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ABSTRACT

ARTICLE HISTORY

This paper presents the effects of various slag contents on the residual compressive strength
and physical properties of ambient air-cured fly ash-slag blended geopolymers after exposure
to various elevated temperatures up to 800°C. The results showed an increasing trend in the
compressive strength of ambient air-cured geopolymers with increase in the slag contents
after exposure to 400 and 600°C temperatures. This trend deviated, however, at 800°C.
Nevertheless, all the geopolymers showed reductions in control compressive strength at
ambient temperature after exposure to elevated temperatures. The reductions were much
higher at 600 and 800°C compared to 400°C. All the geopolymers exhibited significant
damage in terms of cracking after exposure to a temperature of 800°C compared to 400
and 600°C and significant damage occurred at slag contents of 15–30%. Scanning electron
microscopic (SEM) images of the above geopolymers also showed higher porosity at 800°C
compared to 400 and 600°C. Traces of calcite/calcium silicate hydrate (CSH) peaks are
observed in the X-ray diffraction (XRD) analysis of fly ash-slag geopolymers, and the intensity
of those peaks increased with increases in slag contents. After exposure to elevated temperatures, the calcite/CSH peaks disappeared and new phases of nepheline and gehlenite
were formed at 800°C in all the fly ash-slag geopolymers.
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Introduction
Geopolymers are a promising environmentally
friendly binder due to their superior mechanical,
durability and fire-resistance properties as well as
their lower carbon footprint than the ordinary concrete. With the abundant generation of fly ash, as a
by-product of coal-fired power stations around the
world, its use in geopolymer cement can significantly
relieve the land use associated with dumping and the
contamination of air and groundwater. Fly ash geopolymers require moderate heat to activate the geopolymer reaction in either a steam curing chamber or
oven, which limits their in-situ applications in actual
projects. In addition, the heat curing also negatively
affects their carbon footprint. According to Turner
and Collins [1], heat curing accounts for about 12.5%
of total CO2 emissions from heat cured fly ash geopolymers. Developing ambient air-cured fly ash geopolymers can therefore reduce their carbon footprint
further. Different researchers have used different
source materials for partial replacement of class F
fly ash to develop ambient air-cured geopolymers
including ordinary Portland cement (OPC), slag,
metakaolin and lime powder, for example. The
above CaO-rich source materials form calciumsilica-hydrate (C-S-H) gels in addition to sodiumaluminate-silicate-hydrate (N-A-S-H) geopolymer
gels and form complex C-(N)-A-S-H geopolymer
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gels which help to set and harden concrete at ambient
temperatures. A number of studies have evaluated the
mechanical properties of ambient air-cured fly ash
geopolymers [2–6]. All the studies observed that the
compressive strength of ambient air-cured fly ash
geopolymers increases with increases in the slag contents [3–6], due to increased formation of C-(N)-A-SH gels resulting from the slag contents.
In several studies, heat-cured fly ash geopolymers
exhibited better fire resistance and residual mechanical properties after exposure to elevated temperatures than their concrete counterparts [7–12]. The
stable crystalline phases of mullite, nepheline, albite
and tridymite in fly ash geopolymers play a significant role in retaining room temperature strength at
elevated temperatures and maintain high-temperature stability up to 1840°C [13]. On the other hand,
the dehydration and dissociation of cement hydration
products (e.g. Ca(OH)2 and C-S-H) at elevated temperatures cause significant loss of strength in concrete. As CaO-rich source materials are used for
partial replacement of fly ash in ambient air-cured
fly ash geopolymers, their behaviour at elevated temperatures is expected to be different from that of
heat-cured fly ash geopolymers. The effect of elevated
temperatures on the residual strength of ambient aircured fly ash geopolymers was reported in a limited
study. Ren et al. [14] studied the effect of various
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elevated temperatures up to 800°C on fly ash-slag
blended ambient air-cured geopolymers containing
55% slag as a partial replacement for fly ash. They
observed reductions in compressive strength of about
14, 19 and 70% at 400, 600 and 800°C, respectively.
Guerrieri and Sanjayan [6] studied the effects of 35,
50 and 65% slag on the elevated temperature behaviour of fly ash-slag blended geopolymers which were
cured at 80°C and RH of 95%. They reported a loss of
compressive strength of about 90 and 70% in fly ashslag geopolymers with an initial compressive strength
of 83 and 28 MPa after exposure to an elevated
temperature of 800°C. On the other hand, fly ashslag geopolymers with very low strength of about 7.6
MPa exhibited a gain in compressive strength of
about 90% after exposure to an elevated temperature
of 800°C. In a recent study, Kashani et al. [15]
reported a reduction of about 62% in the compressive
strength of ambient air-cured fly ash geopolymers
containing 20% slag as partial replacement for fly
ash after exposure to a temperature of 1000°C.
Vasquez-Molina et al. [16] reported a comparative
study of fly ash-cement blended geopolymers cured
at ambient temperature and heat-cured fly ash geopolymers subjected to elevated temperatures of 700°
C. It is shown in their study that the residual strength
at 700°C is about 92% of the initial strength in fly
ash-cement blended geopolymers and about 113% of
the initial strength in fly ash geopolymers. In high
calcium fly ash geopolymers which were ambient aircured, Cheng-Yong et al. [17] also observed reductions of about 67, 71 and 88% in compressive
strength at 400, 600 and 800°C, respectively.
Ranjbar et al. [18] reported a study in which fly
ash-palm oil fuel ash geopolymers cured at 65°C for
24 hrs containing different quantities of palm oil fuel
ash as a partial replacement for fly ash were subjected
to various elevated temperatures up to 1000°C. It was
observed that the compressive strength at all elevated
temperatures decreased with increases in palm oil
fuel ash contents. It can be seen from the abovereported studies that different CaO-rich source materials in different quantities are used in ambient aircured fly ash geopolymers. In some studies such as in
[6] heat curing was applied. Different types of alkali
activators are also used in various concentrations and
amounts.
Ground granulated blast furnace slag, commonly
known as “slag” is another widely available industrial
by-product and a good candidate for use in fly ash
geopolymers to achieve ambient temperature curing.
In most of the studies very high amounts of slag are
used in fly ash-slag geopolymers (e.g. [6,14]) and
significant loss in strength of the above geopolymers
is observed after exposure to elevated temperatures.
Insufficient research has been reported to study the
residual strength properties of fly ash geopolymers
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containing lower amounts of slag [15]. This research
is designed to study the effect of various slag contents
ranging from 5% to 30% as partial replacement for fly
ash on the residual compressive strength and physical
properties of ambient air-cured fly ash geopolymers.
Microstructural investigations involving scanning
electron microscopy (SEM), X-ray diffraction (XRD)
analysis, mercury intrusion porosimetry (MIP) and
thermogravimetric analysis (TGA) were also conducted to study the changes in the microstructures
and reaction phases occurring when forming various
geopolymer reaction products and their phases as
well as their effects on the pore structure both before
and after exposure to elevated temperatures. A better
understanding was therefore established of the
changes in microstructure and the compressive
strength and physical properties of the above fly ash
geopolymers containing various slag contents. The
above properties were also benchmarked with the
most widely used heat-cured fly ash geopolymers.

Experimental program
This study considered five ambient air-cured fly ashslag blended geopolymer mixes containing 5, 10, 15,
20 and 30% slag as partial replacement for fly ash.
They were termed S1, S2, S3, S4 and S5, respectively.
All five geopolymers were subjected to similar elevated temperature exposure at 400, 600 and 800°C. In
addition, heat-cured fly ash geopolymers (Mix ID S0)
were also considered for the purposes of the comparison, details of which can be found in Haque and
Shaikh [19].

Materials, mixing method and curing
Class F fly ash supplied by the Gladstone Power Station
of Queensland, Australia, was used as a source material
to prepare the heat-cured fly ash geopolymers, and the
same fly ash and slag were used in ambient air-cured
geopolymers. Table 1 shows the chemical compositions
of the class F fly ash and slag. The activating alkali
liquids consisted of 8 M sodium hydroxide (NaOH)
and D-Grade sodium silicate (Na2SiO3) solutions.
NaOH solution was prepared with a concentration of
8 M using NaOH beads of 97% purity and tap water.
The D-Grade Na2SiO3 solution which was supplied by
PQ Australia had a specific gravity of 1.51 and a modulus ratio (Ms) equal to 2.0 (where Ms = SiO2/Na2O,
Na2O = 14.7%, SiO2 = 29.4% and water = 55.9%). The
NaOH and Na2SiO3 solutions were mixed together in a
Na2SiO3/NaOH mass ratio of 2.5. Table 2 shows the
mixing proportions of the fly ash-slag blended geopolymers studied in this study.
All geopolymer pastes were prepared in a Hobart
mixer. In the case of ambient air-cured geopolymers,
the fly ash and slag were first dry-mixed for 1 min in
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Table 1. Chemical compositions of class F fly ash and blast furnace slag.
Compound
Class F Fly ash
Slag

SiO2
51.11
32.50

Al2O3
25.56
13.56

Fe2O3
12.48
0.85

CaO
4.3
41.2

Na2O
0.77
0.27

Table 2. Mixing proportions of fly ash-slag blended ambient
air-cured geopolymers.
Mixing Proportion (kg/m3)
Mix type
Fly ash
S1 (5% slag) 1250
S2 (10% slag) 1183
S3 (15% slag) 1116
S4 (20% slag) 1049
S5 (30% slag)
915

Slag
67
134
201
268
402

Sodium Hydroxide
(8M)
167
167
167
167
167

Sodium
Silicate
417
417
417
417
417

a Hobart mixer after which alkaline activators were
added and mixed for approximately 4 min. The fresh
geopolymer pastes were cast into standard 50-mm
plastic cube moulds and compacted using a vibrating
table. The specimens were demoulded the next day
and left in the open air at ambient temperature inside
the laboratory for 2 weeks. The fly ash geopolymers
on the other hand were subjected to heat curing in an
oven. In this stage, all the moulds were sealed to
minimise moisture loss and placed in the oven at
70°C for 24 h. At the end of the heat curing period,
the specimens were removed from the oven and left
undisturbed until cool down and then removed from
the moulds and stored in the laboratory in the open
air at ambient temperature for 2 weeks.

Test methods
The compressive strength of all the specimens was
measured according to AS 1012.9 [20] at 14 days. For
each mix, at least six specimens were tested in order
to check the variability of performance under compression as well as the volumetric shrinkage and mass
loss. The specimens in each series were placed in an
electric kiln after 14 days of curing to expose them to
various elevated temperatures. The volumetric
shrinkage of the geopolymer samples was determined
by measuring the length of three sides of the cubes
before and after heating using Vernier callipers at the
respective elevated temperatures. The differences in
volume changes indicated the volumetric shrinkage
of each cube. As for mass loss of the geopolymer
pastes, the mass of the cube specimens in each series
was measured using a sensitive weighing machine
before and after exposure to the respective elevated
temperatures.
For the XRD analysis, the samples were measured
with a D8 Advance Diffractometer (Bruker-AXS)
using copper radiation and a Lynx Eye position sensitive detector. The diffractometer scanned the samples from 7° to 70° (2θ) in steps of 0.015° at a
scanning rate of 0.5°/min. XRD patterns were

K2O
0.7
0.35

MgO
1.45
5.10

P2O5
0.885
0.03

SO3
0.24
3.2

TiO2
1.32
0.49

MnO
0.15
0.25

LOI
0.57
1.11

obtained using Cu Ka lines (k = 1.5406 Å). A knife
edge collimator was fitted to reduce air scatter. SEM
analyses were performed using a Zeiss EVO 40XVP
microscope equipped with an energy dispersive X-ray
analyser.
The thermal stability of the samples was studied by
TGA. A Mettler Toledo TGA one star system analyser was used for all these measurements. Samples
weighing 25 mg were placed in an alumina crucible
and the tests were carried out in an Argon atmosphere at a heating rate of 10°C/min from 25 to
1000°C.
MIP was used to measure the pore volume and
pore size distribution of the geopolymer samples. The
pore diameter and intruded mercury volume were
recorded at each pressure point over a pressure
range of 0.0083 to 207 MPa. The pressure values
were converted into equivalent pore diameters using
the Washburn expression [21], as expressed in
Equation (1):
d ¼ 2γcosθ=p

(1)

where d is the pore diameter (μm), γ is the surface
tension (mN/m), θ is the contact angle between mercury and the pore wall (°), and P is the net pressure
across the mercury meniscus at the time of the cumulative intrusion measurement (MPa).

Elevated temperature exposure
A locally manufactured kiln was used to heat the
geopolymer specimens to temperatures from 200°C
to 800°C. The specimens were positioned inside the
kiln with two thermocouples touching them. Two
more thermocouples were placed inside the kiln to
monitor the kiln air temperature. The thermocouples
were connected to the data logger and used to monitor the temperature on the specimen surfaces and the
kiln air, as shown in Figure 1. A heating rate of 5°C
per minute was selected, which is very close to the
RILEM [22] recommended heating rate. During the
heating process, the temperatures of all four thermocouples were monitored. Once the specimens surfaces
reached the target temperature, the temperature
inside the kiln was maintained for 1 h. The rate of
temperature increases in the kiln and the specimens
are shown in Figure 2. As can be seen in the figure,
there is a significant lag between the surface temperature of the cubes and the air temperature inside the
kiln, particularly for the 400°C temperature profiles.
This was attributable to the heat capacity of the
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Figure 1. Geopolymer specimens inside the kiln.

specimens and the rate at which they were able to
absorb heat. However, the differences in temperatures
between the kiln and the cubes at 600°C and 800°C
were smaller. Even though differences in temperature
were present between the kiln and the cubes, the
target test temperatures in all the cubes were maintained for 1 h, as shown by the thermocouple readings in Figure 2.

Results and discussion
The microstructure of ambient air-cured
geopolymer
Microstructural analysis was conducted using SEM
images to evaluate the effects of various slag contents
on the microstructures of ambient air-cured geopolymers matrices as well as those exposed to various
elevated temperatures. Figure 3 shows SEM images of
ambient air-cured geopolymers containing 5, 15 and
30% slag. It can be seen by comparing (Figure 3(c))
with (Figures. 3(a,b)) that the microstructure of the
former is denser than those of the the latter geopolymers. This can be attributed to the formation of more
C-(N)-A-S-H geopolymer gels due to the increase in
slag contents from 5 and 15% to 30%, as shown in
Figure 4. Figure 4 shows the energy dispersive X-ray
spectroscopy (EDS) analysis of the reaction products
of those three geopolymers and it is apparent from
the figure that the “Ca” peak is higher in geopolymers
containing 30% slag than in those containing 5 and
15% slag. The predominant calcium, sodium, aluminium and silica peaks in the EDS spectra of those fly
ash-slag geopolymers are a clear indication of the
formation of C-(N)-A-S-H geopolymer gels. The presence of unreacted fly ash particles is less apparent in
the SEM images of the geopolymers containing 30%
slag than in those containing 5 and 15% slag, which is
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also an indication of the dissolution of fly ash particles in geopolymer reaction products. The SEM
images of geopolymers containing 5, 15 and 30%
slag after exposure to 400, 600 and 800°C temperatures are also shown in Figures 5–7. Analysis of the
images reveals an increasing number of pores/voids
in the geopolymers containing slag with increases in
the elevated temperatures. It can be seen that the
pores become slightly larger with the increases in
temperature, accompanied by increases in the numbers of pores as well as of microcracks. These pores
and cracks might have been left behind by escaping
water during the temperature exposure. A relatively
smoother geopolymer matrix can still be seen, however, after exposure to 400°C. It can also be seen that
the microstructure of geopolymers containing 30%
slag after exposure to elevated temperatures is more
compact and less damaged than the microstructures
of those containing 5 and 15% slag.
Figure 8 presents XRD diffractograms of geopolymers containing various slag contents. The XRD diffractogram of fly ash geopolymers is shown in the
same figure for purposes of benchmarking. A number
of crystalline phases (e.g. mullite, quartz, maghemite
and hematite phases) can be seen in the geopolymers
containing slag, which are also observed in heatcured fly ash geopolymers. In the case of geopolymers
containing slag, however, new crystalline peaks of
“calcite” and “calcium silicate hydrate (CSH)” are
noticed at the 2θ angles of 29.4° and 50.17°, and the
height of the calcite/CSH peaks also increases with
increases in slag contents indicating the formation of
more calcium-based reaction products in the C-(N)A-S-H gels, which also correlates well with the denser
microstructure observed in the geopolymers containing 30% slag than in the other geopolymers observed
in the above SEM analysis. It has been reported by
numerous studies that semi-crystalline CSH and calcite peaks overlap at 2-theta angles of 29.45° and
50.17° [23-24].
Elevated temperatures increased the tendency
towards the formation of more stable crystalline
phases in fly ash geopolymers. XRD diffractograms
of geopolymers containing 5, 15 and 30% slag after
exposure to 400, 600 and 800°C temperatures shown
in (Figure. 9(a-c)) also show similar crystalline phases
which were formed in fly ash geopolymers. In geopolymer containing slag, however, two additional
crystalline phases, nepheline (Na4Al4Si4O16) and gehlenite (Ca2Al2SiO7), are also observed especially after
exposure to a temperature of 800°C. It can also be
seen that the calcite phase observed in geopolymers
containing slag disappeared, after exposure to elevated temperatures indicating that this calciumbased reaction product decomposes at those elevated
temperatures leaving pores in the geopolymer gels, as
observed in the SEM images. The geopolymers
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Figure 2. Firing curves for different elevated temperatures in the kiln during heating.

exposed to a temperature of 800°C contain more
gehlenite and a new alumina silicate phase of nepheline, as shown in Figure 10. It seems that as the
geopolymer matrix decomposes, the alumina silicate
species react with the released alkalis and calcium to
form crystalline phases of gehlenite and nepheline.

Mass loss of various ambient air-cured geopolymers
containing 5, 15 and 30% slag as partial replacement for
fly ash from room temperature to 1000°C in TGA is
shown in Figure 11. The TGA curve of fly ash geopolymers is shown in the same figure for purposes of comparison. Generally, the TGA curves of the above
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(b)

(a)

(c)

Figure 3. SEM images of ambient air-cured geopolymers containing (a) 5%, (b) 15% and (c) 30% slag as partial replacement for
fly ash.

geopolymers can be divided into four major parts: (a)
evaporation of water, (b) decomposition of geopolymer
components (e.g. calcite/CSH) (c) a change phase to
nepheline and (d) a stage in which the weight loss is
unchanged. It can be seen from the TGA curves that
sharp reductions of mass occurred at below 200°C and
that the rate of mass loss is almost the same for all three
fly ash-slag blended geopolymers. The same figure
shows that the rate of mass loss of fly ash geopolymers
is slower than that of fly ash-slag blended geopolymers.
This mass loss can be attributed to the evaporation of
evaporable free water weakly absorbed in the geopolymers and the pores of geopolymers as well as decomposition of CSH and calcite in C-(N)-A-S-H gels. The
higher mass loss of ambient air-cured geopolymers
containing higher slag contents indicates the presence
of larger amounts of calcium-based reaction products
formed in C-(N)-A-S-H gels in these geopolymers, a
result which agrees well with the reduced porosity of the
geopolymers as shown in Figure 12. The mass loss rate
slowed at above 200°C where a small reduction in mass
loss occurred at between 200 and 400°C compared to
that occurring at below 200°C. This can be attributed to
the loss of physically and chemically bound water. A
comparison with fly ash geopolymers shows that the
rate of mass loss at between 200 and 400°C increases in
the fly ash-slag geopolymers with increases in slag contents. The mass loss rate was significantly reduced at

above 400°C and no mass loss peak is observed in the
region of 450°C, confirming the absence of Portlandite
(Ca(OH)2) in the geopolymer gels in fly ash-slag geopolymers. This indicates that Ca(OH)2 is not formed in
the alkali activation of CaO-rich slag with fly ash in
geopolymers despite very high alkalinity. The rate of
mass loss at temperatures from 600°C to 1000°C in fly
ash-slag blended geopolymers is very similar to that in
fly ash geopolymers.
The pore size distribution in Figure 12 shows that
the overall pore volumes of fly ash-slag blended geopolymers are much lower than those of fly ash geopolymers. It can be seen that the volume of small
diameter pores (e.g. 0.01–0.03 microns) is significantly reduced in fly ash-slag blended geopolymers,
presumably due to the formation of calcium-based
reaction products in the C-(N)-A-S-H gels evident in
the XRD and SEM analyses. It can also be seen that,
among fly ash-slag blended geopolymers, geopolymer
containing 30% slag exhibited the lowest volume of
pores of between 0.03 and 10 microns. In the case of
pore sizes 0.01–0.03 microns and 0.35–10 microns
mixed results are observed for example for geopolymers containing 5 and 15% slag, the pore volume of
geopolymer containing 15% slag is smaller than in
those containing 5% slag. On the other hand, an
opposite trend is observed in a small band of pore
sizes measuring 0.03–0.35 microns.
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(a)

(b)

(c)

Figure 4. Energy-dispersive X-ray spectroscopy (EDS) analysis of ambient air-cured geopolymers containing (a) 5%, (b) 15% and
(c) 30% slag as partial replacement for fly ash.

Physical behaviour at elevated temperatures
The effects of increasing slag contents on changes in
the mass, volume, cracking and colour of ambient
air-cured geopolymers after exposure to elevated
temperatures are shown in Figures 13–15. It is
apparent from Figure 13 that the mass loss of ambient air-cured geopolymers increases with increases
in slag contents after exposure to a temperature of
400°C. The increase in mass loss of geopolymers
containing 10 and 15% slag is very low compared
to that containing 5% slag. However, increases in
mass loss of about 10 and 15% are observed at 20
and 30% slag contents, respectively. When geopolymers were exposed to higher temperatures such as

600 and 800°C, no significant change in mass loss is
noticed for slag contents of 10 and 15%, but a
similar level of increase in mass loss as that observed
at 400°C is also observed for 20 and 30% slag contents. Nevertheless, it can be seen that the mass loss
of geopolymers increases with increases in elevated
temperatures for all slag contents. The increasing
mass loss with increases in slag contents in ambient
air-cured geopolymers can be attributed to the
increase in CaO, which results in a larger amount
of calcium-based reaction products such as C-(N)A-S-H gels. In heat cured fly ash geopolymers, on
the other hand, the mass loss at 400, 600 and 800°C
is 9, 11 and 15%, respectively, much lower than that
observed in the case of ambient air-cured fly ash-
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(b)

(c)

Figure 5. SEM images of ambient air-cured geopolymers containing (a)5%, (b) 15% and (c) 30% slag as partial replacement for
fly ash after exposure to a temperature of 400°C.

(a)

(b)

(c)

Figure 6. SEM images of ambient air-cured geopolymers containing (a)5%, (b) 15% and (c)30% slag as partial replacement for
fly ash after exposure to a temperature of 600°C.
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(a)

(b)

(c)

Figure 7. SEM images of ambient air-cured geopolymers containing (a)5%, (b) 15% and (c) 30% slag as partial replacement for
fly ash after exposure to a temperature of 800°C.

Figure 8. XRD analysis of ambient air-cured geopolymers containing 5, 15 and 30% slag and fly ash geopolymers.

slag blended geopolymers, presumably due to the
absence of calcium-based reaction products in
N-A-S-H geopolymer gels [19].
The effects of increasing slag contents on volume
changes in geopolymer specimens after exposure to
elevated temperatures are shown in Figure 14. It can

be seen from the figure that, unlike for mass loss
there is no trend in volume changes of ambient aircured geopolymers with increases in slag contents at
any elevated temperatures except for 600°C where an
increasing trend is noticed. At 800°C, however, especially for higher slag contents such as 15, 20 and 30%
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(b)

(c)
Figure 9. XRD analysis of ambient air-cured geopolymers containing (a) 5%, (b) 15% and (c) 30% slag as partial replacement for
fly ash after exposure to 400, 600 and 800°C temperatures.

Figure 10. Comparison of XRD analysis of ambient air-cured geopolymers containing various slag contents and fly ash
geopolymers after exposure to a temperature of 800°C.

the volume changes could not be measured due to
severe cracking as seen in Figure 15 which shows the
effects of increasing slag contents on cracking and
colour changes. It can be seen in Figure 15 that no
cracking occurred in any geopolymers at up to 600°C
regardless of the slag contents. At 800°C, however,

cracks appeared in all ambient air-cured geopolymers
and the cracks width and depth increased with
increases in slag contents. In heat-cured fly ash geopolymers, on the other hand, the intensity of cracking
at 800°C is much less than in ambient air-cured
geopolymers containing high slag contents [24]. It
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Figure 11. TGA analysis of ambient air-cured geopolymers containing various slag contents and fly ash geopolymers.

has been shown in next section that the compressive
strengths of ambient air-cured geopolymers containing high slag contents (e.g. 20 and 30%) are higher
than those containing 5, 10 and 15% slag. This can be
attributed to the formation of larger amounts of
calcium-based reaction products in C-(N)-A-S-H
geopolymer gels, which are more compact than
those of heat-cured fly ash geopolymer matrices.
The more compact geopolymer matrices of fly ashslag geopolymers therefore prevented water vapour
from escaping from the inner portion of the matrix in
ambient air-cured geopolymers containing high slag
contents, and more cracking occurred in these geopolymers due to internal pore pressure. In addition,
residual silica provided by the activator which might
not have been incorporated into the reaction

products (most likely C-(N)-A-S-H gels) may have
caused swelling and thermal instability at elevated
temperatures [13,25]. A colour change in ambient
air-cured fly ash-slag geopolymers is also observed
after exposure to elevated temperatures as shown in
the same figure Figure 15. It can be seen that the
colour of ambient air-cured geopolymers is changed
from dark grey at ambient temperature to grey, light
brown and brown at 400, 600 and 800°C, respectively
regardless of the slag contents. The same figure shows
colour changes in heat-cured fly ash geopolymers and
it can be seen that the fly ash geopolymers also
changed to a brown colour at 800°C. This change in
colour is attributed to the oxidation of iron species
within the fly ash particles during heating at elevated
temperatures.
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Figure 12. Pore size distribution of various fly ash-slag blended geopolymers and fly ash geopolymers.

Residual compressive strength
The measured compressive strengths of ambient
geopolymers
containing
various
air-cured
amounts of slag before and after exposure to
elevated temperatures are shown in Figure 16.
Error bars are shown in the same figure. The
compressive strength of heat-cured fly ash geopolymers is also shown in the same figure for purpose of comparison. It can be seen that the
measured compressive strength of unexposed geopolymers to elevated temperatures is decreased by
15 and 7% due to increases in the slag content
from 5% to 10 and 15%, respectively. At higher
slag contents such as 20 and 30%, however, the
compressive strength is increased slightly by
about 6 and 5%, respectively. The exact reason
for the slight reduction in compressive strength
for 10 and 15% slag contents is not known, but
the microstructural analysis results reveal a
slightly more porous matrix in the SEM images
and slightly higher pore volumes in the MIP
results for geopolymers containing 15% slag than
in those containing 5% slag. After these geopolymers are exposed at 400°C, it can be seen that the
residual compressive strength increases with
increases in slag contents. A similar trend is also
observed after exposure to 600°C. After exposure
to 800°C, however, no such increasing trend is
observed. Rather, the residual compressive
strength decreases at higher slag contents. In the
case of heat cured fly ash geopolymers, on the
other hand, a different trend can be seen in
Figure 16, where the compressive strength is

increased at 400°C and decreased negligibly at
600°C, with an approximate 40% reduction at
800°C. Figure 17 shows that fly ash-slag blended
geopolymers lost between 60 and 70% of their
ambient temperature compressive strength at
800°C. This compares to compressive strength
loss of about 22–68% at 600°C. At a temperature
of 400°C, however, the compressive strength loss
is small at about 12–40%. The significantly higher
loss of compressive strength at all temperatures is
believed to be due to loss of absorbed and chemically bound water in fly ash-slag geopolymer
gels as well as to decomposition of calciumbased reaction products in the geopolymer gels
at such high temperatures, which is evident in
the TGA results discussed earlier which showed
mass loss of fly ash-slag geopolymers at all temperatures to be higher than that of fly ash geopolymers. On the other hand, due to the absence of
calcium-based reaction products in fly ash geopolymer gels, the moisture loss and hence, mass loss
is lower than for fly ash-slag geopolymers as can
be seen in Figure 13. In addition, due to lower
moisture loss, the contraction of fly ash geopolymers is also stable from 200°C to about 600°C as
observed in a dilatometry test conducted by
Shaikh and Hosan [11]. In the case of fly ashslag geopolymers, the higher loss of compressive
strength at temperatures of 600 and 800°C can be
attributed to the higher mass loss at these temperatures than at 400°C and to the higher number
of pores observed in the SEM images in fly ashslag geopolymers at these temperatures than at
400°C, which were discussed above.
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Figure 13. Mass loss of ambient air-cured geopolymers containing various slag contents after exposure to elevated temperatures.
[Note: S0 represents 100% fly ash geopolymers].
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Figure 14. Volume loss of ambient air-cured geopolymers containing various slag contents after exposure to elevated
temperatures.
[Note: S0 represents 100% fly ash geopolymers].
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Figure 15. Cracking behaviour of ambient air-cured geopolymers containing various slag contents after exposure to elevated
temperatures.

Conclusions
In this study, the effects of five slag contents ranging
from 5–30% by weight as partial replacement for fly
ash in fly ash-slag blended ambient air-cured geopolymers are investigated and their effects on residual
compressive strength, physical behaviour and microstructural changes are evaluated and compared with
those of heat-cured fly ash geopolymers. The following conclusions can be summarised from the results:
(1) All geopolymers show reductions in ambient
temperature compressive strength after exposure to elevated temperatures. The reductions
are much higher at 600 and 800°C than at 400°
C. The residual compressive strength of ambient air-cured geopolymers increases with
increases in slag contents at 400 and 600°C.

No such trend is observed at 800°C, where
compressive strength loss of about 60–70% is
observed.
(2) Mass loss of ambient air-cured geopolymers
increases with increases in slag contents at all
elevated temperatures. No such trend is
observed in the case of volumetric shrinkage.
(3) No significant cracking is observed in ambient
air-cured geopolymers at 400 or 600°C.
Significant cracking is observed at 800°C especially for 15–30% slag contents presumably
due to dissociation of a larger amount of calcium bound product calcite.
(4) SEM images show increases in the density of
geopolymer microstructures with increases in
slag contents both before and after exposure to
elevated temperatures.
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Figure 16. Compressive strength of ambient air-cured geopolymers containing various slag contents before and after exposure
to elevated temperatures.
[Note: S0 represents 100% fly ash geopolymers].

Figure 17. Percentage loss of compressive strength of ambient air-cured geopolymers containing various slag contents after
exposure to elevated temperatures.
[Note: S0 represents 100% fly ash geopolymers].

(5) A new “calcite/CSH” crystalline peak appears
at 2θ angles of 29.4° and 50.17° with increases
in slag contents and the height of the calcite
peak also increases indicating the formation of
more calcium-bearing reaction compounds in
the C-(N)-A-S-H gels. After exposure to elevated temperatures, the calcite phase observed
in geopolymers containing slags disappears
indicating that this calcium compound decomposes at those elevated temperatures, as is also
evidenced in the higher number of micropores
in the SEM images of fly ash-slag blended
geopolymers at 800°C. Two additional crystalline phases, nepheline (Na4Al4Si4O16) and gehlenite (Ca2Al2SiO7), are also observed in all

geopolymers containing slag after exposure to
a temperature of 800°C.
(6) The rate of mass loss in fly ash-slag blended
geopolymers is much higher than that in heatcured fly ash geopolymers up to 200°C. No mass
loss peak is observed in the region of 450°C a
result confirming the absence of Portlandite (Ca
(OH)2) in the geopolymer gels in fly ash-slag
geopolymers. The higher rate of mass loss in fly
ash-slag blended geopolymers than in fly ash
geopolymers can be attributed to decomposition
of calcite formed in C-(N)-A-S-H gels.
(7) The overall pore volume of slag-fly ash
blended geopolymers is lower than that of fly
ash geopolymers. Geopolymers containing
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30% slag exhibited the lowest pore volume
among those examined.
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