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A B S T R A C T   

The present study investigated the thermal behavior of alkali-activated fly ash/slag with the addition of an 
aerogel as an aggregate replacement. Samples having aggregate-to-aerogel replacement ratios of 25, 50, and 75% 
by volume were fabricated and were exposed to temperatures of 200 �C, 400 �C, 600 �C or 800 �C. Water contact 
angle and thermal conductivity tests were carried out to assess the dispersion of the aerogel in an alkaline 
environment. X-ray diffractometry, mercury intrusion porosimetry, compressive strength test and thermog-
ravimetry were conducted to investigate the thermal evolution of the reaction products, the pore structures and 
the mechanical strength. The results revealed that the incorporated aerogel mitigated thermal expansion up to 
600 �C while also inducing rapid thermal shrinkage above 600 �C. Meanwhile, the pore structures of the samples 
with high aerogel contents were scarcely altered upon exposure to high temperatures, showing a level similar to 
those observed at 25 �C.   

1. Introduction 

The significant CO2 emissions associated with the manufacture of 
Portland cement clinkers have necessitated the development of alkali- 
activated materials [1,2]. The practical use of alkali-activated mate-
rials is of paramount importance with regard to the conservation of 
natural resources and the production of highly durable construction 
materials [3]. Several decades have witnessed active discussions 
focusing on experimental findings related to the physicochemical 
properties of alkali-activated materials, ultimately toward greater 
openness with regard to relevant fields and to the public [2,4]. As a 
result of these attempts, alkali-activated materials are now seriously 
considered to have potential in the quest to realize a sustainable and 
alternative cementing system [1,2,4]. Alkali-activated materials can 
typically be manufactured by the alkaline activation of various alumi-
nosilicate precursors, such as fly ash, metakaolin, red mud and blast 
furnace slag [5,6]. There have been consistent attempts to investigate 
alkali-activated materials to meet the particular requirements of build-
ing members in a manner similar to how Portland cement does so [7]. 
Current applications of alkali-activated materials include the production 
of precast structural members, different types of grout, masonry bricks, 
aerated concrete, heat-resistant concrete and matrixes for the 

solidification and immobilization of extremely hazardous or radioactive 
waste. These areas are also anticipated to expand in the future [7,8]. 

In recent years, silica aerogels have been highlighted due to their 
unique air-filled structures [9]. A silica aerogel is a siliceous substance 
that consists of a network of interconnected nanostructures [10]. More 
than 90% of a typical silica aerogel consists of air voids with a particle 
size of less than 50 μm. These particles lead to the formation of a high 
surface area, imparting in this material low solid conductivity and 
thermal energy diffusivity [9,11]. These inherent properties allow the 
aerogel to exhibit various useful characteristics, such as outstanding 
thermal insulation (thermal conductivity as low as 17–22 mW/mK), 
high hydrophobicity with a water contact angle value exceeding 150�, a 
high surface area (600–800 m2/g) and high porosity (>90%) [12–17]. 
Furthermore, silica aerogels maintain their thermo-stability upon 
exposure up to 540 �C and are converted into hydrophilic aerogels [18]. 
These versatile properties of silica aerogels have been drawing attention 
in relation to many possible practical applications, such as thermal 
insulation [12,13,19], chemical sensors [14,15] and flame retardants 
[16,17]. 

Many attempts have been made to utilize aerogels as an aggregate 
replacement component in cementitious materials in order to produce 
cementitious composites with low thermal conductivity levels. Gao et al. 
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carried out an experimental study of lightweight and thermally insu-
lating Portland cement concrete prepared by replacing the aggregate in 
the concrete with an aerogel and fabricated concrete samples with a 
density level of 1,000 kg/m3, thermal conductivity of 0.26 W/mK and a 
compressive strength of 8.3 MPa at an entire aggregate replacement 
ratio [20]. Furthermore, Gao et al. observed that the incorporated aer-
ogel in their study remained stable during cement hydration [20]. Ng 
et al. produced aerogel-incorporated mortar samples with low 
water-to-cement ratios, concluding that the incorporation of the aerogel 
led to a significant strength loss, whereas the reduction in the thermal 
conductivity was not noticeable considering the high aerogel replace-
ment level (as high as 80 vol. %) [21]. Another study conducted by Ng 
et al. produced aerogel-incorporated ultra-high-performance concrete 
with thermal conductivity as low as 0.1 W/mK, indicating the potential 
to develop high-strength concrete with a significantly low thermal 
conductivity value [22]. Júlio et al. synthesized an inorganic 
silica-based aerogel and manufactured cementitious renders with ther-
mal conductivity of 0.567 W/mK and a density of 1,450 kg/m3 with the 
aid of an anionic surfactant [23]. Júlio et al. also demonstrated fair 
stability of the synthetic aerogel in a pore solution of cement paste with 
no effects on the inner structure of the hydration products [23]. 

A study performed by Huang et al. [24] prepared lightweight 
aerogel-geopolymer composites having a bulk density of 306.5 g/cm3 

and thermal conductivity of 0.048 W/mK via a sol-gel immersion 
method. However, the mechanical strength of the samples presented in 
Huang et al. [24] was insufficient for the samples to be used as a con-
struction material. Despite several studies of the use of aerogels in 
cementitious materials, investigations of the thermal properties of 
alkali-activated materials with the addition of an aerogel as an aggregate 
replacement are well beyond our current knowledge. In particualr, 
recent studies are focusing on the chemistry of alkali-activated materi-
arls with a blend of slag and aluminosilicates (e.g., fly ash and meta-
kaolin) [5,45,46], which possess a potential of omitting 
high-temperature curing process [47]. Furthermore, the physicochem-
ical properties of the alkali-activated blended materials exposed to 
elevated temperatures have been actively investigated [28,48,49]. 
Nevertheless, a detailed examination of the use and role of aerogel in 
alkali-activated blended materials at high temperatures is not available. 
The present study investigated the thermal characteristics of 
alkali-activated fly ash/slag samples with various aerogel replacement 
ratios. The dispersion of the aerogel in the matrix was examined by 
means of water contact angle tests and thermal conductivity tests. 
Dilatometry test were carried out to investigate the volumetric stability 
at elevated temperatures. In addition, the samples were exposed to 25 
�C, 200 �C, 400 �C, 600 �C or 800 �C to evaluate their thermal behavior 
at high temperatures. The present study experimentally focused on the 
thermal evolution of the reaction products, the pore structure, and the 
compressive strength development of alkali-activated fly ash/slag with 
the addition of an aerogel as an aggregate material. 

2. Experimental program 

2.1. Materials and sample preparation 

Fly ash, classified as class F in accordance with ASTM C618 [25], and 
blast furnace slag were used as the binder materials. Standard sand 
(Joomoonjin Silica Sand Co., Ltd.) with a density level of 1,450 kg/m3 

and an aerogel (Jiosaerogel Corp.) with a particle size in the range of 
40–50 μm and a density level of 96.7 kg/m3 were used as aggregates. 
The posity, surface area, and average pore diameter of the aerogel 
powder, as provided by the manufacturer, were >95%, 665.7 m2/g, and 
3.59 nm, respectively. The chemical composition as obtained by the 
X-ray fluorescence analysis and X-ray diffraction (XRD) pattern of the 
raw materials are provided in Table 1 and Fig. 1, respectively. The 
aerogel is primarily composed of SiO2 with an amorphous structure, as 
evidenced by a hump-like feature centered at around 20� 2θ in the XRD 

pattern. The particle size distribution of the raw materials is presented in 
Fig. 2. A mixture of a 4 M sodium hydroxide solution and a liquid water 
glass (sodium silicate solution, Korean Industrial Standards KS grade 3; 
SiO2 ¼ 29 wt. %, Na2O ¼ 10 wt. %, H2O ¼ 61 wt. % and specific gravity 
¼ 1.38) at a weight ratio of 2 to 1 was used as an alkali-activator. 

Samples were synthesized by the alkaline activation of the fly ash 
and slag blends and by replacing the sand with the aerogel at 0, 25, 50 
and 75 vol. %. The mixture proportions of the samples are tabulated in 
Table 2. Note that the activator-to-binder ratio and the binder-to- 
aggregate ratio of the samples were kept constant at 0.5 by weight 
ratio and 0.4 by volume ratio, respectively, and that the sample ID de-
notes the volume fraction of the aerogel as an aggregate. Mortar samples 
with 100 vol. % replacement of the sand with aerogel (namely A100) 
were not prepared in this study since they were not able to achieve 
proper workability. The powder and liquid were mechanically mixed for 
10 min and poured into a cubical mold having dimensions of 50 � 50 �
50 mm3. For chemical analyses and dilatometry test, sand was excluded 
in the identical mixture proportion used for fabricating the mortar 
samples to exclude the undesired effect of sand. Samples were demolded 
after one day of initial curing and were further cured in a curing 
chamber for 27 days at 25 �C and R.H. 50%, which fairly resemble the 
average ambient condition. After 28 days of curing, the samples were 
exposed to a temperature of 200 �C, 400 �C, 600 �C or 800 �C at a 
constant heating rate of 10 �C/min using an electric furnace. The sam-
ples were dried at 50 �C for one day beforehand to remove any capillary 
water, thereby eliminating any potential of spalling at the high tem-
peratures [26–28]. The designated temperatures were maintained for 2 
h in order for the samples to reach a state of thermal equilibrium 
[26–28]. Shortly afterward, the samples were allowed to cool down 
naturally to 25 �C inside the electric furnace. After exposure to a high 
temperature, the samples without sand were immersed in an acetone 
solution and vacuum dried for 24 h to halt any further reaction. 
Thereafter, the samples were manually ground to pass a 75 μm sieve for 
XRD and thermogravimetric analysis (TGA), while fractured sample 
were used for the mercury intrusion porosimetry (MIP). Mortar samples 
were used for the water contact angle test, thermal conductivity mea-
surement and compressive strength test. Noting that the samples for the 
dilatometry test were dried at 50 �C for two days before testing so as to 
prevent the testing device from being damaged due to spalling and/or 
from excessive movement during the initial measurement, mainly due to 
the dissipation of free water [29]. Sand was excluded from the dila-
tometry tests because the volumetric change of the samples can be 
governed significantly by the rapid thermal expansion of the sand [30]. 

2.2. Test methods 

The thermal characteristics of the aerogel-incorporated alkali-acti-
vated fly ash/slag were explored by means of various analytical tech-
niques. Water contact angle test, thermal conductivity measurement, 
dilatometry, XRD, MIP and unconfined compressive strength test were 
performed. Cubical samples with dimensions of 50 � 50 � 50 mm3 were 
used for the water contact angle test, thermal conductivity measurement 
and compressive strength test while parallelepiped samples with di-
mensions of 10 � 10 � 5 mm3 were used for the dilatometry test. The 
sample dimension for the dilatometry test was chosen in accordance 
with the requirements of the testing device and such sample dimension 
allowed the samples to easily reach the thermal equilibrium state of the 
entire sample. It should, however, be noted that the dilatometry test 
result of samples having larger dimension than those used in this study 
may differ due to temperature gradient in the samples TGA was carried 
out to evaluate the reaction products quantitatively. 

The water contact angle test was carried out using a PHOENIX-300 
TOUCH instrument (S-EO). The moment of contact was captured 
under an identical condition for all samples. Thermal conductivity was 
measured using a TPS 2500 S Hot Disk AB device (Gothenburg) in 
accordance with ISO standard 22007-2. The thermal conductivity value 
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of the samples were averaged from three replicas. Dilatometry was 
measured using a TMA Q400 device (TA Instruments). Samples were 
heated at a constant heating rate of 5 �C/sec under a constant vertical 
force of 0.05 N. The horizontal deformation of the samples in the tem-
perature range of 25–800 �C was recorded. XRD was conducted using an 
EMPYREAN device (Malvern Panalytical) with CuKα radiation at a 
generator voltage and tube current of 40 kV and 30 mA, respectively. 
XRD patterns of the samples were collected by scanning the samples on a 

rotating stage at 5–65� 2θ with a step size of 0.026� 2θ and at 1.56 s per 
step. MIP was carried out using an AutoPore IV 9500 device (Micro-
meritics). The pressure for the MIP analysis ranged from 0.1 to 61,000 
psi (from 0.00069 to 420.6 MPa). The unconfined compressive strength 
was measured using a 2,500 kN compression testing device (INSTRON) 
at a constant loading rate of 0.02 mm/s. Three cubical samples were 
tested to assess the average compressive strength. The TGA was per-
formed using a Labsys Evo TG-DTA instrument (SETARAM). N2 gas was 
injected into the furnace of the TG instrument to prevent the samples 
from oxidation during the measurement process. 5.5–6.0 mg of the 
sieved samples were used for the TGA. Relative weight variations of the 
samples were recorded in the temperature range of 25–1000 �C. 

3. Results 

3.1. Water contact angle 

The water contact angle of the aerogel-incorporated alkali-activated 
fly ash/slag mortar after 28 days of curing is displayed in Fig. 3. Mea-
surement of the water contact angle is a particularly useful technique for 
determining the degree of hydrophobicity of cementitious composites. 
As is widely postulated, higher hydrophobicity of a composite leads to a 
higher water contact angle [31]. The water contact angle value of the 
samples showed proportionality with an increase in the aerogel content, 
i.e., 18.84�, 25.58�, 27.03� and 29.69� for the A0, A25, A50 and A75 
samples, respectively. The A75 sample showed a higher water contact 
angle value by 141.77% compared to the A0 sample. Such notable 

Table 1 
Chemical composition of the raw materials used in this study.  

(wt. %) CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O LOIa 

Fly ash 3.4 63.9 19.4 3.8 0.4 1.4 0.6 0.3 4.8 
Slag 43.7 36.4 14.3 0.3 0.1 3.5 0.5 0.2 1.0 
Aerogel – 99.6 – – – – – – 0.4  

a Loss-on-ignition. 

Fig. 1. XRD pattern of the (a) fly ash, (b) slag and (c) aerogel used in this study. 
The annotations are as follows: M-mullite, Q-quartz, Ah-anhydrite, G-gehlenite 
and A- åkermanite. 

Fig. 2. Particle size distribution of the raw materials used in this study.  

Table 2 
Mixture proportion of aerogel-incorporated alkali-activated fly ash/slag mortar 
expressed as the mass ratio.  

Sample 
ID 

Binder (wt. 
%) 

Aggregate (wt. 
%) 

Aerogel out of 
total weight 
(wt. %) 

Aerogel out of 
total volume 
(vol. %) 

Fly 
ash 

Slag Sand Aerogel 

A0 5 5 14.60 0 0 0 
A25 5 5 10.95 0.24 0.93 17.86 
A50 5 5 7.30 0.48 2.08 35.61 
A75 5 5 3.65 0.73 3.66 53.52  
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differences in the water contact angle value of the samples are clearly 
due to the fact that the hydrophobic aerogel was well dispersed in the 
matrix. 

3.2. Thermal conductivity 

The thermal conductivity of the aerogel-incorporated alkali-acti-
vated fly ash/slag mortar after 28 days of curing is shown in Fig. 4. The 
thermal conductivity values of the A0, A25, A50 and A75 samples were 
1.8, 1.3, 1.1 and 0.9 W/mK, respectively, showing inverse proportion-
ality with an increase in the aerogel content. The A75 sample showed 
the lowest thermal conductivity of approximately 50% of that measured 
for the A0 sample. This observation implies that the incorporated aer-
ogel was properly dispersed, thereby leading to the formation of a highly 
porous structure. The clear effect of aerogel incorporation on the 
decrease in the thermal conductivity is in fair agreement with the 
experimental findings of earlier works [20–22]. Note that the samples 
for the thermal conductivity measurement were not fully dried before 
testing, meaning that the remnant capillary water may affect the results 
[43,44], yet the differences in the obtained values are clear enough to be 
compared with each other. 

3.3. Dilatometry 

The dilatometry of the aerogel-incorporated alkali-activated fly ash/ 
slag after 28 days of curing is displayed in Fig. 5. Notable thermal 
movements occurred mainly in three regions: 250 �C – 500 �C, 500 �C – 
600 �C and above 600 �C. It should be noted that the samples for the 
dilatometry test were dried in an oven beforehand to evaporate free and 
weakly bound water. Therefore, the volumetric movements by water 

loss (typically occurring between 25 �C – 100 �C) in the samples were 
not recorded in this study. The expansion in the first region is associated 
with the physically and chemically bound water in the geopolymers, 
which can be referred to as the interstitial water and the water loss from 
dehydroxylation, respectively [29,32]. The A0 sample exhibited the 
most prominent expansion in this region, while the volumetric move-
ment of the A75 sample was barely observable. This is likely attributed 
to the difference among the pore structures of the samples [33]. An 
abrupt and sharp expansion identified in the second region is attributed 
to the thermal transformation of quartz α phase into β phase in fly ash, 
which occurs at around 570 �C [34,35]. It is interesting to note that the 
A75 sample showed relatively minor thermal expansion in the second 
region. The third region, which contains remarkable shrinkage, corre-
sponds to the glass transition temperature [34]. The reaction products 
and pore structure of the samples collapse at the glass transition tem-
perature, at which the Al-incorporated Si tetrahedral interconnected 
framework undergoes softening and a sintering-induced viscous flow 
commences [34,36]. The rapid shrinkage featured in this temperature 
region due to sintering subsequently led to recrystallization and densi-
fication of the samples [37]. The samples with the aerogel showed much 
better volumetric stability up to 600 �C compared to the A0 sample. 
Nevertheless, aerogel incorporation resulted in severe shrinkage above 
600 �C. 

3.4. XRD 

The XRD patterns of the aerogel-incorporated alkali-activated fly 
ash/slag samples exposed to high temperatures are shown in Fig. 6. The 
main reaction product of the samples at 25 �C was C–S–H (typically 
referred to as C-(A)-S-H), in which Si is partially substituted with Al 
[50]. Crystalline phases from the raw fly ash, i.e., quartz (SiO2, PDF 
#00-046-1045) and mullite (Al4.44Si1.56O9.78, PDF# 01-074-4143), 
persisted in all samples. The crystalline phases featured in the patterns 
were unaltered upon exposure to 600 �C. Meanwhile, a noticeable 
reduction in the peak intensity corresponding to the presence of 
C-(A)-S-H was observed. The hump-like shape of the C-(A)-S-H, due to its 
inherent amorphous nature, was scarcely identified in the samples 
exposed to a temperature of 600 �C, signifying that the thermal 
decomposition of the C-(A)-S-H in the alkali-activated fly ash/slag 
occurred at a temperature between 400 �C and 600 �C. 

Upon exposure to a temperature of 800 �C, the samples showed 
dramatic changes in their patterns regardless of the aerogel content. The 
patterns displayed peaks corresponding to the presence of åkermanite 
(Ca2MgSi2O7, PDF #01-074-0990) and gehlenite (Ca2AlSiO7, PDF #00- 
035-0755), which were identifiable in the raw slag, implying that 
crystallization occurred in the samples exposed to the 800 �C. Other than 
these findings, the presence of anorthite (CaAl2Si2O8, PDF #01-070- 
0287), nepheline (NaAlSiO4, PDF #01-088-1231) and wollastonite 

Fig. 3. Water contact angle of the aerogel-incorporated alkali-activated fly ash/ 
slag mortar. 

Fig. 4. Thermal conductivity of the aerogel-incorporated alkali-activated fly 
ash/slag mortar. 

Fig. 5. Dilatometry of the aerogel-incorporated alkali-activated fly ash/slag.  
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(Ca3Si3O9, PDF #01-076-1846) was observed, in close agreement with 
earlier findings [28]. These crystals are typically found in aluminosili-
cate minerals exposed to high temperatures [28,34]. Meanwhile, aero-
gel incorporation did not lead to a noticeable difference in any of the 
patterns [38]. 

3.5. MIP 

The MIP test results of the aerogel-incorporated alkali-activated fly 
ash/slag samples exposed to high temperatures are illustrated in Fig. 7. 
The samples tested at 25 �C showed a pores with diameters of less than 
10 nm, which can be categorized as gel pores [28,39]. The samples with 
the aerogel displayed bimodal aspects in the form of a secondary peak 
which appeared in larger pore sizes as the aerogel content was increased. 
Upon exposure to the 200 �C, gel pores were diminished, and this aspect 
persisted up to 400 �C. All samples exposed to the temperature of 600 �C 
exhibited a significant amount of pores with diameters between 10 nm 

and 20 nm, in close agreement with results reported by Park et al. [28]. 
Pores with diameters of less than 100 nm were no longer identifiable in 
the samples exposed to 800 �C. It should be noted that the pores with 
diameters between 1,000 and 50,000 nm were not altered in the samples 
dosed with the aerogel, indicating that the formation of a very porous 
skeleton induced by the incorporation of the aerogel was not affected by 
aerogel high temperatures. 

3.6. Compressive strength 

The compressive strength of the aerogel-incorporated alkali-acti-
vated fly ash/slag mortar samples exposed to high temperatures is 
shown in Fig. 8. The incorporated aerogel significantly affected the 
compressive strength of the samples, as indicated by the strength values 
at 25 �C. The compressive strength of the A0 sample decreased rapidly 
after reaching its highest strength level at 200 �C, while the samples with 
the aerogel showed much less strength alteration with an increase in the 

Fig. 6. XRD pattern of aerogel-incorporated alkali-activated fly ash/slag exposed to (a) 25 �C, (b) 200 �C, (c) 400 �C, (d) 600 �C and (e) 800 �C. The annotations are 
as follows: M-mullite, Q-quartz, CS- C-S-H, W- wollastonite, N- nepheline, G-gehlenite, An-anorthite and A- åkermanite. 
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Fig. 7. MIP test result of aerogel-incorporated alkali-activated fly ash/slag exposed to (a) 25 �C, (b) 200 �C, (c) 400 �C, (d) 600 �C and (e) 800 �C.  
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temperature. The normalized compressive strength of the samples with 
respect to that measured at 25 �C is displayed in Fig. 8 (b). The samples 
with the aerogel showed noticeable residual strength even after expo-
sure to 800 �C, maintaining 40–80% of their initial strength, while the 
A0 sample exhibited a drastic loss of strength with an increase in the 
temperature. 

4. Discussion 

Aerogel incorporation in cement-based materials generally induces 
the formation of a highly porous inner matrix whereby one can fabricate 
lightweight materials with low thermal conductivity [20–24,38]. Anal-
ogous aspects were observed in the alkali-activated fly ash/slag here 
with the addition of an aerogel as an aggregate replacement. The 
compressive strength and thermal conductivity of the samples with the 
aerogel were significantly reduced. Similar strength reductions can be 
found in the literature due to the inherent properties of the incorporated 
aerogel [40,41]. In addition, water contact angle test results proved that 
the samples with higher aerogel contents showed higher hydrophobic-
ity, meaning that the aerogel can properly be dispersed in an alkaline 
environment. Furthermore, TGA results quantitatively demonstrated 
that the relative weight loss of the samples in the temperature region of 
25–650 �C showed similar values with different incorporated aerogel 

contents (Table 3), in which this temperature region includes the weight 
loss corresponding to dissipation of bound water, decomposition of the 
reaction products, and the polycondensation of silanol and/or aluminol 
groups on the surface of the geopolymers [42]. This was partially re-
flected in the pore size distribution curves, which showed notable and 
unchanged pore populations corresponding to the presence of an aero-
gel, implying that the incorporated aerogel did not take part in the 
reaction. 

The porosity and bulk density of the aerogel-incorporated alkali- 
activated fly ash/slag exposed to high temperatures are shown in Fig. 9. 
The samples showed no particular trend in the porosity upon exposure to 
a temperature of 400 �C. Thereafter, the samples reached their highest 
porosity at 600 �C and then showed a rapid reduction at 800 �C, while 
the bulk density of the samples exhibited an opposite trend. The radical 
alteration featured at 800 �C is associated with the recrystallization of 
the reaction products in the samples, as indicated by the XRD results. 

Fig. 8. (a) Compressive strength and (b) normalized compressive strength of aerogel-incorporated alkali-activated fly ash/slag mortar exposed to high temperatures.  

Table 3 
Relative weight loss (%) of aerogel-incorporated alkali-activated fly ash/slag in 
the temperature region of 25–650 �C.  

Sample ID A0 A25 A50 A75 

Weight loss (%) 10.29 10.22 9.94 11.89  
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However, the extent of this was vastly mitigated by aerogel incorpora-
tion; i.e., the porosity and bulk density values of the A75 sample at 600 
�C and 800 �C showed similar levels and were nearly identical to those at 
25 �C, signifying that the incorporated aerogel buffered the volumetric 
thermal degradation of the global matrix. In addition, the dilatometry 
test results of the samples with the aerogel showed fair volumetric sta-
bility upon exposure to the 600 �C. These aspects indicate the potential 
of the practical applicability of the aerogel as an extremely low-heat- 
deformable material. 

Cementitious renders at high temperatures inevitably demonstrate 
incompatibility between the aggregates and the paste (typically displays 
initial signs in the temperature region of 200 �C – 300 �C) due to the 
severe thermal expansion of the sand and/or gravel, which ultimately 
results in a significant reduction of the mechanical strength [30]. In this 
regard, the use of an aerogel as an aggregate replacement can alleviate 
the volumetric instability. As revealed via the dilatometry test here, 
thermal expansion of the samples was reduced with an increase in the 
aerogel content upon exposure from 25 �C to 600 �C, in which typical 
mortar and concrete undergo rapid thermal expansion in this tempera-
ture region in addition to that caused by the reaction products. 
Furthermore, the abrupt thermal shrinkage that occurred at the sinter-
ing point was higher in the samples with a higher aerogel content, which 
can be considered to compensate for the thermal expansion of the 
aggregate properly at temperatures above 600 �C. This was evidenced by 
the compressive strength test results, which illustrated that the A50 and 

A75 samples exposed to high temperatures showed nearly unaltered 
strength levels compared to that measured at 25 �C due to fact that the 
aerogel reduced the thermal deformation of the mortar samples used in 
this study. 

It was noted in a previous study that a large number of pores in the 
matrix can ease the capillary tensile force which arises during the 
evaporation of chemically bound water [32], in close agreement with 
the results presented in this study. Meanwhile, the reaction products 
formed during the alkaline activation of the precursors (i.e., fly ash and 
slag) were converted into new phases by calcination, which can influ-
ence the thermal stability of the samples above the sintering tempera-
ture [29]. As observed in the XRD patterns, calcination induced the 
formation of new crystalline products of wollastonite, nepheline and 
gehlenite, which are known to display thermal stability [29]. Moreover, 
unreacted fly ash embedded in the samples can act as a filler, thereby 
restraining thermal shrinkage and cracking [32]. It is clear that these 
aspects relieved the thermal shrinkage of the A0 sample above the sin-
tering temperature. However, samples with higher aerogel contents 
showed greater thermal shrinkage above the sintering temperature, 
indicating that the thermally stable aerogel affected the restraining 
phenomenon which typically occurs in geopolymers. 

5. Concluding remarks 

The present study investigated the thermal behavior of alkali- 

Fig. 9. (a) Porosity and (b) bulk density of aerogel-incorporated alkali-activated fly ash/slag exposed to high temperatures.  
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activated fly ash/slag with the addition of an aerogel as an aggregate 
replacement. Microstructural evolution and thermal characteristics of 
the samples with different aerogel replacement levels were explored 
either at ambient temperature or at high temperatures of up to 800 oC. 
The key findings obtained from this study are summarized below.  

(1) The water contact angle and thermal conductivity tests indicated 
that the incorporated aerogel was properly dispersed in the 
alkali-activated fly ash/slag and significantly reduced the ther-
mal conductivity.  

(2) Aerogel incorporation did not induce differences in the phase 
assemblages or in the amounts of the reaction product, meaning 
that the aerogel did not take part in the alkaline activation of the 
precursors.  

(3) Aerogel incorporation greatly mitigated the thermal modification 
of the porosity and bulk density values, outcomes closely asso-
ciated with the strength development of the samples with high 
aerogel contents tested at high temperatures.  

(4) The samples with a high aerogel content displayed no thermal 
movement upon exposure to 600 �C, though the samples showed 
rapid thermal shrinkage afterward. 
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