre-
gates are of spherical shape and that the slag penetration
along each direction in the two aggregates occurs at the
same rate, the mass ratio of Al2O3 and CaO in each pore
can be calculated from Eq. (4):

x ¼
2
3 pðxþ rÞ3 " 2

3 pðrÞ
3

h i
qa þ 2

3 pðxþ rÞ3qsxAl2O3

2
3 pðxþ rÞ3qsxCaO

# 100% (4)

where x is the mass ratio of Al2O3 and CaO, x is the dis-
solved depth of the aggregate in slag, r is the radius of the
pore, qa is the true density of the aggregate, qs is the density
of the slag, and xAl2O3 and xCaO are the mass fraction of
Al2O3 and CaO in slag, respectively.

The true densities of the aggregates are listed in Table II.
The density of the slag can be estimated using Eq. (5)23,24:

qS ¼
Xn

i¼1

ðqixiÞ (5)

where qi and xi are the density and mass fraction of com-
pounds in the slag, respectively. The values for the densities
of the compounds in the slag are listed in Table III, while
the mass fractions are listed in Table I. The calculated value
for qs is equal to 3.797 g/cm3.

The median pore diameters of microporous and tabular
corundum are 0.49 and 0.95 lm (Fig. 1), respectively. Thus,
the radii of the pores are 0.245 and 0.475 lm, respectively.
Introducing these values into Eq. (4), the calculation indi-
cates that when the slag reaches its saturation point, the criti-
cal dissolved depths of 0.14 and 0.27 lm are obtained for
microporous and tabular corundum, respectively. In fact, the
pore size distribution of tabular corundum is centered on the
values of 1–5 lm. That distribution indicates the critical dis-
solved depth of tabular corundum in slag is actually much
larger than 0.27 lm.

Hence, due to the smaller pore size of microporous corun-
dum aggregate, the second phase is more likely to achieve
supersaturation when the aggregate reacts with the slag, and
massive crystal nuclei are immediately generated.

(B) Growth of the Second Phase: When the precipita-
tion is completed, the conglomeration and growth of the sec-
ond phase, called Ostwald ripening, will occur instantly.

The solute concentration around small, second phase par-
ticles is greater than that around large particles; hence, solute
atoms will diffuse from small crystals to large crystals. The
diffusion will break the balance of solute concentration
around the crystals, and then it will result in the dissolution
of small particles and growth of large particles. Therefore,
average particle size will increase. This is the Ostwald ripen-
ing process.

The main driving force of Ostwald ripening is due to the
concentration gradient between particles. The greater the
concentration gradient is, the higher the rate of Ostwald rip-
ening. The quasi-stability concentration gradient between sec-
ond phase particles and the matrix interface can be
calculated from Eq. (6):25,26

@C

@R

!!!!!
R¼r

¼ C0
r " C

r 1" r
r0

" # (6)

where Cr
0 is the actual concentration of solute in the matrix,

C is the quasi-stability mean concentration of solute in the
matrix, r is the particle radius of second phase, and r0 is the
spacing between two second phase particles.

The spacing between two second phase particles decreases
when the volume fraction of the second phase increases. As a
result, the quasi-stability concentration gradient between the
second phase particles and the matrix interface increases [as
shown in Eq. (6)] and, consequently, the rate of the Ostwald
ripening increases.

In this experiment, the pore size of microporous corundum
aggregate is smaller than that of tabular corundum; hence,
the volume fractions of the second phase and the Ostwald
ripening rate of high melting point phases increase, and thereFig. 4. CaO–Al2O3 phase diagram.

Table III. The Densities of Compounds in the Slag (wt%)

Compounds SiO2 Al2O3 CaO MgO MnO TiO2 FeO CaF2

Density
(g/cm3)

2.32 3.97 3.32 3.59 5.40 4.24 5.9 2.8
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is growth of columnar crystals. In the following section, the
difference between the Ostwald ripening rates of the two pre-
viously mentioned corundum aggregates is calculated.

The volume fraction of the second phase can be deter-
mined using Eq. (7):

u ¼ ðM" ½M(Þ qm
qM

# 100% (7)

where φ is the volume fraction of the second phase, M is the
mass ratio of the second phase to the matrix, [M] is the mass
ratio of second phase dissolved in the matrix, and qm and
qM are the density of the matrix and second phase, respec-
tively.

As shown in Section [III(3)(B)], the slag is saturated
when the dissolved depth of tabular corundum in the slag is
0.27 lm. When the dissolved depth of the microporous
corundum reaches this same value, the mass ratio of Al2O3

and CaO equals 2.19, as calculated from Eq. (4). Introduc-
ing these parameters into Eq. (7), the volume fraction of the
second phase when microporous corundum reacts with the
slag is:

u ¼ ðMAl2O3 " ½MAl2O3 (Þ
qCaO
qAl2O3

# 100% ¼ 0:309 (8)

The reaction between the refractory and slag is controlled
by diffusion. The Ostwald ripening rate of reactions con-
trolled by diffusion has been investigated by Ardell.27 The
influence of the volume fraction on the Ostwald ripening rate
can be determined using Eq. (9–13):

pu ¼ k1u
3
k1

k1u
(9)

c1u ¼
q21umax

1þ 2bq1umax " b
(10)

q1umax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ bþ 1

q
" ð1" bÞ

b
(11)

b ¼ 6u1=3

expuCð1=3;uÞ
(12)

Cð1=3;uÞ ¼
Z 1

u
x"2=3e"xdx (13)

where pφ indicates the increased multiple of the Ostwald rip-
ening rate caused by the volume fraction of the second
phase, φ; c1φ, q1φmax, and b are intermediate parameters; and
c1 is equal to 9/4 and k1u = 0.913 when φ is 0.309.

Introducing the results of Eq. (8) into Eq. (9–13), it fol-
lows that pφ is equal to 12. This indicates that, according to
Ardell’s theory, the Ostwald ripening rate of microporous
corundum is 12 times that of tabular corundum in the reac-
tion with the slag.

(4) Slag Resistance Mechanism
Figure 5 shows the reaction between the different corundum
aggregates and the molten slag. During the reaction between
the slag and corundum aggregate, slag penetration into
aggregate pores result in the formation of CaO–Al2O3 system
phases. Due to the smaller pore sizes of the microporous
corundum aggregate, the second phase is more likely to
achieve supersaturation during the reaction between the
aggregate and slag, and large quantities of crystal nuclei are
immediately generated. In addition, the small pore sizes
increase the second phase volume fraction and the Ostwald
ripening rate of crystal nuclei, and the columnar crystals
grow. These high melting point phases of CA2 and CA6 are
distributed around the aggregate and an isolation layer
adheres to the hot face of the aggregate, thus effectively pre-
venting further corrosion and penetration by the slag.

(a)

(b)

Fig. 5. Schematic diagram of the reaction between molten slag and (a) tabular corundum, and (b) lightweight microporous corundum.
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However, as shown in Fig. 1, approximately 70% of the
pores in tabular corundum aggregate are larger than 1 lm;
consequently, crystal nuclei of the second phase are difficult
to generate and grow. The aggregate is then further cor-
roded.

IV. Conclusions

The slag resistance of lightweight microporous corundum
aggregate, whose median pore diameter is 0.49 lm, was sig-
nificantly better than that of the tabular corundum aggre-
gate. Microstructure and energy spectrum analyses show that
the formation of columnar crystals of CA2 and CA6, is the
main reason for the observed difference in slag resistance.
The columnar crystals, which are distributed around the
aggregate, prevented the aggregate from further corrosion
and from slag penetration.

Due to the smaller pore sizes of the microporous corun-
dum aggregate, the second phase is more likely to achieve
supersaturation, and large quantities of crystal nuclei are
immediately generated. In addition, the small pore size
leads to an increase in the second phase volume fraction
and the Ostwald ripening rate of high melting point phase
formations, and the crystal nuclei grow immediately. When
the slag is saturated, the critical dissolved depth of
microporous and tabular corundum in the slag were calcu-
lated to be 0.14 and 0.27 lm, respectively. Moreover,
according to Ardell’s theory, the Ostwald ripening rate of
microporous corundum was 12 times that of tabular
corundum. Our results reveal the relationships between
porosity and pore size of the refractory and slag resistance
and slag resistance associated with microporous corun-
dum aggregate, which are very important for developing
new lightweight wear lining refractories with good slag
resistance.
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