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Abstract

This work addresses the microstructure and phase evolution of four designed high-alumina refractory castables
(containing -Al,O; or calcium aluminate cement as a binder source and 0 or 1 wt% microsilica). Various experimental
tests (air permeability, linear change rate, apparent porosity, cold modulus of rupture, cold crushing strength, hot
modulus of rupture, pore size distribution, X-ray diffraction and scanning electron microscopy) were conducted to
characterize the castables. The results show that using cement as the binder has a significant effect on the properties of
the refractory castables. The cement-bonded castables exhibited a lower linear shrinkage rate, apparent porosity and
air permeability, higher cold modulus of rupture and cold crushing strength, as well as a smaller mean pore size than
that of the o-Al,0;-bonded castables. The results were attributed to the formation of calcium hexaluminate. Some
CA was detected inside the pores, which occupied space in the pores and prevented the formation of interconnected
pores, while some CA existed outside the pores, which enhanced the densification of the structure and reduced the
size of pores. Moreover, the addition of microsilica can facilitate interconnected pore formation in cement-bonded
castables, but lower the hot modulus of rupture owing to the formation of low-melting-temperature phase (C,AS).
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I. Introduction

A purging plug is an important functional component
with purpose of accelerating physical and chemical reac-
tions in a steel ladle, homogenizing the temperature and
composition of steel, facilitating the floating of impuri-
ties during steel refining. Two types of purging plug have
been commonly used over the past few decades; a porous-
type plug and slit-type plug l. The porous-type plug ex-
hibits excellent bubbling reliability 2 and is more effective
inremoving impurities from molten steel than the slit-type
plug. Interconnected pores are a crucial factor in its struc-
ture.

Thanks to their high refractoriness, slag resistance and
high chemical stability, high-alumina castables are widely
used in high-temperature industries, such as metallur-
gy, building materials, petrochemicals and so on3. Cal-
cium aluminate cement (CAC) and o-Al,O3 are com-
mon binders in refractory castables. But o-Al,O3-bonded
castables exhibit structural spalling4, resulting from a
characteristic drop in strength at intermediate temper-
atures (110-1000 °C)>-7 during the decomposition of
hydrates.

Microsilica is another important component usually
found in the matrix composition of castables. Composed
of sub-micrometric amorphous SiO, particles and par-
ticles of spherical shape$.9, its role is mostly related to
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improving flowability in order to enhance workability.

With regard to these aspects, this work addresses the mi-
crostructure and phase evolution of four designed high-
alumina refractory castables (containing o-Al,O3 0r CAC
as a binder source and 0 or 1 wt% microsilica). Various
experimental tests (air permeability, linear change rate,
apparent porosity, pore size distribution, cold modulus
of rupture (CMOR), cold crushing strength (CCS), hot
modulus of rupture (HMOR), X-ray diffraction (XRD)
and scanning electron microscopy (SEM)) were conduct-
ed to characterize the castables and confirmed the effect of
cement on the microstructure and phase composition of
high-alumina refractory castables.

II. Experimental

(1) Sample preparation

Tabular alumina (3 -1 mm, 98 wt% Al,O3, Zhejiang Zil-
ialumina Material Technology Co., Ltd. China), reactive
alumina powder (CL370, Almatis, USA) and Al(OH);
(Chalco Shandong Advanced Material Co., Ltd. China)
were used as the main raw materials. ADS1 and ADW1
(Almatis, USA) were used as dispersants. In addition, cal-
cium aluminate cement (Secar 71, Kerneos, France) and
0-Al,O3 (5 um, 85 % Al,Os3, Kaifeng Special Refracto-
ries Co., Ltd., China) were used as the binders in differ-
ent castables. Different amounts of microsilica (0.5 pm,
951UL, Elkem, Norway) were added to the samples. The
detailed formulations are provided in Table 1. The raw ma-
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terials were castin a castable mixer by dry mixing for 1 min,
followed by the addition of water and dispersant. After
another 4 min of mixing, the mixture was vibrocast into
160 mm x 40 mm x 40 mm cuboid molds and 50 mm x
50 mm circular cylinder molds. All samples were cured
at room temperature for 24 h and subsequently dried at
110 °C for another 24 h. Finally, the samples were calcined
at 1100 °C, and 1550 °C respectively, with a heating rate
of 3 K/min and a holding time of 3 h before they were al-
lowed to cool to room temperature.

Table 1: Detailed high-alumina castable formulations.

Composition | Particle size| A B C D
(Wt%)
Tabular 1-3mm | 71 71 71 71
alumina
CL370 2 pm 13 13 13 13
AI(OH); | 0.088mm | 12 | 12 | 12 | 12
Secar71 - 5 5 - -
0-Al,O4 5 um - - 5 5
Microsilica 0.5 um - 1 - 1
ADS1 - 0.5 0.5 0.5 0.5
ADWI1 - 05| 05 | 05 | 05

(2) Test and characterization methods

The linear change rate was determined based on length
measurements before and after the sintering process.
The apparent porosity (AP) was tested according to
the Archimedes principle. The cold modulus of rupture
(CMOR) was determined in a three-point bending test
at ambient temperature, and the cold crushing strength
(CCS) was evaluated in a hydraulic testing machine. The
hot modulus of rupture (HMOR) was measured in a
three-point bending test at 1400 °C for a soaking time of
0.5 h with an electronic digital control system (EDC120;
DOLIC company, Germany). The air permeability was
obtained in compliance with the Chinese standard GB/T
3000-1999. The pore size distribution was examined by
means of mercury intrusion porosimetry (Quantachrome
PM60GT-18, Quantachrome Instruments Ltd., USA).
The phase composition and microstructure were ana-
lyzed using X-ray diffraction (XRD, X’Pert Pro) and
field emission scanning electron microscopy (SEM, Nova
400 Nano) supported by energy-dispersive X-ray spec-
troscopy (EDS, Phoenix).

III. Results and Discussions

Fig. 1 shows XRD patterns of samples A, B, C and D af-
ter these had been calcined at (a) 1100 °C and (b) 1550 °C.
As shown, the main crystalline phase of the four samples
was Al,O;. For samples A and B, after these had been cal-
cined at 1100 °C, traces of CA , were detected, but the peak
intensities of this phase for sample A are much higher com-
pared with those of sample B. Usually, the CA phase exist-

ing in calcium alumina cement reacts with alumina to form
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CA, 10 in the 1000-1200 °C range 11-13. After calcining
at 1550 °C, a large amount of CA ¢ was formed, especially
in the case of sample A. Generally, CA formation takes
place above 1400 °C 6,7, 14, Increasing the calcination tem-
perature facilitated the formation of CA. For sample B,
traces of C,AS were formed owing to the addition of mi-
crosilica 15-19,
1
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Fig. 1: XRD patterns of samples A, B, C and D after these had been
calcined at (a) 1100 °C and (b) 1550 °C, 1, Al;O3; 2, CA,; 3, C,AS;
4, CA,,
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Fig. 2 presents the linear change rate of the high-alumi-
na castables containing different binders. The four sam-
ples showed different shrinkage after being calcined at
1100 °C and 1550 °C. After being calcined at 1100 °C,
the cement-bonded castables exhibited lower shrinkage
because of the expansion resulting from the formation
of CA, 20,21 (Fig. 1(a)), which counterbalanced the sinter-
ing shrinkage. When microsilica was added, the samples
showed higher shrinkage. The first reason was that the
presence of microsilica facilitates liquid formation, which
helped the sintering process. The second reason was that
some Ca2+ entered the liquid, which reduced the CA,
content and lowered the expansion. Because of these two
reasons, sample B exhibited higher shrinkage than that of
sample A. When calcined at 1550 °C, owing to the sinter-
ing shrinkage, all samples exhibited higher shrinkage com-
pared to that of the samples calcined at 1100 °C. How-
ever, sample A exhibited the lowest shrinkage owing to
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CA ¢ formation (Fig. 1(b)). But the shrinkage of the sample
with the addition of 1 % microsilica (sample B) is similar
to that of the sample without cement (sample C). The low-
melting-temperature phase (C,AS) formation 15-19 coun-
terbalanced the expansion resulting from the CA forma-
tion 10,
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Fig.2: Linear change rate of the samples after these had been cal-
cined at 1100 °C and 1550 °C.
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Fig. 3: Apparent porosity and air permeability of the samples after
these had been calcined at 1100 °C and 1550 °C.
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Apparent porosity and air permeability were determined
for the samples prepared at 1100 °C and 1550 °C. Fig. 3(a)
shows that the cement-bonded samples have lower appar-
ent porosity compared with that of the o-Al,O3-bonded
samples. Owing to the expansion phase (CA, at 1100 °C
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and CAg at 1550 °C) formation, some space in samples
was filled and the structure became denser. Fig. 3(b) shows
the air permeability was different. After being calcined at
1100 °C, the four samples had almost no air permeability,
which was attributed to the absence of sintering. Air per-
meability was clearly enhanced after calcining at 1550 °C
owing to the sintering process. But the cement-bonded
samples exhibited lower air permeability. One reason is
that the samples had lower apparent porosity and the oth-
er reason is attributed to the formation of CA ¢, which oc-
cupied some space and prevented pores linking up. Com-
pared with sample A, sample B exhibited higher air perme-
ability owing to the addition of microsilica. During the cal-
cining process, SiO, reacted with Al,O3 and CaO to form
liquid, which counterbalanced the expansion. And the re-
action consumed some CaO, which reduced the quantity
of CA¢ phase formed.

The mean pore size and pore size distribution of samples
A, B, C and D after these had been calcined at 1550 °C are
shown in Fig. 4. It can be observed from Fig. 4(a) that sam-
ple A possessed the smallest mean pore size and microsil-
ica addition facilitated the increase in pore size. For ce-
ment-bonded castables, the mean pore size changed from
0.92 umto 13.77 um, while for o-Al,O3-bonded castables,
it increased from 6.09 pm to 10.10 um. From Fig. 4(b), it
can be seen that sample A had the narrowest pore size dis-
tribution and bigger pores cannot be found compared with
other samples.
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Fig. 4: Mean pore size and pore size distribution of samples A, B,
C and D after these had been calcined at 1550 °C.
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Fig.5 shows the SEM images for samples A, B, C and
D after they had been calcined at 1550 °C for 3 h. From
the images, we can see the structure is different from the
dense structure. The dense structure can be defined in that
coarser particles are used as a filter framework and small-
er particles fill the voids between the coarser particles, but
this work presents the idea that larger particles are used
as the framework and smaller particles are removed, leav-
ing behind many pores capable of forming interconnected
pores22. But in Fig.5(A) the structure is very dense and
the pores are smaller and isolated while in the other sam-
ples some bigger pores and cracks existed in the samples,
which facilitated the formation of interconnected pores.

The smaller pores came from thermal decomposition of
the AI(OH);, but the morphology of A[(OH); remained.
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Liet al. 23 called them “pseudomorph”, which can be seen
from the magnifying micrograph of sample A (Fig. 6a).
The formation of the bigger pores in Fig. 5 (B, C, D) was
attributed to particle packing of aggregate and volumetric
shrinkage of the matrix, while the microstructure of sam-
ple A appears denser owing to the expansion of CA. The
microstructure is in line with the results of pore size distri-
bution (Fig. 4(b)). Fig. 6(b) shows a magnified micrograph
of sample A and CA ¢ phase can be detected. From the im-
age, we can see that the CA ¢ was flake-like. Some existed
inside the pores, occupying some space in the pores and
preventing the formation of interconnected pores while
some was outside the pores, which enhanced the densifi-
cation of sample and reduced the size of pores owing to the
expansion of CAg,.

Fig. 6: SEM ﬁncograph of sample A after this had been calcined at 1550 °C.
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Fig.7: CMOR and CCS of the samples after these had been calcined
at 1100 °C and 1550 °C.

Fig.7 shows that the CMOR and CCS of samples A,
B, C and D have the same changed tendency. After be-
ing calcined at 1100 °C, the samples with added microsili-
ca exhibited higher strength than those without microsil-
ica. And the cement-bonded castables possessed higher
strength than that of the o-Al,O3-bonded castables. And
after calcining at 1550 °C, the addition of microsilica re-
duced the strength of the cement-bonded samples but in-
creased the strength of the p-Al,O3-bonded samples. And
the strength of the cement-bonded castables is higher than
that of the p-Al,03.bonded castables. The results were
associated with both the pore size and apparent porosi-
ty. Generally, the smaller the pore size is, the higher the
strength will be; and the higher the apparent porosity is,
the lower the strength will be. Rice proposed a simple re-
lationship used to reflect the strength (o)-porosity (P) be-
haviors 24. The relation is:

o=0q exp (-b P)
where ogis the strength of the samples without pores, and b
is a constant associated with the pore characteristics. From
this relation, it can be seen that the strength decreased with
the increase in porosity. From Fig. 3(a), after calcining at
1550 °C, the apparent porosity is: B<A<D<C, while from
Fig.7(a) the strength is: A>B>D>C. The results are not
completely inline with the relation. Because strengthis not
only associated with the apparent porosity, but also with
the poresize. As shown in Fig. 4, sample A exhibited many
smaller pores, fewer bigger pores and the mean pore size is
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0.92 um while the pore size of the sample B is bigger and the
mean pore size is 13.77 um. The smaller pores contributed
to the improvement of strength, and the strength of sample
A is higher than that of sample B even though the apparent
porosity of sample A is higher.

As shown in Fig. 8, the HMOR of sample A is the high-
est of samples A, B, C and D. It can reach 14.6 MPa. And
thatof samples B, C and D is less than 2 MPa. The apparent
porosity of samples C and D is higher than that of sample
A. Tt is easy to understand that the HMOR is lower than
that of sample A. For sample B, the low-melting-temper-
ature phase (C,AS) formation 15-19 seriously reduced the
HMOR 25.
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Fig. 8: HMOR of samples with different binders.

IV. Conclusions

The attained results show that cement as the binder has
a significant effect on the properties of the high-alumina
refractory castables. The cement-bonded castables exhib-
ited alower linear shrinkage rate, apparent porosity and air
permeability, higher CMOR and CCS, and smaller mean
pore size than that of the p-Al,O3-bonded castables. The
results were attributed to the formation of calcium hexalu-
minate (CAg). Some CA ¢ was detected inside the pores; it
occupied some space in the pores and prevented the for-
mation of interconnected pores. Some CA existed out-
side the pores, which enhanced densification of the sam-
ples and, because of the expansion of CAy, reduced the
size of pores. Moreover, the addition of microsilica can fa-
cilitate interconnected pore formation in cement-bonded
castables. but lowers the hot modulus of rupture owing to
the formation of low-melting-temperature phase (C,AS).
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