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The effect of high temperatures up to 1000 °C on the length changes of two alkali-activated aluminosil-
icate composites, one of them with quartz sand aggregates, the second with electrical porcelain, is ana-
lyzed in the paper. The thermal strain vs. temperature functions of both materials are found to increase
monotonically in the whole temperature range studied so that the thermal expansion mismatch (the gel
undergoes thermal shrinkage, the aggregates expand with increasing temperature) results in positive val-
ues of the apparent linear thermal expansion coefficient. The composite material with electrical porcelain
aggregates exhibits a more desired thermomechanical behavior which is a consequence of the better
high-temperature thermal stability of electrical porcelain as compared to quartz. In a comparison with
Portland-cement based composites, the linear thermal expansion coefficient of both studied aluminosil-
icates is substantially lower in the whole temperature range of 20-1000 °C.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali-activated aluminosilicates have been intensively studied
over the past two decades as a promising alternative to Portland-
cement based composites. The unique combination of high
strength, enhanced fire resistance and good chemical resistance,
which are characteristic for this type of materials (for detailed
analysis see, e.g., [1-3]), has attracted many investigators active
in materials science, chemical engineering and civil engineering.

Mechanical properties have been the most frequently investi-
gated parameters of alkali-activated aluminosilicates, similarly as
in the case of Portland-cement composites. In room-temperature
conditions they were analyzed for instance in [4-10], and after
high-temperature exposure in [11-14]. Other parameters have
been studied only rarely: hydric properties were measured in
[13,15], chloride diffusion in [15-17], and thermal properties in
[12,18]. Volumetric changes of alkali-activated aluminosilicates
were studied mostly in the hydration stage [8,9,19] as their drying
and autogenous shrinkage have always been considered a serious
threat. Length changes at elevated temperatures were studied for
several types of geopolymers [20-22] and for alkali activated slag
pastes [23]. In all cases remarkable thermal shrinkage (up to
25%) was observed.

Alkali-activated aluminosilicates can find use in such applica-
tions in building industry where elevated temperatures may be ex-
pected, such as walls and floors adjacent to various heat machines,
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pipes or chemical process vessels, envelopes or linings of special
vessels such as coal gasification vessels, nuclear safety related
structures in nuclear power plants, tunnel or shaft walls and fire-
protecting linings. In all these cases volumetric changes in the
high-temperature range can play a significant role. Sudden strain
changes, negative strains or thermomechanical incompatibility of
different parts of a structure can lead to serious damage.

In this paper, the linear thermal expansion coefficient of two al-
kali-activated aluminosilicate composites produced from ground
granulated blast furnace slag in the temperature range up to
1000 °C is measured. Two different types of aggregates, quartz
sand and electrical porcelain, are used, and their effect on thermo-
mechanical behavior of the composites is analyzed.

2. Thermal expansion at high temperatures

In the determination of the linear thermal expansion coefficient
o over a narrow temperature interval (Tp, T), which is common in
normal temperature measurements, one can usually assume
o = op = const. Then, a single experiment is sufficient consisting of
heating a specimen from the initial temperature Ty to the final
temperature T and measuring the thermal strain .

In wider temperature ranges, this assumption is no longer valid.
The linear thermal expansion coefficient varies with temperature,
o = o(T), and for the thermal strain we have

&(T) = / " (TydT (1)

To
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In a practical experiment we then choose a reference temperature
To, heat a specimen step by step to the temperatures T;, i=1,...,n,
covering the desired temperature range, and determine the corre-
sponding values of ¢; i=1,...,n,. The point-wise defined function
& =f(T;) is then approximated by means of regression analysis and
its continuous representation &(T) is obtained. Finally, the linear
thermal expansion coefficient o(T) is calculated as the first deriva-
tive of &(T) with respect to temperature.

3. Experimental method

Thermal expansion of solid materials in high-temperature range
is measured by commercially produced dilatometers mostly. Vari-
ous treatments are employed, for instance the methods based on
variations of electric resistance, capacitance, inductance, or the
interference methods. However, the applicability of many common
methods which work with small specimen dimensions may be
rather limited for building materials which are mostly nonhomo-
geneous. Therefore, the comparative method proposed by Toman
et al. [24] which was used for various building materials in the past
was employed for the measurements in this paper. As some mod-
ifications of the experimental setup were done to bring the original

method up to date we will give a brief description of the method in
what follows.

The measuring device for determining the linear thermal
expansion of porous materials in the high-temperature range is
based on the application of a comparative technique (see Fig. 1).
A bar sample of the studied material is put into a cylindrical, ver-
tically oriented electric furnace. As it is technically difficult to per-
form length measurements directly in the furnace, a thin ceramic
rod, which passes through the furnace cover, is fixed on the topside
of the measured sample. The length changes can be determined
outside the furnace in this way, for instance by a digital dial indi-
cator, but on the other hand, the temperature field in the ceramic
rod is very badly defined, and it is not possible to determine di-
rectly, which part of the total change of length is due to the mea-
sured sample and due to the ceramic rod.

Therefore, the measurement is performed at the same time on
the sample of a standard material (such as special steels where
o(T) is known) which is put into the furnace together with the
studied material and is provided with an identical ceramic rod
passing through the over. The change of length of the ceramic
rod can be determined in this way, and consequently also the
length change of the measured sample.
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1 - furnace shell (thermal insulation), 2 - furnace cover, 3 - heating coil, 4 — standard, 5 -

measured sample, 6 - ceramic rods, 7 — digital dial indicator, T ;. — thermocouples

Fig. 1. Scheme of the measuring device for determination of high temperature linear thermal expansion coefficient.
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Table 1
Chemical composition of applied slag.
Si0, (%) Fe,0; (%) Al,05 (%) Ca0 (%) MgO (%) MnO (%) Cl™ (%) Na,0 (%) K50 (%) SO3 (%)
38.6 0.52 7.22 38.77 12.90 0.50 0.06 0.21 0.38 0.36

It should be noted that temperature field is not constant in the &(T;) = Al(Ty) 3)
whole volume of the furnace due to the differences of heat loss in Y om

the heated walls and in the cover. Therefore, temperature field in
the furnace is measured by thermocouples, and an average value
of temperature is considered in o calculations.

A practical measurement of the linear thermal expansion coef-
ficient of a porous material with the device proposed in the previ-
ous section can be described as follows. The measured sample and
the standard are put into the furnace, provided with contact cera-
mic rods, and the initial reading on the dial indicators is taken.
Then, the electric heating regulation system is adjusted for the de-
sired temperature T; in the furnace, and the length changes are
monitored. The data acquisition from the digital dial indicators is
done on PC using specially developed software. After the steady
state is achieved, i.e., no temperature changes in the furnace and
no length changes of both measured sample and the standard are
observed, the final readings of length changes are taken. The length
change of the measured sample is calculated from the following
formula:

Ti
AI(TY) = Al(T3) = Al(T) + log / o (T)T, )
To

where Al,,, Al are the final readings of total length changes of the
studied material and of the standard including the length changes
of the ceramic rods, respectively, lys is the initial length of the stan-
dard, and o is the known linear thermal expansion coefficient of the
standard. The corresponding value of thermal strain can be ex-
pressed in the form:

Table 2
Slag granulometry.

Sieve residue mm (%) Specific surface (cm?/g)

where Iy ,, is the initial length of the measured sample.

The measurements are then repeated with other chosen values
of furnace temperature T; and the o(T) function of the measured
material is determined using the procedure described in the previ-
ous section.

4. Materials and samples

Two composite materials on the basis of alkali activated slag
were investigated. They differed in the type of aggregates. The first
aggregate type was quartz sand (this material will be denoted as
NS in what follows), the second electrical porcelain (EP). Fine-
ground granulated blast furnace slag of Czech origin (Kotouc
Stramberk, Ltd.) was used for sample preparation. Its chemical
composition is shown in Table 1, its granulometry in Table 2. As al-
kali activator, water glass solution (Na,O - xSiO, - yH,0) was used.
It was prepared using Portil-A dried sodium silicate (Na,SiO3) pre-
parative (Cognis Iberia, s.I. Spain). The quartz sand aggregates were
normalized according to CSN EN 196-1 with the granulometry gi-
ven in Table 3. Electrical porcelain was provided by P-D Refracto-
ries CZ, Velké Opatovice. Its porosity was 0.3%, water absorption
at saturation 0.1%, bulk density 2350 kg/m>. Chemical composition
of the electrical porcelain is given in Table 4, its granulometry in
Table 5.

The composition of mixtures for sample preparation is pre-
sented in Tables 6a, and b. The technology of sample preparation
was as follows: First, the silicate preparative was mixed with
water. The solution was then mixed in the homogenized slag-
aggregate mixture. The final mixture was put into molds and vi-
brated. The specimens were demolded after 24 h and then stored

0.045 0.09 for additional 27 days in a water bath at laboratory temperature.
o e p— The dimension of the specimens was 40 x 40 x 100 mm. Three
specimens for each mixture were used for the measurement of lin-
ear thermal expansion coefficient.
Table 3
Sand granulometry. 5. Experimental results and discussion
Sieve mesh (mm) 2 1.6 1.0 0.5 0.16 0.08 . . i
Toral sieve residue (%) O . 3325 e P 9921 Fig. 2 shows the measured thermal strain of both studied mate-
1 * x T * T . . .
rials as function of temperature up to 1000 °C. The &(T) functions of
Table 4
Chemical composition of electrical porcelain.
Si0, (%) Fe,03 (%) ALO3 (%) Ca0 (%) MgO (%) Na,0 (%) K0 (%) TiO; (%)
48.6 0.8 45.4 0.3 0.2 1.0 2.9 0.7
Table 5
Electrical porcelain granulometry.
Sieve mesh (mm) 4.00 2.50 1.00 0.50 0.25 0.125 0.090 0.063 0.045
Total sieve residue (%)
0-1 mm fraction - - 0.69 4524 70.76 89.98 93.4 98.99 99.99
1-3 mm fraction - 412 7833 99.57 99.94 99.94 99.95 98.98 100.00
3-6 mm fraction 69.31 95.52 99.97 99.98 99.99 100.00 = = =
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Table 6a

Composition of the mixture with quartz sand aggregates for sample preparation.

Sand (g) Slag (g) Alkali-activation silicate admixture (g) Water (ml)
PG1 PG2 PG3

450 450 450 450 90 190

Table 6b

Composition of the mixture with electrical porcelain aggregates for sample preparation.

Electrical porcelain (g) Slag (g) Alkali-activation silicate admixture (g) Water (ml)
0-1 mm fraction 1-3 mm fraction 3-6 mm fraction

450 450 450 450 90 190

both materials were increasing in the whole temperature range so
that no thermal shrinkage was observed up to 1000 °C, contrary to
the results obtained for geopolymers [20-22] and alkali activated
slag pastes [23]. This difference is apparently a consequence of
the presence of aggregates in the alkali-activated aluminosilicate
composites studied in this paper which caused thermal expansion
mismatch in the material (the gel undergoes thermal shrinkage,
the aggregates expand with increasing temperature); the materials
analyzed in [20-23] were pastes. This statement can be supported
by the investigations in [25] where for Portland cement mortar
thermal expansion was observed in the whole studied temperature
range of 20-500 °C while cement paste underwent thermal shrink-
age for temperatures higher than 150 °C.

The linear thermal expansion coefficients calculated using the
&(T) functions from Fig. 2 are presented in Fig. 3 which makes pos-
sible to analyze the effect of temperature increase on length
changes of both studied aluminosilicates in more details. The
a(T) functions were increasing in the lower-temperature range,
for NS up to approximately 400 °C, for EP to 300 °C. Then the linear
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Fig. 2. Thermal strain of analyzed materials as function of temperature.
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Fig. 3. Linear thermal expansion coefficient of analyzed materials as function of
temperature.

thermal expansion coefficient of NS began to decrease so that at
800 °C it had similar value as at room-temperature, and finally in
the temperature range of 800-1000 °C it was almost constant. On
the other hand, the o(T) function of EP was only slightly decreasing
in the temperature range of 300-700 °C, and then it decreased fas-
ter so that at 1000 °C it was similar as at room-temperature.

The differences between the «(T) functions in Fig. 3 can be ex-
plained by the different behavior of the two materials used in
the studied aluminosilicate composites as aggregates after their
exposure to elevated temperatures. Electrical porcelain is charac-
terized by low linear thermal expansion coefficient (6-
8 x 1076 K~! in average) and no sudden volumetric changes in
the temperature range up to 1000 °C [26,27]. Quartz, on the other
hand, is subject of displacive phase transition from o (low) to g
(high) modification at 573 °C [28]. The different quartz forms differ
also in their structural response to increasing temperatures. While
the thermal expansion coefficient of o-quartz is positive
(18 x 1075 K~ ! in average, calculated using the data in [28,29]), it
was found that p-quartz does not exhibit any significant thermal
expansion from 573 °C up to 1000 °C [28,29] or possibly it even
undergoes thermal shrinkage [30]. Thus, the electrical porcelain
aggregates had clearly better prerequisites to compensate for the
thermal shrinkage of aluminosilicate gel than quartz sand, in the
temperature range of 573-1000 °C in particular.

The dependence of the linear thermal expansion coefficient on
temperature of both studied materials was in a good qualitative
agreement with the residual strength values measured in [12,13].
The fast decrease of o(T) of the material NS with quartz sand aggre-
gates between 400 °C and 800 °C was well correlated with com-
pressive strength which decreased more than four times in that
temperature range. The 50% reduction in compressive strength of
the material EP with electrical porcelain aggregates between
600 °C and 800 °C corresponded to the decrease of o(T) for temper-
atures above 700 °C. So, the thermal expansion properties of differ-
ent aggregates played a significant role in the mechanical
performance of the analyzed aluminosilicates. The important role
of aggregates in that respect can also be supported by a compari-
son with the results obtained in [23]. While for the alkali activated
slag concrete with basalt coarse aggregates from [23] the reduction
in compressive strength between room-temperature and 800 °C
was approximately 90%, for NS in [12] it was 80% and for EP in
[13] only 70%. In the temperature range of 800-1200 °C the role
of the type of aggregates was even more notable. The alkali acti-
vated slag concrete from [23] lost at 1200 °C its strength com-
pletely but quartz and electrical porcelain aggregates in [12,13]
provided the necessary compounds for ceramic bond formation
which caused the compressive strength to increase more than five
times for both NS and EP.

The thermal expansion properties of alkali-activated alumino-
silicate composites obtained in this paper can be compared with
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common cementitious composites in a limited extent only as very
few results were published until now. In [25], the total thermal
strain of cement mortar at 500 °C was approximately 9 x 1073,
This was 20% higher than for the aluminosilicate with quartz sand
in this paper and almost 40% higher than for the material with
electrical porcelain aggregates. The o(T) functions determined up
to 1000 °C for cement mortar in [24] and for high performance con-
crete in [31] were similar in shape to the aluminosilicate material
with quartz sand but 20-50% higher in the whole temperature
range. As lower thermal strain generally results in lower thermal
stress, thus in lower risk of failure of a building element subjected
to one-sided heating, the thermomechanical behavior of the alumi-
nosilicates studied in this paper can be characterized as mostly
better than of Portland-cement based composites.

6. Conclusions

Experimental investigations presented in this paper showed
that the thermal expansion properties of aggregates affected the
thermomechanical behavior of the analyzed alkali-activated alu-
minosilicate composites in a significant way. The main findings
can be summarized as follows:

e Contrary to the results obtained for geopolymers [20-22] and
alkali activated slag pastes [23], no thermal shrinkage was
observed up to 1000 °C; the thermal expansion mismatch
between the contracting aluminosilicate gel and expanding
aggregates resulted, for the aluminosilicate composites with
both quartz sand and electrical porcelain aggregates, in positive
values of the apparent linear thermal expansion coefficient o.

e Electrical porcelain aggregates were identified as a more desired
solution from the point of view of thermomechanical properties
of aluminosilicate composites; lower thermal strain and a
smoother «(T) function were observed as compared with a sim-
ilar composite produced using quartz sand. This was a conse-
quence of better high-temperature volumetric stability of
electrical porcelain, which is characterized by low linear thermal
expansion coefficient and no sudden volumetric changes in the
temperature range up to 1000 °C, while quartz is subject to a
displacive phase transition from o to g modification at 573 °C.
In addition, the different quartz forms differ also in their struc-
tural response to increasing temperatures.

e In a comparison with Portland-cement based composites the
linear thermal expansion coefficient of both studied aluminosil-
icates was in the whole temperature range of 20-1000 °C signif-
icantly lower. As lower thermal strain generally results in lower
thermal stress, and thus in lower risk of failure of a building ele-
ment subjected to one-sided heating, their thermomechanical
behavior can be characterized as better than Portland-cement
based composites.

e The development of thermal strain with temperature was for
both studied materials in a good correlation with the measure-
ments of residual compressive strength presented before
[12,13].
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