Journal of University of Science and Technology Beijing
Volume 10, Number 5, October 2003, Page 15

Mineral

Effect of spinel content on the properties of phosphoric acid
bonded high alumina castables

Zichun Yang®, Hongwei Duan®, Lin Li®, Shugin Li®, and Wen N

1) Naval Engineering Univeristy, Wuhan 430033, China
2) Civil and Environmental Engineering School, University of Science and Technology Beijing, Beijing 100083, China
(Received 2002-12-05)

Abstract: In order to study the effect of fused spinel on the properties of phosphoric acid bonded high alumina castables, samples
with different contents of fused spinel were prepared. The results show that when the contents of the fused spinel are between 8%
and 16% (mass fraction), the castables have good properties. The castables overcome the shortages of the phosphoric acid bonded
high alumina castables with bauxite cement as a hardening promoter. The experiments demonstrate that most of the service properti-
es of the castables with fused spinel are better than those of the normal phosphoric acid bonded castables which use bauxite cement
as a hardening promoter. The examination of the materials indicates that free MgO inclusions in the spinel powder can promote the
hardening of the castables.
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1 Introduction

Castables have been progressively gaining market
share in all areas of refractory application by replacing
conventional firebricks and ramming mixes [1-4]. The
phosphoric acid bonded high alumina castables pos-
sess high strength at medium temperature, excellent
thermal shock resistance and abrasive resistance.
Bauxite cement is generally used as a hardening pro-
moter in the traditional phosphoric acid bonded high
alumina castables. However, the amount of bauxite
cements is difficult to control. The larger amount of
bauxite cement will make casting difficult due to the
quick coagulation. In reverse, the less amount of
bauxite cement will make the castables coagulation
too slow to get any significant strength. The castables
could not obtain strength until they are heated up to
300°C. Therefore, the application of the castables has
been limited despite they possess some excellent
properties.

In this investigation, an attempt was made to use
fused spinel instead of high alumina cement as a

hardening promoter and an additive in phosphoric acid
bonded bauxite castables. The relationship between
properties of high alumina castables and spinel con-
tent was systematically studied. A comparative re-
search was done between the traditional phosphoric
acid bonded high alumina castables and the castables
with spinel as a hardening promoter and additive with
respect to bulk density, Al,O; content, refractory
quality, compressive strength, flexural strength, ther-
mal shock resistance and water resistance.

2 Materials and experimental procedure

2.1 Raw materials

The materials used in this work are phosphoric acid
as a binder, sintered super-grade bauxite (Yangquan,
Shanxi Province) as refractory aggregates and fine
bauxite as refractory powder. In addition, fine fused
spinel (Meihekou, Jilin Province) or bauxite cement
are used as hardening promoters or additives. The
chemical composition of raw materials is listed in ta-
ble 1.

Table 1 The chemical composition of bauxite and fused spinel (mass fraction) %
Additives AlLO, Si0o, Ca0 MgO Fe,0, Na,O K,0 TiO,
Bauxite 88.90 5.90 0.09 0.95 0.01 0.03 3.52
Fused spinel 56.73 0.84 0.51 41.63 0.17 0.12 0.05 0.04

2.2 Optimum grain grading
One of the important methods to improve the den-
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sity, strength and abrasive resistance of the castables
is to optimize the size distribution of the aggregate
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and powder. Due to the difference in processing, the
raw materials in different grade regions have different
size distributions. In this work, four different kinds of
particles of sintered super-grade bauxite were chosen,
i.e. coarse particles (3-Smm), medium sized particles
(1-3 mm), fine particles (0-1 mm) and fine powder
(<0.04 mm). Fine spinel powder was used (<0.04 mm).
The total contents of coarse and medium particles
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were kept at 55% (mass fraction) and the ratio of the
coarse particles to the medium particles was 1:1. The
grading optimization was lied on the proportion of the
fine particles and fine powders, so when the amount of
the fused spinel powder was fixed at 10% (mass frac-
tion), the optimization was done by changing the pro-
portion between high alumina fine powder and fine
particles.

Table 2 Size distribution of bauxite and spinel

Size distribution (mass fraction) / %

Items

3-5 mm coar- 1-3 mm medium  0-1 mm fine <0.04 mm <0.04 mm Bulk density /
se particles* particles* particles* fine powder* spinel /% gem™

A 27.50 27.50 21.00 14.00 10.00 2.85

B 27.50 27.50 23.00 12.00 10.00 2.88

C 27.50 27.50 25.00 10.00 10.00 2.92

D 27.50 27.50 27.00 8.00 10.00 2.94

E 27.50 27.50 29.00 6.00 10.00 2.93

F 27.50 27.50 31.00 4.00 10.00 2.89

G 27.50 27.50 33.00 2.00 10.00 2.84

Note: * high alumina raw materials.

Table 2 shows the relationship between density and
grain grading. It could be seen that the samples have
the highest density when (-1 mm fine particles content
is 27% and the total content of the bauxite fine powder
and the spinel powder is 18%.

2.3 Procedure

Castables were cast with the aid of vibrating table.
In order to avoid the reaction between phosphoric acid
and the ferrous phases in the bauxite to produce gas
which may cause the density decrease of the samples,
NH-66 was used as acid inhibitor [5]. Castables were
cured in air at ambient temperature for 3 days and then
dried at 110°C for 24 h. The samples were heated at a
rate of 5°C -min”' from ambient temperature to 1300°C
or 1500°C and kept at such temperatures for 10 h, re-
spectively. The phosphoric acid bonded alumina
castables with bauxite cement as a hardening promoter
were fabricated in the same way and under the same
condition.

The flexural strength, the compressive strength and
linear change of green body and fired samples were
measured. All data were obtained by taking the aver-
age value of three samples. The crushed samples were
examined by XRD (X-ray Diffraction) to determine
the phases. Thermal shock resistance of the prepared
castables was measured according to Chinese standard
YB2206-77 and refractory quality was determined ac-
cording to Chinese standard YB/T5199.

3 Results and discussion
3.1 Physical properties

Based on D in table 2, eight group samples were

prepared (table 3) in order to study the effect of the
fused spinel as a hardening promoter and an additive
on the properties of high alumina castables. The fused
spinel contents were changed from 4% to 18% and the
high alumina fine powders varied correspondingly.

The samples were cured in aired for 3 days, dried at
110°C %24 h, fired at 1300°Cx10 h and 1500°Cx10 h,
respectively. Then the flexural strength, the compres-
sive strength and linear change of the samples were
tested. The results are shown in figure 1. Figure 1(a)
shows that the flexural strengths of the castables after
cured in air for 3 days increase non-linearly with the
increase of the spinel content. This change can be ex-
plained by the reaction that takes place between phos-
phoric acid and spinel. When the amount of spinel is
less than 6%, which is too less to react with the phos-
phoric acid completely, a significant polymerization
of phosphates can not happen, the strength of the sam-
ples is very small. When the amount of spinel is
higher than 8%, the strength enhances very rapidly but
when the amount of the spinel is higher than 16%, the
increase of strength becomes slow. When the amount
of the spinel is too large, the castables harden are too
quickly and degrade its flow property correspondingly.
These result in defects in the castables and make the
strength increase slowly. The linear changes of all the
samples are positive values. This behavior not only
contributes to the improvement of the strength but also
compensate the shrinkage to generate when the casta-
bles are dried and fired. The flexural strength and the
compressive strengths of all the samples dried at 110
C are higher than those of the samples cured for 3
days. Compared with the samples cured in air for 3
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days, all of the samples dried at 110°Cx24 h have flexural strength increase with the increase of spinel in
higher strength. Even though the strength of these the samples, but the increasing rate is small. The
samples increases generally along with the increase of maximum strength can be obtained when the samples

the spinel content in the samples, the increasing rate is contain 16% spinels. Taking the length of the samples
not evenly distributed. As shown in figure 1(b), the dried at 110°Cx24 h as initial length, all the samples
strength stop increasing when the spinel content is fired at 1300°Cx10 h have a linear change of small
more than 15%, and even slightly decreases when the positive values. Figure 1(d) is the relationship of
spinel content is more than 16%. All the samples dried strength and the spinel content of samples fired at
at 110°Cx24 h have a small negative value of linear 1500°C x10 h. It is clear that the compressive strengths
change. As shown in figure 1(c), all the samples fired are much higher for these samples. But the flexural

at 1300°Cx24 h have much higher strength than the strengths do not increase much comparing with the
samples dried at 110°Cx24 h. Similar to the samples samples fired at 1300°Cx10 h. The linear changes are
dried at 110°Cx24 h, both compressive strength and mostly small negative values.

Table 3 Size distribution of bauxite and different amount of spinel

Size distribution of bauxite (mass fraction) / %

Sample group 3-5mmcoarse  1-3mmmedium  0-1 mm fine  <0.04 mm fine <0.04 mm  40% phosphoric
___particles* particles*® particles* powder* spinel /% acid (extra) /%

1 27.5 27.5 27.0 14.0 4.0 14.0

2 275 27.5 27.0 12.0 6.0 14.0

3 275 27.5 27.0 10.0 8.0 14.0

4 275 275 27.0 8.0 10.0 14.0

5 275 27.5 27.0 6.0 12.0 14.0

6 27.5 275 27.0 4.0 14.0 14.0

7 275 275 27.0 2.0 16.0 14.0

8 27.5 27.5 27.0 0.0 18.0 14.0

Note: * high alumina raw materials.
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Figure 1 The effect of fused spinel content on the properties of samples, (a) cured in aired for 3 days; (b) dried at 110°Cx24
h; (c) fired at 1300°Cx10 h; (d) fired at 1500°C x10 h.

Figure 2 shows the thermal shock resistance and when the amount of spinel increases. Refractoriness of
refractoriness of the investigated samples. The thermal the samples decreases a little with the increase of the
shock resistance of the samples improves very quickly amount of spinel. This is probably because that there
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is a little SiO, in the super-grade bauxite and it is easy
to react with MgO, CaO and ALO; to produce the
phases with low melting point.
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Figure 2 The thermal shock resistance and refractoriness
of the investigated samples.

Table 4 shows the properties of the phosphoric acid
bonded high alumina castables with different harden-
ing promoters: (a) fused spinel, (b) bauxite cement.
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The results demonstrate that the hardening promoter
has a significant and direct influence on the properties.
Compared to the traditional phosphoric acid bonded
high alumina castables, the castables with fused spinel
as a hardening promoter and an additive possess
higher strength and higher temperature resistant ability.
Its maximum service temperature can be 200 C
higher than that of traditional castables. Meanwhile,
the castables with fused spinel as a hardening pro-
moter and an additive can develop high strength be-
fore drying and firing, the cured samples possess good
ability of water resistance, but the traditional castables
can not achieve. Such characters provide a great con-
venience for both on site casting and forming, and the
transportation and storage of pre-formed refractory
components. Its excellent thermal shock resistance can
prolong its service lifetime effectively under a hard
service condition where the temperature changes fre-
quently and violently.

Table 4 The properties of phosphoric acid bonded high alumina castables

Hardener Density / AlO; Refrac;oriness/ High temperature Water resistance Water resistance
(g-cm™) content / % C resistance* /C (cured for 3 d) (cured for 3 d)
(a) 2.91 77.2 1790 1650 62 Good
(b) 2.78 77.5 1790 1450 30 Bad
Strength after cured for 3 d Strength after dried at Strength after fired at Strength after fired at
Hardener in air /MPa 110°Cx24 h /MPa 1300°Cx10h/ MPa 1500°C x10 h /MPa
Flexural compressive Flexural compressive Flexural compressive Flexural compressive
strength strength strength strength strength strength strength strength
(a) 7.8 325 10.8 457 20.2 84.6 20.2 120.8
(b) 0.5 35 6.7 224 10.8 40.3 13.2 60.8

Note: (a) spinel as a hardening promoter and an additive (11%); (b) bauxite as a hardening promoter (2.5%); * temperatures at which
the samples were fired for 3 h and their linear changes are less than 1.0%.

3.2 The roles of the fused spinel and reaction
mechanism

Spinel with an ideal composition of MgO-AlLO; is
an inert mineral. It does not react with any acid or al-
kali at room temperature. So spinel mineral itself can
not be used as the hardening promoter of the phospho-
ric acid bonded castables. XRD diffraction pattern of
the fused spinel (figure 3) shows that there existes a
small amount of periclase, so the periclase (free MgO)
in fused spinel react with phosphoric acid and promote
hardening of the castables.

Mg(H,PO,), is easy to form nMg-2nPO, polymer
and make the castables possess strength.

When the samples are dried at 110°C, the reaction
is accelerated and lead to a rapid increase of the
strength of the castables.

3.3 Phases of the phosphoric acid bonded high
alumina castable with spinel as a hardening pro-
moter and an additive

Figure 4 gives XRD diffraction patterns of the
samples after fired at 1500°C. Corundum (Al,O5) and
spinel (MgAl,O,) are the main phases in the sintered
castables and no other mineral phases are detected.
The small amount of SiO, and other impurities in raw
high alumina bauxite have entered into glass phases
while the periclase in the fused spinel reacted with
alumina in the bauxite to form new spinel phase.

MgO+ALO,=MgO-ALO, 2)

The reaction accompanies with volume expansion,
which could compensate for some content due to the
volume shrinkage during the firing process at elevated
temperature.

Because the fused spinel is added as fine powder
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and the reaction (1) and (2) consumes some bauxite
powder, the matrix of the castables is mainly spinel
phase after being fired. It is well known that self-
forming spinel often have better resistance to slag
penetration and corrosion, so this lead the castables to
have superior slag resistant ability [6-10]. Moreover,
when a small amount of melt is produced in the casta-
bles at high temperature, some MgO would dissolve
into glass and the glass phase itself could have a com-
position similar to cordierite. So the cordierite mineral
would crystallize from the glass phase during the
process of temperature decrease or repeated heating
and cooling. Cordierite has an extremely low thermal
expansion rate. Spinel also has a very low thermal ex-
pansion rate comparing with corundum, so the ability
of thermal shock resistance of the castables is im-
proved greatly.
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Figure 3 XRD diffraction pattern of fused spinel powder.
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Figure 4 XRD diffraction pattern of samples after fired at
1500°C.

4 Conclusion

The phosphoric acid bonded high alumina castables
with excellent properties can be made when super-
grade bauxite is used as aggregates, phosphoric acid

as a binder, fused spinel powder as a hardening pro-
moter and an additive. This castables is very strong
after cured for 3 days in air, dried at 110°C and fired
at elevated temperatures. Its maximum service tem-
perature can be as high as 1650°C. The periclase in-
clusion exists in the fused spinel. It is the major con-
tributer to the function of hardening promotion of the
spinel powder. The controlled reaction enables the
castables have longer period to harden which makes it
easier to be cast and formed on site.
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