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Technologies and materials leading to reduced energy and material
consumptions are receiving more attention and more importance
given for the “low carbon era”. Lightweight (LW) castables are an
important part of monolithic refractories, and realizing their high performance is very necessary to enhance the role of refractories in energy saving and reducing material consumption under tough working conditions. Concepts for high performance are put forward, summarized as “4-highs and 2-lows”, i.e. high purity, high strength, high
service temperature and high resistance to the attack by furnace atmosphere, and low thermal conductivity and low shrinkage at service temperature. Different approaches to such requirements are introduced. Adopting the approaches and using high purity natural or
industrial starting materials, LW aggregates in Al2O3–SiO2,
MgO–SiO2 and Al2O3–CaO–MgO systems were prepared, featured
by hollow sphere or micropore structure. They were used as aggregates to make LW castables in the corresponding system respectively. The developed high strength LW Al2O3–SiO2 castables have been
adopted as steel ladle back lining, water cooled skid and post lining
of reheating furnace and back lining of tin bath hearth in the glass
industry, with very encouraging results. Laboratory work and in-plant
trail indicate that the suggested approaches are effective.

1 Introduction
The refractories industry is facing new challenges brought by the development of high
temperature industries. In recent years, increasingly serious energy and resource
shortage problems worldwide have made it
a common awareness to realize energy conservation, consumption reduction, low carbon and environmental protection. Thermal
insulating performance of refractories is
challenged by energy conservation and consumption reduction of refractories’ user industries, for which more development and
application of high performance lightweight
(LW) castables have become a hot topic in
the present refractories field.
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There exist presently some shortcomings to
China’s LW refractories:
• Shapewise, most of LW refractories are
shaped products, i.e. bricks; while LW
monolithics, especially castables, with
equivalent or even better service performance compared with conventional LW bricks
are small in quantity. Monolithics have been
becoming the mainstay among refractories,
and compared with overseas developed
countries like Japan, USA, etc., there is big
space for further development of China’s
monolithic refractories, in which LW castables are believed to be of great vitality.
• Material-wise, alumina-silicate and Al2O3
based LW refractories have taken a domi-
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nant place, while MgO based basic LW refractories and semi-basic types like
MgO–SiO2 and MgO– Al2O3 ones are relatively insufficient, which makes it difficult
for LW refractories to meet multiple requirements by different application cases.
• Performance-wise, there are many shortcomings, e.g. limited service temperature,
low strength, high shrinkage at high temperature, unsatisfactory thermal insulating
capability, poor resistance against reducing atmosphere or alkali vapor attack, etc..
Many available LW castables are not well
qualified in service life and use effiency,
and in most cases they are used only as
back linings for limited service temperatures, as it is difficult to meet requirements
of higher temperature applications with
tougher working conditions.
In view of the abovementioned problems,
concepts for high performance LW castables
and how to achieve high performance are
presented in this paper, and some related
R & D works and practices by us are introduced.
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LW-1

LW-2

LW-3

LW aggregates by burning out
added sawdust
B.D.: 1,20 g/cm3
Al2O3 ≥ 60 %
Fe2O3 ≤ 2,0 %

LW aggregates of broken LW brick by burning
out added polypropylene ball
B.D.: 1,10 g/cm3
Al2O3 ≥ 65 %
Fe2O3 ≤ 0,8 %

Micro-pored LW mullite
based aggregate
B.D.: 1,00 g/cm3
Al2O3 ≥ 65%
Fe2O3 ≤ 0,72%

Fig. 1 Three different Al2O3–SiO2 LW aggregates

2 Embodiments of high
performance of LW castables
and technical approaches
To a great extent, LW aggregates and LW
castables show high performance. The authors tend to summarize the high performance of LW castables as “4-highs and 2lows”, i.e. high purity, high strength, high
service temperature and high resistance to
the attack by furnace atmosphere, and low
thermal conductivity and low shrinkage at
service temperature.

2.1 High purity
At present, aggregates for aluminosilicate
LW castables are made mainly of natural raw
materials and synthesized ones with natural
minerals as starting materials. Due to high
impurity level in natural raw materials such
as Fe2O3, TiO2, CaO, MgO, K2O, Na2O, etc.,
refractoriness of the LW castables is negatively influenced, with service temperatures
restricted under 1200 °C in many cases.
Only when LW aggregates are guaranteed to
be low in impurity content, the service temperature of the LW castables can be raised.

2.2 High strength
Newly developed LW castables have been
used as back linings or even working linings
of various furnaces, subjected to certain load
and attack by furnace atmosphere or media,
for which sufficient strength is required for
installation, curing, pre-heating and application. Compared with dense castables, LW
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castables are much lower in strength, usually only one third or one fifth of the former.
Strength of LW aggregates plays a decisive
role in strength of the produced LW castables, and only when high strength LW aggregates are available, can strength of LW
castables be possibly improved. Usually,
strength is in contradictory relationship with
densification of the materials, further relating to thermal conductivity, it becomes
therefore very difficult to achieve high
strength and meanwhile also lightweight.

2.3 High service temperature
The most prospective LW castables are believed to be those with service temperatures
ranged between 1200 – 1600 °C. Except for
high purity alumina bubble castables and
their precast shapes, service temperatures of
most presently available LW castables are
lower than that range. In this regard, service
temperature of new LW aggregates and LW
castables is required to be as high as possible.

2.4 High resistance to the attack
by corrosive furnace atmosphere
In many cases, LW castables are subjected to
the attack by corrosive atmosphere during
service. For example, when applied in reducing atmosphere or alkali vapor, normal insulating materials tend to be embrittled, pulvarized or smelt to deform, leading to severe
damage. Therefore, it is very necessary to develop LW aggregates and their castables with
excellent resistance to corrosive media. Re-

search and development of such LW materials to meet special tough application requirements has become a focal point in this field.

2.5 Low thermal conductivity at
service temperature
With the increase of temperature, thermal
conductivity of conventional LW castables
tend to increase due to increased convective
heat transfer, and insulating performance of
them tend to decrease. From this standpoint,
how to maintain LW aggregates and their
castables with relatively low thermal conductivity during service at high temperatures
to achieve good insulating effect and thereby to realize high efficient energy saving is
also an important embody of high performance. Generally, thermal conductivity is also
in contradictory relationship with strength,
leading to the difficulty to be well compromised.

2.6 Low shrinkage at service
temperature
Shrinkage of LW castables when being heated directly relates to their service temperature and working safety. For monolithic linings installed by castables, cracks caused by
shrinkage must be avoided. Compared with
dense castables, LW castables are higher in
water addition, lower in bulk density, and
hence easier to contract. It is an important
way to guarantee the service performance of
LW castables by taking effective measures to
produce appropriate volumetric expansion
to compensate the shrinkage.
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Fig. 3 MHB and LW castables containing the hollow balls
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3.2 Micro-pored mullite and its lightweight castables
Mullite is very suitable for the manufacture of LW aggregates and castables with its low thermal

a mullite transformation ratio above 50%,an apparent porosity over 50% and a bulk density under 1,2
g/cm3. The pore size distribution and typical microstructures of the micro-porous mullite based
aggregates are shown in Fig. 6 and Fig. 7.
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Fig. 6 Pore size distribution of the micropored mullite based

Fig. 7 Microstructure of the micropored mullite based

Fig. aggregate
6 Pore size distribution of the micro-pored
Fig. 7 Microstructure of the micro-pored
aggregate
mullite based aggregate

mullite based aggregate
1350 °C , 3 h

1500 °C , 3 h

The section of a LW castable using micro-porous mullite as aggregates is shown in Fig. 8. This
micro-porous aggregate can also be used together with MHB in LW castables to obtain both high
strength and low thermal conductivity (Fig. 9).

1350 , 3h

Fig. 8 LW castable with micropored mullite aggregates

1500 , 3h

Fig. 9 LW castable with both mullite hollow balls and micropored mullite aggregates
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- 0,07
MgO–SiO2service
–H2O binding
were prepared better
using
the
LW
forsterite
to
replace
dead
[MPa]
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ferric oxide content, which is not conducive to tough applications. Considering the resources of MgO and
6 (2014) [2]
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in China is very
rich and cheap, it is promising to develop basic LW castables
using
SiO2 withrefractories
specially synthesized forsterite with high purity as aggregates.

Tab. 3 Property specifications of Al2O3-MgO LW castable with closed pore structure
Testing Condition

Measured Data

Al2O3+MgO

89,56

110 °C × 24 h

1,53

Chemical composition [%]
BD

[g/cm3]

CMOR [MPa]

1500 °C × 3 h

8,7

CCS [MPa]

1500 °C × 3 h

43,6

PLC [%]

1500 °C × 3 h

+0,56

HMOR [MPa]

1400 °C × 1 h

0,15

Thermal conductivity [W/MK]

700 °C
900 °C

Averaged temp.
Averaged temp.

0,704
0,790

Tab. 4 Typical properties of synthesized porous CA6-MA aggregate
BD [g/cm3]

AP [%]

Present scheme

1,10

70

2,02

80

Scheme 1

1,37

62,60

1,06

99

Scheme 2

1,31

64,30

0,64

91

Scheme 3

1,08

70,10

2,72

92
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Fig. 10 Microstructure and pore size distribution of
the prepared LW CA6-MA

3.4 LW pre-cast shapes in the
Al2O3–MgO system
Al2O3–MgO LW castables with closed pore
structure with service temperatures up to
1600 °C have been developed for the appli-

Average D [µm] Strength Index [%]

cations of steel ladle, tundish, etc., suitable
for integrate casting of ladle and tundish
back lining or as precast plates. They are featured by good resistance to high temperature, high strength and safety. Thermal conductivity of such castable is only half of that
of the commonly used low cement castables
or even lower, implying very good insulating
performance. The ladle shell temperature can
be reduced by 50 °C when using this
Al2O3–MgO LW castable precast plates in ladle back lining. Its typical properties are given in Tab. 3.

3.5 LW CA6–MA aggregate
and the Al2O3–CaO–MgO
LW castables
Research and development work has focused on anew type LW refractory raw material and their castables to meet specific
tougher applications. Calcium hexaluminate

Tab. 5 Properties comparison of Al2O3–CaO–MgO LW castables before and after the
improvement
Before the Improvement After the Improvement
BD

[g/cm3]

1600 °C × 3 h

1,51

1,48

AP [%]

1600 °C × 3 h

60

60

PLC [%]

1600 °C × 3 h

+1,10

+1,30

CMOR [MPa]

1600 °C × 3 h

2,7

5,2

CCS [MPa]

1600 °C × 3 h

7,3

14,0

HMOR [MPa]
T.C. [W (m · K)-1]
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1400 °C × 0,5 h
1000

1,4

1,2

0,22

0,38

(CA6) based refractories are receiving
more importance and attention due to their
good resistances to high temperature and
attack by alkali or reducing atmosphere.
The synthesis of CA6-spinel combined
porous aggregates and preparation of LW
Al2O3–CaO–MgO castables using such aggregates are of a new attempt in insulating
refractories, for which the optimization of
composition, microstructure and property is
of great necessity.
In view of the limited dispersion of CaO and
MgO in the previously prepared CA6–MA LW
aggregates, using solid starting materials,
the recently carried work tried using certain
soluble salts to replace the ever used magnesium carbonate and calcium carbonate respectively and investigated such effects on
bulk density, strength and microstructure
of the LW aggregates. The added salts participate in the reaction to form targeted
products after decomposition when subjected to heating. The MgO and CaO derived
from the respective salts are dispersed more
homogeneously, and can help form tiny
pores down to nano-sizes after decomposition, which is helpful to inhibit mass transfer
and sintering, so as to maintain low density
and good insulation property at high temperatures. According to the comparison of
different calcination systems, the contradiction of maintaining low bulk density and
good strength can be well compromised by
the substitution of Ca-salt for calcium carbonate and the LW CA6–MA with relatively
low bulk density and enhanced strength can
be obtained by calcination at high temperature. When the CaO source is completely
based on Ca-salt, the high temperature
properties of the LW CA6–MA can be remarkably improved.
Besides that, the bulk density and strength
of LW CA6–MA aggregates produced using
solid starting materials can be also be modified through appropriately reduce harsh decomposition by adding appropriate burn-out
materials and sintering aids by using
α-Al2O3 ultra fines to replace Al(OH)3. The
modified properties of synthesized CA6–MA
porous aggregate are shown in Tab. 4. Microstructure and pore size distribution of the
prepared LW CA6–MA aggregate are shown
in Fig. 10. There are plenty of plate and clustered phases, as well as micropores down to
nano-size as proved by pore size distribution
curve.
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Batched LW CA6-MA aggregates were produced, adopting the strength improved formulation and technological parameters of
the 3rd scheme, and Al2O3–CaO–MgO LW
castables using the aggregates were then
prepared. As their properties shown in
Tab. 5, the strength has been significantly
improved while bulk density can be equally
maintained at about 1,5 g/cm3 or even lower in contrast with that in the previous work.

4 Industrial application of newly
developed LW castables
Some of the mentioned newly developed
LW castables are still at laboratory stage,
such as CA6–MA porous aggregate and
Al2O3–CaO–MgO LW castables using the
CA6-MA aggregate, while some others have
been put in application trails, for example,
mullite based hollow ball LW castables for
water cooled skid and post lining of reheating furnaces, LW castables for ladle back lining, LW castable using microporous mullite
based aggregate for pre-cast blocks for tin

Tab. 6 Property specification of LW castable with a density of 1,8 g/cm3
Brand

GS-KLW-1,8
Al2O3

≥ 50

110 °C × 24 h

1,8 ± 0,1

CMOR [MPa]

110 °C × 24 h
1350 °C × 3 h

5
≥ 10

CCS [MPa]

110 °C × 24 h
1350 °C × 3 h

≥ 20
≥ 40

PLC [%]

1350 °C × 3 h

± 0,5

700 °C
1000 °C

0,70
0,85

Chemical composition [%]
BD

[g/cm3]

Thermal conductivity [W/m · K]

bath bottom back lining in glass furnace,
etc., all with encouraging results.

furnace and roof of metallic magnesium reduction furnace, and so on.

4.1 Application of LW castables
using MHB as aggregates

4.1.1 Application in water cooled skid
and post lining of re-heating furnace
at BaoSteel

With advantages of high strength, low thermal conductivity and good volumetric stability at high temperature, such LW castables
have been directly used for water cooled
skid and post lining of re-heating furnace,
wall lining and pre-cast burners of heating

The water cooled skid and post lining of
stepping beam re-heating furnace at BaoSteel’s hot rolling plant has a double layer
structure, consisting of inner layer of a
20 mm thick refractory fiber blanket and

Fig. 11 Water cooled skid and post lining after installation by the LW castable added with MHB and micropored aggregates

Fig. 12 LW castable lining after in service for 9 months
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Fig. 13 Annular heating furnace ready for installation of the
LW castable

Fig. 14 Annular heating furnace wall in installation of the
LW castable

Fig. 15 Metallic magnesium reduction furnace roof installed by the 1,8 g/cm3 LW castable

outer layer lined with dense castable
(BD ~ 2,5 g/cm3) with a thickness of
50 mm. In order to improve insulation effect
of the water cooled skid and post lining, reduce heat loss by cooling water, increase
thermal efficiency of the furnace and achieve
energy saving, a kind of high performance
LW castable with a density of 1,8 g/cm3,
produced and supplied by Henan Gengsheng Refractories Co., Ltd., has been put
into in-plant trial in the No. 3# 2050 hot
rolling reheating furnace since 7 July 2010.
The typical properties of this LW castable are
given in Tab. 6.
Fig. 11 shows the LW castable lining after
installation. The castable performed well
with good flowability, easy installation and
no segregation. The lining after drying-out
showed smooth surface and dense structure.
A detailed inspection on the castable lining
for the trial was carried out by taking the opportunity of slag cleaning-up and intermedium maintenance on 7 April 2011. As shown
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in Fig. 12, there is no loosening and spalling
for the lining except some acceptable
small cracks after in service for almost
3 years. Now, the LW lining is still in normal
service.

at present. In contrast with using dense
castables for the work lining, the outer furnace wall temperature has been lowered
and the installation cost gets reduced by
adoption of the mentioned LW castable.

4.1.2 Application in annular heating
furnace in Maanshan Steel

4.1.3 Application in metallic
magnesium reduction furnace

LW high alumina castables ordered for annular reheating furnace by Maanshan Steel
Company were designed and manufactured
for new requirements of the wall lining. The
furnace is sized with outer diameter of 28 m
and inner diameter of 24 m. High performance LW castable with a density of
1,8 g/cm3 was adopted to improve the insulation and energy saving effect of the wall
and to ensure the service temperature and
durability. Pictures shown in Fig. 13 – 14
were taken on the site.
The castable was installed and put into service after curing and drying-out in August
2011. It is still in normal operation process

As shown in Fig. 15, the metallic magnesium reduction furnace roof has been installed by using LW castables containing
mullite based hollow balls with a bulk density of 1,8 g/cm3 to replace the dense counterpart for energy conservation purpose. The
service performance is equally good as in the
case of using dense castable.

4.1.4 Application in pre-cast burners
for heating furnace
The pre-cast LW burners, as shown in
Fig. 16, are specially designed and produced
according to the requirements of Stein Co.
The LW pre-cast burners can be in favor of
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Tab. 7 Properties of the LW castable vs. dense castable for ladle back lining

Fig. 16 Burners made of pre-cast LW
castable added with MHB

protecting the assorted metal parts. MHB
were also adopted by the mentioned castables with high strength and good volume
stability at high temperature.

4.3 Micropored mullite LW castable
and its application in pre-cast glass tin
bath bottom back lining
LW microporous mullite based aggregates
are manufactured by using kaolin and commercial alumina as starting materials and
appropriate addition of pore forming agent
and other additives. Such LW aggregates
have been used to produce LW castables
and pre-cast shapes for glass tin bath bottom back lining, making use of high purity,
micropored structure, high strength and low
shrinkage at high temperatures. The LW mullite based aggregates can be divided into
three types, i.e. QM45, QM60 and QM70 depending on Al2O3 content, as shown in
Tab. 7. Fig. 17 exhibits the outlook of QM45
aggregate with a bulk density of 1,8 g/cm3.
Using microporous mullite as aggregates,
LW pre-cast blocks are produced by vibration
casting, drying out, firing and machining,
with the properties specified in Tab. 10.
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Dense
Castables

BD [g/cm3]

110 °C × 24 h
1450 °C × 3 h

1,6~1,8
1,6~1,8

2,7~2,8
2,7~2,8

PLC [%]

1450 °C × 3 h

-0,04

-0,06

CCS [MPa]

110 °C × 24 h
1450 °C × 3 h

>20
>40

>25
>60

CMOR [MPa]

110 °C × 24 h
1450 °C × 3 h

>4
>8

>4
>8

0,65

0,98

Thermal conductivity
[W/m · K]

800

Tab. 8 Use effect of the LW castable as ladle back lining in two steel plants

4.2 LW castables using
micropored mullite based
aggregates and the use as
ladle back lining
The LW castables using microporous mullite
based aggregates have been produced by
Yanshi Zhongyue Refractories Co., Ltd. and
used for back lining of steel ladles with a capacity of 48 t and 80 t in Xingtai I & S Co.
and 160 t in Benxi I & S Co. Properties and
service results of the castables are shown in
Tab. 7 – 8. The outer shell temperature of
the ladles have been reduced remarkably.
There has been a longterm supply of the micropored LW castables to Xingtai Iron &
Steel Co.

Micropored LW
Castables

Bottom
Wall

48 t and 80 t Ladles
at Xingtai Steel

160 t Ladles at Benxi Steel

MgO-C bricks, 300 mm thick

MgO-C bricks, 320 mm thick

MgO-C bricks, 170 mm thick Low carbon bricks, 150 ~ 180 mm thick

Slag line

MgO-C bricks, 200 mm thick

MgO-C bricks, 160 mm thick

Wall back
lining

Micro-porous LW castables,
85 mm in thickness

Micro-porous LW castables,
90 mm in thickness

Ladle configuration
and service Average shell
200~230 °C
condition temperature 80 ~ 100 °C lower than that
by using dense castables

180~220 °C
50 ~ 80 °C lower than that by
using dense castables

Tapping
temperature

1600 °C
Reduced by 15 ~ 20

1600 ~ 1630 °C
Reduced by about 15 °C

Refining way

LF 100 %

LF RH

Tab. 9 Property specification of LW micropored mullite
Al2O3 [%] Fe2O3 [%] K2O+Na2O [%] Mullite [%] AP [%] BD [g/cm3]

Brand
QM45-1.0

≥ 45

≤ 1,0

≤ 1,0

≥ 50

≥ 50

QM45-1.5

≥ 45

≤ 1,0

≤ 1,0

≥ 50

≥ 40

1,0 – 1,2
1,4 – 1,6

QM45-1.9

≥ 45

≤ 1,0

≤ 1,0

≥ 50

≥ 30

1,8 – 1,95

QM60A-1.2

≥ 60

≤ 1,0

≤ 1,0

≥ 60

≥ 45

1,1 – 1,3

QM60B-1.2

≥ 60

≤ 1,0

≤ 1,0

≥ 60

≥ 45

1,1 – 1,3

QM70-1.2

≥ 70

≤ 1,0

≤ 1,0

≥ 80

≥ 45

1,1 – 1,3

Tab. 10 Property specification of pre-cast block using LW microporous mullite based aggregates
Brand

Al2O3 Fe2O3
BD Thermal Conductivity CCS
Linear Change on
[%]
[%] [g/cm3] [1000 °C, W/m · k] [MPa] Re-heating [1300 °C, %]

GQN130

≥ 45

≤ 1,0

1,30

≤ 0,40

≥ 15

± 0,5

GQN150

≥ 45

≤ 1,0

1,50

≤ 0,45

≥ 30

± 0,5

GQN180

≥ 45

≤ 1,0

1,80

≤ 0,55

≥ 40

± 0,5

This series of blocks, exhibiting high
strength, good thermal shock resistance
and low thermal conductivity, can replace
traditional large sized fireclay bricks for
back lining of glass tin bath bottom,
which can not only improve the efficiency of

heat utilization and enhance the insulation
effect, but greatly reduce the weight of
the furnace lining, remarkably improve
thermal shock resistance and prolong
service life. In actual production, pre-cast
blocks combined with dense and LW casta-
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Fig. 17 QM45-1.8 LW microporous mullite based aggregates

bles, as shown in Fig. 18, can be manufactured according to specific service conditions.

Fig. 18 Pre-cast block combined with dense and LW castables

5 Concluding remarks
The development and application of new LW
castables, being in the ascendant, play an

important role in energy saving and reducing
material consumption for refractory linings
under harsh using conditions. For future, experience summarization and active application promotion are necessary. In the meantime, the following aspects are worth of attention and further efforts. Firstly, relationship between pore structure and comprehensive properties is worth of investigation
more in depth so that overall compromising
of various properties can be achieved. Secondly, lightweight is a relative concept. That
means, it is not always reasonable and necessary to believe "the lighter, the better",
when dealing with lightweight. The concept
of lightweight and high performance
achievement can be also applied for dense
refractories to reduce relatively their weight
in favor of lower material consumption.
Thirdly, cost effectiveness of LW raw materials and products should be well considered.
More available sources, high quality and
competitive price must be achieved as far as
possible during the preparation and optimization of new LW aggregates as well as
the manufacture and application of related
LW castables to promote acceptances and
adoptions.
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