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This paper explores the effect of curing temperature on the slurry stability and thermal
conductivity coefficient (TCC) of aerated concrete based on industrial solid wastes, aiming to
prepare a porous insulation material with such a concrete. Specifically, aerated concrete was
prepared from the basic cementitious materials of steel slag (SS), blast furnace slag (BFS) and
flue gas desulfurization (FGD) gypsum and the foaming agent of aluminum powder paste, and
subjected to repeated tests and scanning electron microscopy. The results show that the slurry
stability of the aerated concrete based on steel slag(SS)-blast furnace slag(BFS)-flue gas
desulfurization (FGD)gypsum is jointed affected by fluid heat conduction and hydration rate
of the cementitious material; the cementitious material with the specific surface area (SSA) of
350 m%/kg can achieve the best foaming effect under the curing temperature of 70 °C, with a
volume expansion rate of 305 %, while that with the SSA of 500 m?/kg can achieve the best
foaming effect under 45 °C, with a volume expansion rate of 295 %; the latter material will
undergo bubble collapse under the combined effects of temperature and pressure if cured under
70 °C. Under the optimal foaming temperatures, the TCCs of the two groups of cementitious
materials are respectively 0.086 W/(m-K) and 0.071 W/(m-K). In this case, both materials have

good thermal insulation effect and can be used for exterior wall insulation.

1. INTRODUCTION

Aerated concrete is a lightweight porous material with low
density, small thermal conductivity coefficient (TCC) and
Class A combustion performance (noncombustible). It is
generally produced by introducing air entraining agents like
hydrogen peroxide, sodium bicarbonate or aluminum powder
paste into a cementitious system. This material has been
widely adopted for building insulation [1, 2]. If taken as the
external wall insulation material, aerated concrete can
effectively reduce the overall TCC of the wall, leading to an
over 35 % decrease in building energy consumption. However,
aerated concrete is mainly bound together by Portland cement,
which consumes a huge amount of energy, produces many
pollutants and emits lots of carbon dioxide in the production
process [3]. The carbon dioxide emission is bound to
exacerbate the greenhouse effect. To solve the problem, a
possible solution lies in preparing aerated concrete from
industrial solid wastes (ISWs) with similar compositions as
cement, such as steel slag (SS), blast furnace slag (BFS) and
fly ash. In addition to reducing energy consumption, this
solution can consume a huge volume of tailings and control
ISWs pollution, laying the basis for energy conservation,
emission reduction and sustainable development of resources
[4, 5].

During the foaming process, the stability of the slurry has a
great influence on the mechanical properties and TCC of the
material. The slurry should be kept stability to produce a
uniform microporous structure. To this end, the ordinary
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Portland cement is often subjected to autoclaving at 105 °C
and 1.5 MPa [6]. Unlike the ordinary Portland cement, the
cementitious material made of steel slag (SS), blast furnace
slag (BFS) and flue gas desulfurization (FGD) gypsum gains
strength mainly through the generation of ettringite rather than
tobermorite [7, 8]. However, the ettringite will lose stability at
above 80 °C [9]. This means autoclaving does not apply to the
preparation of aerated concrete based on steel slag (SS), blast
furnace slag (BFS) and FGD gypsum.

Some studies have found that the TCC of aerated concrete
can reach 0.093 W/(m-k), if the autoclaved cement is replaced
with steel slag (SS) and blast furnace slag (BFS). This is
because the low aluminum content of the cementitious system
suppresses the formation of ettringite in the early phase, and
the later phase hydration product of the system is mainly
tobermorite [10, 11]. Besides, many scholars have proved that
increasing the curing temperature can effectively improve the
early strength and shorten the initial setting time of concrete.
During the preparation of aerated concrete, the stability of the
slurry is affected by the heat conduction between three phases
(gas, liquid and solid) as well as the hydration rate of the
cementitious material. However, the slurry stability under
these two factors has not been widely explored.

Currently, many scholars are verifying whether it is feasible
to replace the autoclaving process in foam concrete
preparation with increasing curing temperature. The
cementitious material is gradually changing from cement to fly
ash, shale powder and steel slag (SS), while the traditional air
entraining agent of aluminum powder is being substituted with



potassium permanganate and zinc powders, which boast
higher calorific values. The substitution aims to speed up the
fluid heat transfer and minimize the initial setting time [12-14].
For example, Xia et al. prepares aerated concrete without
autoclaving from fly ash (63.5 %-~65.5 %), cement
(20 %~22 %) and lime (10 %), and applies the preparation
system to experiments; the results show that the initial reaction
temperature was 31~34 °C, the foaming rate agreed with the
hydration rate, and the slurry had excellent stability [15].
Wang and Lin prepares aerated concrete with 60~65 % shale
fragments and 20~30 % cement, and cures the concrete at
60~80 °C, revealing that the product satisfies the Test Methods
of Autoclaved Aerated Concrete (GB/T 11969-2008) [16]. Xu
et al. observes that the initial setting time of aerated concrete
shortened from 110 min at 20 °C to 50 min at 60 °C, indicating
the suppressing effect of thermal curing on the initial setting
time [17].

The initial setting of slurry is a fluid thickening process, in
which the heat conduction is a combination of convective heat
transfer and solid heat transfer. Hence, the initial setting
temperature of the foam slurry cannot be characterized by the
curing temperature, but the internal temperature of the slurry.
In view of this, Pan et al. and Fan et al. add surfactants to
enhance foam slurry stability [18, 19]. Wee and Daneti places
10 kinds of typical surfactants under different temperatures,
and observes the effect of temperature on the foaming
performance, revealing that the optimal foaming temperature
falls within 20~30 °C and the anionic foaming agent is more
stable than other agents [20]. Zhang et al. empirically set the
water-cement ratio to 0.50, prepared aerated concrete through
chemical foaming, and characterized the concrete stability
with the measured foaming volume of the slurry [21].

In the above studies, the concrete is still partly made of
cement. There is no report on the preparation of aerated
concrete from steel slag (SS), blast furnace slag (BFS) and
FGD gypsum, without any addition of cement. To make up for
this gap, this paper prepares aerated concrete from the basic
cementitious materials of steel slag (SS), blast furnace slag
(BFS) and FGD gypsum and the foaming agent of aluminum
powder paste, and examines the effect of thermal curing on the
slurry stability and TCC of the aerated concrete. To assess the

feasibility of replacing cement with ISWs like steel slag (SS)
and blast furnace slag (BFS), the three cementitious materials,
namely, steel slag (SS), blast furnace slag (BFS) and FGD
gypsum, were all ground to the specific surface area (SSA) of
350 m%*/kg and 500 m*kg, in reference to the SSA of ordinary
Portland cement (350 m*/kg). Considering the small early
strength of ISWs-based cementitious materials, the water-
cement ratio was controlled at the small value of 0.45, as that
in the aerated concrete made from cement generally lies
between 0.45 and 0.6.

2. METHODOLOGY
2.1 Raw materials

Our experiment uses the steel slag (SS) produced by Yuhua
Iron and Steel Co., Ltd., the water granulated blast furnace slag
(BFS) produced by Xintai Iron & Steel Corp., Ltd., the FGD
gypsum produced by Beijing Gypsum Line Plant, and the
water-soluble aluminum powder paste produced by BBMG
Corporation.

2.2 Test conditions

The steel slag (SS), blast furnace slag (BFS) and FGD
gypsum were divided into two groups. The materials in Group
A350 are 350 m?/kg in the SSA, and those in Group A500 are
500 m?/kg in the SSA. The three materials were mixed by the
ratio in Table 1 below at a high rate for 30s in a mixer. Then,
the mixture was added 40 °C and mixed for another 60 s. After
that, the aluminum powder paste was added and the mixture
was mixed for another 15 s at a high rate. The resulting slurry
was quickly poured into several molds, and cured at 20 °C,
45 °C and 70 °C, respectively. Each mold was installed with a
thermocouple at the center. The slurry temperature was
measured by a four-channel thermometer. The volume change
of the slurry was recorded by a caliper and used to compute
the volume expansion ratio.

Table 1. Material composition and curing temperatures of the cementitious materials

Number SS BFS FGD Aluminum Paste Curing Temperature Specific Volumetric Dilatation

(W%) (W) (W) (W) (WY) (%)
A500 38 60 12 0.3 20 198
A500 38 60 12 0.3 45 295
A500 38 60 12 0.3 70 277
A350 38 60 12 0.3 20 153
A350 28 60 12 0.3 45 252
A350 28 60 12 0.3 70 305

3. TEST RESULTS AND DISCUSSION

3.1 Effect of curing temperature on slurry stability of
aerated concrete

Figure 1 describes the variation in volume expansion rate of
the samples with curing temperatures. Obviously, the volume
expansion ratio of the two cementitious materials both soared
under high curing temperatures. For the A350 cementitious
material, the volume expansion ratio was 64.71 % and 99.35 %,
respectively, under 45 °C and 70 °C; for A500 cementitious
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material, the volume expansion ratio stood at 48.99 % and
39.90 %, respectively, under the two temperatures. The rapid
growth of the volume expansion ratio can be explained as
follows.

Both cementitious materials release a large amount of OH-
in water, creating an alkaline environment. Under this
condition, the aluminum powder paste produces gas through
chemical reaction. The numerous gas bubbles are independent
and uniformly distributed. When the bubbles are just formed,
the slurry is in the liquid state and undergoes convective heat
transfer as its temperature differs from the ambient
temperature. Once heated, the bubbles become increasingly



unstable. The gas source starts to expand rapidly when the gas
pressure surpasses the ultimate shear stress of the slurry (the
sum of the viscous resistance and the hydrostatic pressure) [22,
23].

The temperature has an impact on the heat conduction of the
fluid. With the increase in temperature, the Brownian motion
of the fluid intensifies, and the viscosity of the liquid film first
rises and then decreases. The continued growth in temperature
will reduce the thickness of the bubble film. As water
condenses on the cementitious material, the dead-weight of the
material gradually increases. When the dead-weight exceeded
the sum of the pressure in the pores and the viscous force on
the surface of the bubbles, the pores will be crushed, the
bubbles will collapse [24], and the bubbles will cease to exist.
That is why A500 had a smaller volume expansion rate than
A350 under 70 °C.
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Figure 1. Variation in volume expansion rate with curing
temperatures

To further disclose the effect of temperature on slurry
stability, the slurry temperature was measured by the
thermocouple in each mold and the time-variation in that
temperature is presented in Figure 2. It can be seen that the
slurry temperature of A350 first declined and then increased
under the curing temperature of 20°C. This is because the
A350 cementitious material has a small SSA and a low
solubility in the initial phase. At the beginning, the steel slag
(SS) and blast furnace slag (BFS) are hydrated at a slow rate,
and only a few minerals join the hydration. Thus, the solution
is low in the contents of OH- and Ca2+. Compared with A500,
the A350 cementitious material remains in the fluid state for a
long time. Meanwhile, the slurry of A350 will cool down as
its heat flows toward the relatively cool environment. As the
hydration continues, more and more heat is released, pushing
up the slurry temperature.

It can also be seen in Figure 2 that A500 was hydrated faster
than A350 in the first 20min. Hydration is an exothermic
reaction process. A large amount of heat is released in the
initial phase due to the concentrated generation of ettringites.
Numerous micron-sized particles wrap up the foams and get
involved in the hydration on the foam walls. Comparatively,
the slurry with a short initial setting time can restrain and fix
the bubbles, and keep the pores stable. In the foaming process,
more gas is retained in such a slurry despite the hydration
reaction [25, 26].

The hydration rate of A350 is relatively slow. The
aluminum powder paste has released a huge amount of
hydrogen before the bubbles are covered by the hydrated solid
layer. The gas holding property of the slurry is so poor that the
bubbles float upwards. The molecules in small bubbles with
high internal pressure migrate cross the liquid film towards the
adjacent big bubbles with low internal pressure. As a result,
the small bubbles merge into large bubbles and escape the

solution (Figure 3). Due to the slow hydration rate, the A350
slurry is hotter than A500 slurry in the later phase. Therefore,
it is concluded that the bubble bursts at low temperatures are
mainly the result of gas diffusion and bubble combination.
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Figure 2. Variation in volume expansion rate with curing
temperatures

Figure 3. Escape of bubbles under 20 °C

Under the curing temperature of 45°C (Figure 4), A350 and
A500 both hydrated while foaming, and both had good gas
holding effects. The volume expansion rate of the two slurries
was respectively 252% and 295%, much higher than those
under 20°C. Under this curing temperature, the first 15mins is
the induction period of hydration of the cementitious material
[27]. The AS500 is hydrated faster than A350. The hydration
releases a lot of heat, which is transferred to the slurry.
Meanwhile, bubbles are generated in the initial 15mins. As the
fluid temperature increases in a short time, the bubbling rate
of the slurry starts to pick up speed. After all, the solution can
dissolve the reactants and the reaction products more rapidly
under high temperatures. The strong dissolution ability
benefits the hydration reaction, leading to an increase in the
gas production per unit time and the amount of gas in the slurry.
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Figure 4. Variation in slurry temperature under 45 °C

Figure 5 displays the time variation in slurry temperature
under 70°C. As shown in Figure 4, the slurry stability is mainly



under the combined effect of bubble thermal stability and the
hydration rate. The A500 is hydrated faster than the A350. In
the early phase, the slurry of A500 quickly turns from the fluid
state to the plastic state, and the fluid heat conduction becomes
solid heat conduction. The bubble collapses under the dead-
weight of the slurry and the thinning of bubble walls (Figure
6). The collapse creates lots of voids on the slurry surface,
expanding the heat convection area. In the later phase, the
AS500 slurry continuous to grow. As the temperature rises, the
Marangoni effect is weakened by the fluid heat conduction and
gas expansion, and the liquid film is less viscous and less
strong, resulting in a decrease in bubble stability. At the same
time, the plasticizing of the slurry is accelerated, and the
bubbles merge and rupture more rapidly under the dead-
weight. Hence, it can be considered that the bubble collapse
under high temperatures is the combined result of temperature
and pressure.
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Figure 5. Variation in slurry temperature under 70°C

Figure 6. Bubble collapse

3.2 Effect of curing temperature on aerated concrete TCC

After three days of curing, the samples were subjected to
TCC measurement by the flat band method and porosity
measurement by the mercury intrusion method. The measured
results are shown in Table 2 and Figure 7. It can be seen that
the TCC of the aerated concrete decreased with the growth in
curing temperature (except for bubble collapse). The reason
lies in the fact that thermal curing transforms the unstable gas-
liquid-solid three-phase slurry into the stable gas-solid two-
phase system, turning the bubbles into pores. When the pore
diameter is less than 4mm, the overall heat transfer
performance is basically not affected by convective heat
transfer or radiant heat transfer. Since the TCC of the air
(0.026 W/(m-k)) is way smaller than that of ordinary concrete
(1.4 W/(m-k)), most of the heat of aerated concrete is
transferred by solid heat conduction after the formation of
pores. There are two paths for heat to transfer in the voids: a
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quarter of a circumference and less than a quarter of a
circumference (Figure 8). The solid TCC depends on the
porosity of the material. The higher the porosity, the longer the
heat transfer path, and the more the energy loss. To sum up,
thermal curing facilitates the formation of a porous structure
and reduces the TCC of the cementitious material.

Table 2. Porosities and TCCs of foam concrete under
different curing temperatures

Curing Porosity TCC
Number Temperature (°C) (%) (W/m'K)

A350 20 48.65 0.157
A350 45 66.27 0.094
A350 70 73.18 0.086
A500 20 59.71 0.131
A500 45 78.65 0.071
A500 70 83.5 0.117
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Figure 7. Normal temperature TCC variation with curing
temperatures

Figure 8. Heat transfer paths in solid

The above analysis shows that thermal curing affects the
material porosity, and thus the TCC of the material. According
to the Maxwell model [28, 29], the TCC is linearly correlated
with porosity:

_2M +22 +2V(A2 — ADAL
T O2M +A2-V(A2 —21)

where A 1 is the TCC of the continuous phase; A 2 is the TCC
of the dispersed phase; A is the TCC of the material; V is the
porosity. The meanings of these parameters are the same in the
subsequent analysis.

The linear relationship between TCC and porosity was
measured in our test. The results (Figure 9) show that the TCC
is correlated with porosity for the aerated concrete made from
steel slag (SS), blast furnace slag (BFS) and FGD gypsum, but
the coefficient of determination R2=0.954. The reason is that
the Maxwell model characterizes the thermal conductivity of
the material formed by uniform and independent spheres that
are irregularly dispersed in the matrix, while the TCC of the



aerated concrete, unlike that of other two-phase composites,
not only hinges on the TCCs of its solid and gas phases, but
also the relative content, morphology, distribution and
interaction of the pores (which are formed from the bubbles).
Of course, porosity is the dominant impactor of the TCC of the
aerated concrete [30, 31]. For aerated concrete, the inter-pore
distance shortens with the growth in porosity. In this case, the
walls of the pores will contact each other, and the pores may
even get connected. The interaction between the pores creates
a thermal conduction chain along the heat flow.

0.16 y,= -0.00296x,+0.30084
0.14 R’=0.954

0.124

0.104

0.08 -

0.08 T T T T T T T
45 50 55 60 65 0 75
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Thermal conductivity (W/ (m.k) )

Figure 9. Relationship curve between TCC and porosity

Whereas the Maxwell model neglects the effect of bubble
shape on the TCC, Hasselman et al. improved the Maxwell
model considering how the size of dispersed spheres (n=3)
affects the thermal conductivity of the material. The resulting
Hasselman model [32] can be expressed as:

[A2(1 + 20) + 2 A1] + 2V[A2(1 — ) — A1]
[A2(1 + 20) + 2A1] — 2V[A2(1 — a) — A1]

where, a is the size coefficient of the spherical dispersed phase.

This coefficient is negatively correlated with the sphere size.
According to the Hasselman model, the TCC of aerated
concrete is affected by the porosity and pore shape, while the
curing temperature restricts the formation and distribution of
pores.

Next, the scanning electron microscopy was performed on
the samples with the same magnification at different
temperatures. The results (Figure 10) show that the
temperature growth caused the expansion of pore diameter,
thinning of pore walls and uniformization of pore diameter in
the aerated concrete.

Figure 10. SEM images on microstructures of acrated
concretes at different temperatures

3.3 Mechanism analysis of ISWs-based aerated concrete

The above results show that the concrete made from steel
slag (SS), blast furnace slag (BFS) and FGD gypsum has a
higher foaming temperature than ordinary Portland concrete,
which may be attributable to the hydration products of its
cementitious material. According to the SEM results on A350
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aerated concrete (Figure 11), a small amount of ettringites and
C-S-H gel were formed under the curing temperature of 20°C,
but the products had not crystallized, leaving a few bulges on
the SEM image; almost no hydration products had special
morphology. Under the curing temperature of 45°C, the
needle-like ettringite outcrops were very obvious, the gaps
were covered with small ettringites, and the gel formed
clusters and became entangled with ettringites. Under the
curing temperature of 70°C, ettringite crystals grew thicker
and thicker. With the increase of the ambient temperature, the
silicon (aluminum)-oxygen tetrahedron dissociated at a faster
speed from the blast furnace slag (BFS) in the system. In the
meantime, the steel slag (SS) is hydrated more rapidly, making
the solution more alkalinized. This leads to the generation of a
huge amount of ettringites. Therefore, a lot of agglomerated
gel can be observed on the pores and the particle surface. This
means ordinary Portland cement has a different hydration
mechanism from that of the cementitious material based on
steel slag (SS), blast furnace slag (BFS) and FGD gypsum. The
ordinary Portland cement can be hydrated rapidly, producing
a large amount of tricalcium silicate, dicalcium silicate and
aluminum aluminate in the early phase, and the aerated
concrete made from the cement has a good gas retention effect
under normal temperature. By contrast, the cementitious
material based on steel slag (SS), blast furnace slag (BFS) and
FGD gypsum hydrates slowly under the normal temperature,
which suppresses the gas retention of aerated concrete, making
it hard to foam; the main hydration products of the material
include ettringite and C-S-H gel.

Figure 11. SEM results on A350 under different curing
temperatures

4. CONCLUSIONS

a) The slurry stability of the aerated concrete based on steel
slag (SS)-blast furnace slag (BFS)-FGD gypsum is affected
jointly by fluid heat conduction and hydration rate. When the
temperature is too low, the hydration rate lags behind the pore-
forming rate, resulting in the escape of bubbles; When the
temperature is too high, the cementitious material condenses
too early, and the bubbles burst and collapse under the action
of temperature and slurry pressure.

b) The hydration rate of the cementitious material hinges
both on the temperature and the material SSA. The optimal
curing temperature can be selected according to the SSA of the
cementitious material. Under the curing temperature of 70°C,
the aerated concrete based on steel slag (SS)-blast furnace slag



(BFS) can achieve high slurry stability and good foaming
effect, when it has a similar SSA with cement.

c¢) The cementitious material based on steel slag (SS)-blast
furnace slag (BFS)-FGD gypsum has a poorer gas retention
effect than ordinary Portland cement under the same
temperature, because its hydration products (ettringite and C-
S-H gel) are hydrated slower than the early hydration product
(tricalcium silicate) of the cement.

d) The TCC of the aerated concrete based on steel slag (SS)-
blast furnace slag (BFS)-FGD gypsum is severely affected by
the thermal curing environment, and the effect is related to the
porosity, pore diameter and pore shape.
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