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Abstract
White fused alumina (WFA), a-Al2O3 powder, aluminum hydroxide powder and pseudoboehmite powder (PB) are

each mixed with boric acid according to the stoichiometric ratio of 9Al2O3⋅2B2O3 in order to study the formation
process. For the corrosion experiment, Al2O3-based porous ceramic with and without the addition of boric acid is
prepared and soaked in molten aluminum for 48 h at 870 °C. The results show that the synthesis temperature of 9Al2O3
⋅2B2O3 is 1000 °C, except for the mixture of PB and boric acid for which the synthesis temperature is 900 °C. The
corrosion resistance of the samples with the addition of boric acid in molten aluminum is improved because of the
generation of 9Al2O3⋅2B2O3 around the pores.
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I. Introduction
In the aluminum industry, static degassing is general-

ly used to refine molten aluminum because of its many
advantages such as simple components, high efficiency
and low maintenance 1. As effective degassing is related to
bubble distribution and fine bubble size, the porous ce-
ramic – called the porous plug, which is installed at the
bottom of the refractory aluminum-containing vessel and
enables the efficient flow of gas into the aluminum melt,
is important for the aluminum refining. However, to the
best of our knowledge, only few reports are available on
the corrosion resistance of the porous plug.

It has been suggested that, in the manufacture of the re-
fractory plug, the addition of specific additives, namely
non-wetting agents, can lower the wettability of the re-
fractory when exposed to molten aluminum and thereby
reduce aluminum penetration into the refractory 2, thus
enhancing its corrosion resistance. Many compounds like
BaSO4, CaF2, AlF3 and certain rare-earth oxides are con-
sidered useful agents 3 – 5 Especially the low solubility of
boron in molten aluminum alloys is an advantage of the use
of these additives in refractories for melting Al alloys 5 – 6.

9Al2O3⋅2B2O3 is a binary compound in the phase dia-
gram of the Al2O-B2O3 system with mullite-like prop-
erties such as outstanding mechanical properties, excel-
lent resistance to corrosion, and chemical stability 7 – 8.
It is widely used as whiskers in oxidation-resistant and
whisker-reinforced composites because of its low-cost
production and easy fabrication in large quantities 7 – 9.
In this study, boric acid is mixed with different materials
according to the stoichiometric ratio of 9Al2O3⋅2B2O3
to study the formation process, and Al2O3-based porous
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ceramics with boric acid are prepared to evaluate their
corrosion resistance when exposed to molten aluminum.

II. Experimental Procedure

White fused alumina (WFA), a-Al2O3 powder, alu-
minum hydroxide powder, pseudoboehmite powder (PB)
and boric acid powder (AR, Sinopharm Chemical Reagent
Co. Ltd., China) are used as raw materials. The chemical
compositions determined by means of induced coupled
plasma emission spectroscopy (ICP) are shown in Table 1,
furthermore, the median particle diameters of the WFA
powder, a-Al2O3 powder, aluminum hydroxide and PB
are 30.57 lm, 2.34 lm, 43.75 lm and 3.69 lm respectively.

The mass ratios of WFA powder/boric acid powder
(CH), a-Al2O3 powder/boric acid powder (AH), alu-
minum hydroxide powder/boric acid powder (AOH) and
PB/boric acid powder (PBH) correspond to the stoichio-
metric ratio of 9Al2O3⋅2B2O3. After homogeneous mix-
ing of the powders in the dry state, cylindrical green com-
pacts measuring 20 mm in diameter and 20 mm in thick-
ness were prepared by means of die-pressing at 200 MPa
for each mixed powder. The compacts were fired at a tem-
perature varied from 800 °C to 1600 °C for 3 h with a
heating rate of 2 K/min.

The particle size was measured with a laser particle size
analyzer (Mastersizer2000, Malvern Instruments Ltd.,
UK). Phase compositions and the microstructure of the
samples were characterized by means of X-ray diffrac-
tion with Cu-Ka radiation (XRD, X’Pert Pro, Philips,
Netherlands) and scanning electron microscopy (SEM,
XL-30TMP, Philips, Netherlands). An electron probe mi-
croanalyzer (EMPA, JXA8800, JEOL, Japan) was used to
analyze the distribution of the boron. Bulk density was
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Table 1: Chemical composition of raw materials (wt%)

Raw material Al2O3 SiO2 Fe2O3 CaO MgO K2O Na2O H3BO3 I.L.

WFA 98.61 0.24 0.43 - - 0.29 0.08 - 0.22

a-Al2O3 powder 98.54 0.18 0.12 - - 0.35 0.07 - 0.33

Mild-clay 31.85 50.69 2.18 0.79 0.29- 1.07 0.13 - 10.61

Aluminum hydroxide 64.86 0.08 0.06 0.04 0.02 0.04 0.01 - 34.44

PB 80.52 0.26 0.05 0.50 0.13 0.02 0.29 - 18.06

measured according to the Archimedes method using dis-
tilled water as liquid media, and the pore size distribution
was characterized by means of mercury porosimetry (Au-
toPore IV9510, Micromeritics, USA).

Fig. 1: Diagrammatic sketch of a sample soaking in molten alu-
minum.

As the green samples are expected to shrink or swell when
exposed to heat treatment, diameters were measured be-

fore and after sintering to characterize the linear change
rate dimensionally using the following equation:

S(%) =
da

db
- 1 (1)

where db refers to an average value for a green sample
based on three diameters measured at the top, middle and
bottom, da is obtained in the same way for the same sample
after sintering.

The corrosion resistance testing equipment is shown in
Fig. 1, samples are soaked in the molten alumina for 48 h at
870 °C and cut along the axis after they have cooled.

III. Results and Discussion

XRD patterns of each compact sintered at different tem-
peratures are shown in Fig. 2. Boric acid decomposes in-
to B2O3 at about 250 °C and melts at about 450 °C 10.
In Fig. 2A, WFA reacts with boric acid at 900 °C to form
2Al2O3⋅B2O3. At 1000 °C, 9Al2O3⋅2B2O3 is synthesized
at the expense of 2Al2O3⋅B2O3, the intensity of 9Al2O3
⋅2B2O3 increases up to 1300 °C, but decreases at higher
temperatures, and the phase evolutions of AH in Fig. 2B is
similar to that of CH.

Fig. 2: Phase evolutions for A sample CH, B sample AH, C sample AOH and D sample PBH with temperature.
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Fig. 2C shows the XRD patterns of AOH, a small
amount of corundum is detected in the samples sintered
at 800 °C and 900 °C as the decomposition products
of aluminum hydroxide. The peak intensity of 9Al2O3
⋅2B2O3 becomes obvious at 1000 °C and reaches its max-
imum at 1300 °C. On account of the B2O3 volatilization
prone to occur at higher temperatures, less 9Al2O3
⋅2B2O3 is detected at 1400 °C and higher temperatures. As
can be seen in Fig. 2D, corundum appears at 800 °C and
reacts with boric acid to form 9Al2O3⋅2B2O3 at 900 °C,
the lower temperature of the formation of 9Al2O3⋅2B2O3
compared with that of AOH can be attributed to the
smaller particle size. Furthermore, according to the phase
diagram of Al2O3-B2O3

11, 9Al2O3⋅2B2O3 decomposes
into corundum and liquid phase at 1430 °C and this can
explain the corundum at 1500 °C.

Fig. 3: EPMA patterns of PBH mixture powder heated at 1400 °C.

Fig. 3 shows the distribution of boron in the PBH sin-
tered at 1400 °C. The content of boron at the pores is much
higher than elsewhere. B2O3 volatilizes readily at high
temperatures and concentrates at the pores during diffu-
sion, Al2O3 around the pores reacts with the accumulated
B2O3 to form 9Al2O3⋅2B2O3. The linear change rate of
the various mixtures sintered from 800 to 1600 °C is plot-
ted in Fig. 4. There is great similarity between the curves
of CH and AH, both compacts shrink at 800 and 900 °C,
and swell at 1000 °C. The shrinkage is observed again at
1400 °C and higher temperatures. Taking into consider-
ation the phase evolution of corresponding compact, we
come to the conclusion that expansion in the generation
process of 9Al2O3⋅2B2O3at 1000 °C overcomes shrink-
age in sintering and when the temperature is 1400 °C or
higher, the volatilization of the B2O3 leads to shrinkage.
However, in terms of the PBH and AOH, the contractive
rate of PBH is obviously higher than that of the AOH
owing to the much smaller particle size.

The microstructural variation of the AH at different tem-
peratures is not evident as shown in Fig. 5, nor is the linear
change. In Fig. 6, the number and size of the pores in AOH
decrease with the increasing temperature, which leads to

the increase in shrinkage. A significant number of pores
are formed because the grains are refined as a result of
volatilization of the B2O3 at higher temperatures. Com-
pared with the AH and AOH, the microstructure of PBH
in Fig. 7 is the densest and thus the maximum shrinkage
has been achieved.

Fig. 4: Linear change rate of different samples at different tempera-
tures.

Fig. 5: SEM images of sample AH sintered at different temperatures.

Fig. 6: SEM images of sample AOH sintered at different tempera-
tures.

Fig. 7: SEM imagesof sample PBH sintered at different tempera-
tures.
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Table 2: Compositions of raw materials (wt%)

WFA aggregate
No.

Size distribution Content
WFA powder a-Al2O3

powder

Aluminum
hydroxide

powder
PB

1# 1 – 0.2 (mm) 70 15 10

2# 1 – 0 (mm) 70 5 10 10

3# 1 – 0.2 (mm) 60 10 15 10

Samples for the corrosion resistance test are prepared
according to Table 1 and Table 2 respectively. The mass
ratio of aggregate/powder for Sample 1, 2, and 3 in Table 2
is consistent with that of 1#, 2# and 3# in Table 1 respec-
tively, and the binding agent for all the samples is 5 wt%
silicon-sol. The mixture of AOH and PBH is added to the
samples with the precondition of keeping the mass frac-
tion of aluminum hydroxide and PB in Table 2 the same
as those in Table 1. CH and AH are also added in order
to maintain the mass ratio of WFS powder/a-Al2O3. The
profiles of the samples after testing are shown in Fig. 8,
Fig. 9 and Fig. 10. For the Sample 1 sintered at 1200 °C and
1300 °C, no traces of permeation is found, profiles of the
samples sintered at 1400 °C are darker than those at the
other temperatures, probably caused by the permeation
of the aluminum steam. Profiles of Sample 2 with boric
acid addition become darker but the ones without the ad-
dition of boric acid are mostly permeated. Besides, there
is almost no permeation in the Sample 3. It is evident that,
after the addition of boric acid, the generation of 9Al2O3
⋅2B2O3 can effectively prevent the samples from being
penetrated by the molten aluminum.

Fig. 8: Camera photographs of the profiles of Sample 1# and Sample
1 sintered at different temperatures after the corrosion resistance
test.

Fig. 9: Camera photographs of the profiles of Sample 2# and Sample
2 sintered at different temperatures after the corrosion resistance
test.

Fig. 10: Camera photographs of the profiles of Sample 3# and
Sample 3 sintered at different temperatures after the corrosion
resistance test.

The pore size distributions of Samples 2# and 2 are mea-
sured by means of mercury intrusion and shown in Fig. 11,
the addition of boric acid increases the number of pores
with larger size, therefore the improved corrosion resis-
tance is due to the generation of 9l2O3⋅2B2O3. Adabi-
firoozjaei et al. studied the effect of different boron-con-
taining materials (B2O3, B4C, and BN) on the corrosion
resistance of aluminosilicate refractories 6. The improve-
ment in corrosion resistance is attributed to the high sta-
bility of 9Al2O3⋅2B2O3 phase as well as the low solubility
of boron in molten aluminium alloys. Moreover, the better
resistance can also be related to the decrease in the degree
of wetting of molten aluminum on the solid ceramics 4.
Further investigation is required to evaluate the change in
the wetting angle effected by the addition of boric acid.

Fig. 11: Pore size distribution of Samples 2 and 2# with and without
boric acid, sintered at different temperatures.
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Table 3: Compositions of raw materials (wt%)

WFA aggregate
No.

Size distribution Content
WFA powder a-Al2O3

powder

Aluminum
hydroxide

powder
PB Boric acid

1 1 – 0.2 (mm) 70 11.81 7.87 5.22

2 1 – 0 (mm) 70 3.46 6.93 10 4.43

3 1 – 0.2 (mm) 60 7.16 10.7 10 7.14

IV. Conclusions

The synthesis temperature of 9Al2O3⋅2B2O3 is 1000 °C
for the CH, AH and AOH samples, and 900 °C for PBH
samples. The microstructure of the AH samples is not sen-
sitive to temperature variation from 1300 °C to 1500 °C,
but the increasing temperature leads to the formation
of a significant number of pores in the AOH and PBH
samples. 9Al2O3⋅2B2O3 is mostly distributed around the
pores in the samples because of the concentrate of B2O3
resulting from the B2O3 volatilization. The corrosion re-
sistance on exposure to molten aluminum is improved
with the addition of boric acid, which is due to the gener-
ation of 9Al2O3⋅2B2O3.
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