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The physical properties and microstructure of porous purging plug materials with different aggregate contents and prepared at
different firing temperatures were investigated by means of X-ray diffraction, scanning electron microscopy, air permeability,
pore size distribution, apparent porosity, bulk density, cold modulus of rupture (CMOR), cold elastic modulus (E) and cold
crushing strength (CCS) tests. The results show that the aggregate content had a great effect on the interconnected pore
formation and properties of porous purging plug materials. With decreasing aggregate content, the apparent porosity and
air permeability increased due to the distance between aggregates increasing and Al(OH)3 formation, and the pore size
distributions changed from a monomodal distribution to a bimodal distribution. The higher temperature facilitated the
formation of a denser structure and interconnected pores. In addition, the CCS and porosity were found to follow a simple
exponential relationship. When the apparent porosity increased, the CCS decreased, and vice versa.

INTRODUCTION
Secondary refining technology was introduced
to produce high-quality and pure steel, as the purging
plug installed at the bottom of the ladle is being used
extensively to homogenize the temperature and composition of molten steel by stirring with argon and to
promote the flotation of non-metallic inclusions. Hence,
the purging plug is the most pivotal functional part of this
process. Mainly, three types of purging plugs have been
commonly used over the past few decades, including
porous-type, directional-type and slit-type plugs [1].
Compared to the directional-type and slit-type plugs, the
porous-type plug has a better bubbling reliability [2] and
a better capability to remove impurities from the molten
steel. Interconnected pores are the key structural feature
of it. Hence, the preparation of interconnected pores is of
great significance in steel-making applications.
The interconnected pore structure can be formed
through the techniques mentioned below, including direct foaming [3-6], replica templating [7], adding poreforming agents [8-10] and so on, but the pore size by
direct foaming and the replica template method is much
bigger than what would be suitable to be used in steel-
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making applications. The method of incorporation of
pore-forming agents with ceramic powder results can
yield a porous structure of closed or poorly interconnected
pores. Considerable research work directed at interconnected pore formation has been performed in our
group [11-14]. The formation of interconnected pores is
affected not only by the aggregate size [11] and content,
but also by the pore-forming agent size [12] and content.
Larger aggregates facilitated pore linkage, which is
beneficial to the formation of interconnected pores
[11]. Point contact between aggregates is favorable for
the formation and connectivity of the pores (Figure 1).
A smaller particle size of Al(OH)3 was suitable to induce
the formation of interconnected pores [12] and a higher
Al(OH)3 content is beneficial to the pore formation after
high-temperature treatment.
It is well known that the aggregate is difficult to
sinter. Higher aggregate content will reduce the physical
properties of the materials and lower aggregate content
will affect the interconnected pores formation. Hence,
in this paper, the effect of aggregate content on the
interconnected pore formation and properties of porous
purging plug materials was investigated by introducing
Al(OH)3 to increase the number of pores in the materials.
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Table 1. Detailed composition of specimens.
Aggregate
Pore

Raw materials

			
A
B

Tabular alumina (0.5 - 1 mm) 80
Al(OH)3 (0.088 mm)
15
SiO2 powder (0.5 μm)
2
CaCO3 (–)
3

75
20
2
3

wt. %
C
D

E

F

70
25
2
3

60
35
2
3

55
40
2
3

65
30
2
3

RESULTS AND DISCUSSION

EXPERIMENTAL
Specimen preparation
Tabular alumina (0.5 - 1 mm, 98 wt. % Al2O3, Zhejiang Zilialumina Material Technology Co., Ltd. China),
Al(OH)3 (Chalco Shandong Advanced Material Co., Ltd.
China), microsilica powder (951UL, Elkem, Norway)
and CaCO3 (≥ 99.0 %, Sinopharm Chemical Reagent
Co., Ltd.) were used as the main raw materials. The
detailed compositions are provided in Table 1. The microsilica and CaCO3 in these compositions were used
as sintering agents. In order to distribute the materials
evenly, the main raw materials were first blended in a rotor drum for 3 h at a rotation rate of 30 rotations per min.
Additionally, a 2.5 wt. % PVA solution (2 wt. % concentration) was used as binder. Cylindrical specimens
(50 mm × 50 mm) and rectangular specimens (140 mm ×
× 25 mm 5 × 25 mm) were prepared by uniaxial die
pressing at 100 MPa. All specimens were dried at 110 °C
for 24 h. Finally, the specimens were fired at 1600 °C
and 1650 °C, with a heating rate of 3 °C per min and
a holding time of 3 h before cooling to room temperature.

Figure 2 shows the apparent porosity and bulk
density with different content of aggregate. The apparent
porosity increased with decreasing aggregate content,
and is higher for specimens fired at 1600 °C than for
specimens fired at 1650 °C. The bulk density exhibited
exactly the opposite trends. The increase in apparent
porosity and the corresponding decrease in bulk density
was attributed to the introduction of Al(OH)3. The
Al(OH)3 in the specimens can form a large amount of
pores [12] after thermal treatment. Higher temperature
facilitated the sintering process and made the structure

1600 °C
1650 °C

42.0
Apparent porosity (%)

Figure 1. Schematic illustration of the particle packing model.
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a)

Test and characterization methods

1600 °C
1650 °C

2.64
Bulk density (g cm-3)

Apparent porosity and bulk density were characterized via the Archimedes method, using water as the
immersion liquid. Air permeability values were obtained
according to the Chinese standard GB/T 3000-1999. Pore
size distribution and pore size intervals were measured
using mercury intrusion porosimetry (Quantachrome
PM60GT-18, Quantachrome Instruments Ltd., USA).
The modulus of elasticity (E) was determined by the
impulse excitation measurements (RFDA professional,
IMCE, Belgium) at room temperature. The cold modulus of rupture (CMOR) was measured by three-point
bending at room temperature. The cold crushing strength
(CCS) was evaluated using a hydraulic testing machine.
The microstructure of the specimens was analyzed by
scanning electron microscopy (SEM, JSM-6610, JEOL,
Japan).

70
65
60
Aggregate content (wt.%)

2.53
2.42
2.31
2.20
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70
65
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Aggregate content (wt.%)
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b)
Figure 2. Apparent porosity and bulk density of specimens
with different aggregate content.

375

Wang Q., Dong A., Qiu W., Li Y., Ruan G., Zhang L.

of specimens denser, which resulted in a decrease of
apparent porosity and a corresponding increase of bulk
density.
The air permeability of specimens with different
content of aggregate is shown in Figure 3. With decreasing aggregate content, the air permeability increased,
i.e. the latter exhibits the same trend as the apparent
porosity. However, with an increase of the firing tem1600 °C
1650 °C

Air permeability (µm-2)
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55

Figure 3. Air permeability of specimens with different
aggregate content.

70

Log differential pore volume (cc g-1)

80

perature from 1600 °C to 1650 °C, all specimens
showed increased air permeability, which is a result that
is opposite to the apparent porosity. These unexpected
and surprising results may be due to the following
reasons. When the aggregate content is higher, the
distance between aggregates is small, and the amount
of Al(OH)3 filling the gaps between the aggregates is
small. After thermal treatment, the amount of pores
between aggregates is small and the apparent porosity
and air permeability is small. With the increase of
aggregate content, the distance between aggregates
become larger, and the amount of Al(OH)3 filled in the
gap between the aggregates become more. After thermal
treatment, the apparent porosity and air permeability
have the same tendency to change, that is, gradually
increase. In addition, the shrinkage difference between
aggregates and matrix can also form pores [12] and
may contribute to the pore connectivity. With the
increase of temperature, the shrinkage difference is
even more pronounced, resulting in an increase in the
number of interconnected pores, which is beneficial to
the improvement of air permeability; moreover, with the
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Figure 5. Pore volume of different intervals of specimens with
different aggregate content.
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Figure 4. Pore size distribution of specimens with different aggregate content.
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Cold modulus of rupture (MPa)

increase of temperature, the structure becomes denser
and the number of pores decreases, leading to a decrease
of apparent porosity.
Figure 4 shows the pore size distribution of specimens with different aggregate content after firing at
1600 °C. When the aggregate content is higher, the pore
size distributions presented a unimodal distribution,
27.0
22.5
18.0
13.5

σ = σ0 exp (–bP),

9.0
80

75

70
65
60
Aggregate content (wt.%)

55

a)

Cold modulus of elasticity (GPa)

while with the decrease of aggregate content, the pore
size distributions becomes more bimodal. Figure 5 presents the pore volume of different intervals of specimens
with different aggregate content.
The effect of aggregate content on the CMOR
and E of specimens after firing at 1600 °C is shown in
Figure 6. It can be seen that the CMOR and E have the
same trends. The CMOR and E decreased nonlinearly.
Figure 7 shows the effects of aggregate content on the
CCS of the specimens after firing at 1600 °C. It can
be seen that also the CCS of the specimens tended to
decrease nonlinearly, in contrast to the apparent porosity
(Figure 2), which increases more or less linearly. Rice
advocated the use of a simple exponential relationship
used to describe the dependence of strength (σ) on (total)
porosity (P) [15]. This relation is:
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where σ0 is the strength of the specimens without
pores, and b is a constant associated with the pore
characteristics. From this relation, it can be seen that
strength decreased with increasing porosity. The results obtained in this work were found to follow this
relationship with a b value of … (obtained by fitting).
As the apparent porosity increased, the CCS decreased.
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Figure 6. CMOR and E of specimens with different aggregate
content.
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Figure 7. CCS of specimens with different aggregate content.
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b)
Figure 8. Microstructure of specimens with different aggregate
content after firing at 1600 °C. (Continue on next page)
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c)

d)

e)

f)

Figure 8. Microstructure of specimens with different aggregate content after firing at 1600 °C.

a) 1600 °C

b) 1650 °C

Figure 9. Microstructure of specimen F after firing at 1600 °C and1650 °C.

Figure 8 shows the microstructure of specimens A,
B, C, D, E, F after firing at 1600 °C. When the aggregate
content is 80 wt. %, the distance between aggregates is
small, and less pores were formed. When the aggregate
content is 55 wt. %, the distance between aggregates
is large, and a large amount of Al(OH)3 filled the gap
between the aggregates. After thermal treatment, a large
amount of pores can be formed. Hence, with the decrease of aggregate content, the structure became
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more and more loose and the amount and size of
pores increased. Figure 9 shows the microstructure of
specimens F after firing at 1600 °C and 1650 °C. When
the sintering temperature was 1600 °C, some big pores
and independent pores existed in the structure. After
sintering at higher temperature (1650 °C), the pores show
a high level of interconnectivity, which is beneficial to
the improvement of air permeability.
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CONCLUSION
The aggregate content had a significant effect
on the interconnected pore formation and properties
of porous purging plug materials. With decreasing
aggregate content, the apparent porosity and air permeability increased, because the distance between the
aggregates increased and introduction of Al(OH)3 as
well as the pore size distributions changed a unimodal
distribution to a bimodal distribution. The higher firing
temperature facilitated the formation of a denser structure and highly interconnected pores. In addition, the
porosity dependence of the CCS was found to follow
the relationship σ = σ0 exp (–b P) with b = …. When
the apparent porosity increased, the CCS decreased,
while when the apparent porosity decreased, the CCS
increased.
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