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Abstract Geopolymer specimens were prepared by com-
bination of fly ash and metakaolin activated by sodium sil-
icate (NazSiO3) and sodium hydroxide (NaOH) solutions.
The effect of high temperature on the compressive strength,
mass loss and shrinkage of geopolymer cement pastes and
ordinary portland cement (OPC) pastes were assessed exper-
imentally. Microstructure formation and development were
characterized in terms of pore structure by mercury intrusion
porosimetry. The results reveal that at temperatures exceed-
ing 400 °C geopolymer cement paste is superior to OPC
paste. Firstly, the compressive strength drops rapidly for the
OPC paste to practically zero strength at 600 °C, while it
drops slowly for the fly ash-metakaolin-based geopolymer
cement paste to 46 MPa at 1000 °C. Secondly, while the mass
loss increases for the OPC paste, it is maintained at a con-
stant, lower value for the geopolymer cement paste. Thirdly,
shrinkage of geopolymer cement paste is at least three times
smaller than that of OPC paste.
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1 Introduction

Cement industry is acknowledgedly associated with the large
amount of CO, emission. Accordingly, development of alter-
native cementitious materials from by-products including
slag, fly ash and bottom ash is considered existing strategy to
reduce the CO; emission of concrete industry. Geopolymers
are considered to be one of these alternative cementitious
materials with widely potential application value in cement
and concrete due to its high early strength and excellent
durability as well as reduced CO; emission [1-3]. Based
on the properties mentioned above, researchers are showing
wide interest in geopolymer binders, i.e., the alkali activated
binders with metakaolin or fly ash precursors. However, the
literature on portland cement and geopolymer exposed to
high temperature at about 1000 °C is scant [1-7]. There-
fore, this paper provides a comparison of high-temperature-
exposed pastes of OPC and geopolymer comprised of fly
ash, metakaolin and sodium silicate (Na»SiO3) and sodium
hydroxide (NaOH) solutions. Compressive strength, mass
loss and shrinkage as a function of firing temperature were
compared. Microstructure formation and development were
characterized in terms of pore structure by mercury intrusion
porosimetry (MIP).

2 Materials

Fluidized bed fly ash was provided by Shenhua Junggar
Energy Corporation in Junggar, Inner Mongolia, China.
Metakaolin was obtained from Yunnan, China. Their chem-
ical compositions are provided in Table 1.

Portland cement (CEM O 42.5) having relative density
3100kg/m> (relative density is the ratio of the mass of a
unit volume of cement to the density of a given reference
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Table 1 Chemical

compositions of raw materials SiO, Al O3 Fe, 03 MgO CaO Na,O K>,O MnO TiO; LOI
by X-ray fluorescence (XRF) Cement 2135 767 331 308 6260 035 039 005 025 095
analysis (mass, %)

Fly ash 2947  51.72 2.25 0.15 5.21 0.05 035  0.03 1.83 8.58

Metakaolin ~ 53.32  42.09 2.33 0.21 0.09 0.49 0.64  0.02 0.63 0.08
Table 2 Propertles of cement Compressive strength (MPa)? Flexural strength (MPa)® Initial setting Final setting
paste having water/cement time (min)° time (min)®
ratio=0.5

3days 28 days 3days 28 days

27.3 47.5 6.3 8.7 132 187

& Compressive strength of geopolymer paste and OPC samples was performed according to ASTM

C1009 [5]. For each mix, six specimens were used and the average of these three values was reported

Y The flexural strength test was performed on dried specimens in accordance with ASTM C348-08 [6]

¢ In fresh pastes, the initial and final setting time was determined using the Vicat apparatus in accordance
with the ASTM C191 [7] standard test method

material, usually with respect to water), specific surface area
369.6m?/kg (specific surface area is a property of cement
which is the total surface area per unit of mass), chemical
composition as shown in Table 1 and strength and setting
properties as shown in Table 2 was used.

Scanning electron microscopic (SEM) study of the fly ash
and metakaolin reveals some interesting features related to
the morphology of fly ash and metakaolin samples. Figures 1
and 2 indicate the geometrical properties of the former two
materials, respectively; it can be seen that shape is usually

Fig. 1 Micrographs of
fluidized bed fly ash by scanning
electron microscope (SEM)

o
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irregular and appears to be porous in a potential state of frag-
mentation with small and rough particles. Metakaolin shows
the presence of very fine particles with size of approximately
10 pm being perceived as an agglomeration of particles.
However, the distribution of particle sizes is different for
flocculated and plate-shaped fly ash, and the largest particles
are approximately 30 wm in size.

The alkali activator is composed of sodium silicate and
sodium hydroxide (99.2% NaOH) in analytical reagent
degree. The liquid portions in the mixture are 10 M sodium
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Fig. 2 Micrographs of
metakaolin by scanning electron
microscope (SEM)
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Fig. 3 Particle size distribution of FA and MK samples

hydroxide (NaOH) and sodium silicate (Na;SiO3) with
14.51 % NayO, 33.39 % SiO, and 48.53 % H,O.

The particle size analysis of fly ash and metakaolin were
carried out using a laser diffraction particle size analyzer
(MASTERSIZER S, Malvern, UK). Subsequently, each sam-
ple was grinded and sieved for 30 min in a sieve shaker using
sieves no. 300. Each of the size fractions so obtained was sep-
arately analyzed for particle size distribution. Sieve analysis
of fly ash and metakaolin reveals that the particle size range
varies widely.

10 5.0kV 11.3mm x50.0k SE

Table 3 Particle diameter of fly ash and metakaolin samples (jLm)

Characteristic diameter Fly ash Metakaolin
Do 103.53 99.87
Dsg 51.09 12.66
Do 10.31 0.49

Figure 3 shows the particle size distribution of fly ash
and metakaolin samples. The characteristic particle diame-
ters Do, Dso and Do are tabulated in Table 3. A wide vari-
ation in particle size was observed in the fly ash-metakaolin.
In metakaolin, 90 % particles were <100 pwm size, whereas
in fly ash, the coarser size just exceeded 100 pm.

Geopolymer samples were synthesized by alkaline acti-
vation of combination of fly ash and metakaolin with mass
ratios of 1:1 with silicate solutions (modulus of water glass,
MR = 1.5). The liquid/solid (L/S) mass ratio is kept constant
at 0.5, the liquid comprising water in alkaline solutions and
the extra water and the solid materials comprising fly ash,
metakaolin or a combination of them.

The activating solutions were prepared by mixing sodium
hydroxide (analytical grade, >99 % purity) with distilled
water and sodium silicate solution. All activating solutions
were prepared one day before the sample preparation. Mix-
ture proportions for geopolymer and OPC are listed in Table 4.
The cement paste used in this study was CEM O 42.5. The
water/cement ratio was kept constant at 0.5.

i
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Table 4 Mixture proportions of geopolymer and OPC pastes

Sample Fly ash (g) Metakaolin (g) Cement (g) Si0, (mol) Nay O (mol) Hy0 (g)
Geopolymer 500 500 0 1.5 1.0 500
Fly ash geopolymer 1000 0 0 1.5 1.0 500
Metakaolin geopolymer 0 1000 0 1.5 1.0 500
OPC 0 0 1000 0 0 500

Fresh geopolymer pastes and cement paste were cast in 1200 % @ T R ————
triplet steel molds of 40mm x 40mm x 40mm cubes and p— e R
vibrated to remove entrained air bubbles. The molds were C / 700°C 800°C
then sealed with polyethylene film and set into a standard & 800 I 900°C +1000°C
curing box. After initial curing at 40 °C for 1 day, the samples g :
were demolded and subjected to further curing at 40 °C for T 600

2 L
28 days. é . y.
200 T A
3 Experimental Technique E/ ‘\
. /T~ . . ;

Compressive strength tests were performed on cubes using 0 500 Time (i) 1000 1500
a universal testing machine with a loading rate of 0.6 MPa/s
at age of 3, 7 and 28 days after casting the samples at 20 °C 1200 ) —100°C —200°C
followed by curing at 40 °C for 24 h. Averages of six samples i —300°C  ——400°C
were tested for each result. For each age, six specimens were 1000 T /N _‘;gg:g _ggg:g
tested and the mean value of these measurements is reported. 2 w0 I —900°C 1000°C
Compressive strength of OPC and geopolymer pastes was < C
determined by standard uniaxial compressive test using uni- E
versal testing device. The tests were performed by placing g
the samples between two rigid plates and applying the load 5
with displacement control which is of special importance to
adequately perform compressive strength tests. All tests were
performed on cubic specimens with the dimensions of 40 x
40 x 40mm?. The test was carried out in laboratory condi- i 0'00 1560

tions at 20 £ 2 °C and 60 =£ 5 % relative humidity at all time.

All samples were heated from ambient temperature to 100,
200, 300, 400, 500, 600, 700, 800,900 and 1000 °Cin an elec-
tric furnace with a heating rate of 2 °C/min and then cooled
to room temperature after samples were cured for 24h at
40°C. For all the samples, the maximum temperature was
maintained for 2h. The temperature versus time curve pro-
vided in Fig. 4 reveals the temperature evolution of OPC and
fly ash-metakaolin geopolymer samples heated at 100, 200,
300, 400, 500, 600, 700, 800, 900 and 1000 °C, respectively.
It indicates similar temperature evolution with time for the
two series of samples.

Sample characterization including mass change (the ratio
of mass losses of the OPC and geopolymer samples deter-
mined from the masses change before and after the heat
exposure by analytical balance to initial mass of samples),
shrinkage and morphology was conducted on geopolymer
and OPC samples to evaluate the effects of the elevated tem-
perature exposure.

@ Springer

Time (min)

Fig. 4 Temperature evolution of geopolymer and OPC samples. a
OPC; b geopolymer

Paste specimens of the size 20 x 20 x 200 mm> were
prepared for the shrinkage test. The specimens were removed
from the molds after being cured for 24 h. The prism speci-
mens were installed onto the setup for the length change tests
shownin Fig. 5 and cured in aroom with constant temperature
and relative humidity (20 & 3°C,RH = 90 £ 5 %). Length
changes of the prism before and after high-temperature expo-
sure were recorded by reading the dial gauge regularly [8].
Shrinkage was measured after pre-drying at 105 °C for 24h
to remove free water to avoid excessive shrinkage in the ini-
tial stage of the measurement. This step ensured that contact
between the sample and the pushrod of the dilatometer was
maintained.
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/7 Dial gauge

/Specimen

Fig. 5 Schematic diagram of the setup for testing the length change

The morphological changes that occur during thermal
exposure were obtained by means of JSM-5610LV scanning
electron microscope (SEM). The specimens for morphology
observation were cut into prisms of about 8 x8x2mm?>.

The porosity and pore size distribution were measured
using MIP with a maximum pressure of 207 MPa, and the
contact angle was 140 °C. The samples were immersed in
ethanol to stop hydration immediately and were crushed and
dried at about 105 °C for 24 h before MIP test. For compar-
ison, the relative properties of cement paste (CEM O 42.5)
with a water/cement ratio of 0.5 was also measured.

4 Results and Discussion
4.1 Compressive Strength

The bulk density of geopolymer and OPC samples was deter-
mined by weighing following the standard procedure
described in standard EN 1015-6 [9]. The filling and com-
paction method for fresh pastes was applied. The bulk density
of samples was calculated as the mean value of two measure-
ments rounded to the nearest 10kg/m>. Bulk density 3.10,
2.65 and 2.77 g/lem® was obtained for portland cement paste,
fly ash-based geopolymer and metakaolin-based geopoly-
mer, respectively.

The compressive strength of OPC and geopolymer paste
specimens at 28 days after heated to 100, 200, 300, 400, 500,
600, 700, 800, 900 and 1000 °C, respectively, and cooled to
room temperature was tested. Six specimens were tested at
each 100 °C intervals after cooling to 20 °C, and the results
are presented in Fig. 6. The results provided in Fig. 6 reveal
that the OPC paste suffered a 10 % strength loss up to 400 °C
followed by an abrupt loss and practically total strength loss
at 600 °C, while the geopolymer paste had gained 20 % in
compressive strength at 400°C followed by a gradual

—&—Portland cement

Compressive strength (MPa)

20 ~mmmmesmasens
—/x— Geopolymer
i e e
04—ttty
20 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 6 Compressive strength of geopolymer and OPC pastes at various
temperatures (maximum and minimum deviation values are 3.5 and
0.1 MPa, respectively)

decrease in strength, at 1000 °C reducing to approximately
60 % its strength at 400 °C. Thus, the compressive strength of
the geopolymer attained its maximum value 72 MPa and min-
imum value 46 MPa at a calcination temperature of 400 °C
and 1000 °C, respectively, the latter corresponding to 75 %
of the strength at 20 °C. This strength deterioration of OPC
is attributed to the Ca(OH), decomposition that occurs at
about 400 °C. As the temperature increases, the dehydration
of portlandite, another major product in OPC pastes, gener-
ally occurs between 400 and 550 °C [10]. The rehydration of
portlandite is well known to be detrimental to cement pastes,
and the degree of degradation can be directly linked to the
sorptivity of heat-exposed OPC pastes [11]. In geopolymers,
aluminosilicate gel is the major binding phase that provides
interparticle bonding, which could enhance the compressive
strength [12—14] and become the main reason for the strength
increase in geopolymer paste.

4.2 Shrinkage

Shrinkage of the selected geopolymers was also investigated
in terms of dimensional change after exposure to elevated
temperature for 2h. Figure 7 presents the photographs of
geopolymers before and after the thermal exposures. It is
observed that these geopolymers get a certain degree of vol-
ume shrinkage after the thermal exposures. Actually, OPC
has been shown to exhibit a higher shrinkage compared with
geopolymer [15-17], which can cause severe defects when
it is practically applied in cement or concrete construction.
Shrinkage results for the OPC and geopolymer samples
in this work are presented in Fig. 8. All samples exhibited
shrinkage up to 1000 °C due to dehydroxylation of chemi-

@ Springer
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Fig. 7 Photographs of
geopolymers before and after
the thermal exposures

cally bound water. In a normal PC paste, pore water and crys-
talline hydration water can be lost from AFt- and AFm-type
phases and C—S-H gel at temperatures below 300 °C [18].
As the temperature increases, the dehydration of portlandite
generally occurs between 400 and 550 °C [19] and provokes
a significant shrinkage effect [20]. When heated, the water
trapped in concrete starts to evaporate at 300 °C, thus caus-
ing dehydration of the chemical compound C—S-H (calcium
silicate hydrate) which is responsible for bonding the differ-
ent concrete constituents together [21]. The dehydration of
C-S-H crystals results in a decrease in strength of concrete,
a process that is not reversible. At 530°C, Ca(OH), turns
into CaO resulting in a 33 % shrinkage in volume [22]. The
shrinkage is particularly evident for cement sample where
dehydration of the C—A-S—H phase and C—S-H phase is
believed to dominate the dilatometry profile resulting in loss
of contact with the pushrod at about 1000°C [8]. As men-
tioned above, length changes in the samples before and after
high-temperature exposure were recorded by reading the dial
gauge regularly [8]. Shrinkage leads to the decrease in length
of samples, hence the loss of contact with the pushrod as
shown in Fig. 5. The shrinkage for geopolymer is likely due
to sintering and further geopolymerization at elevated tem-
perature above 600 °C which is revealed by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy dis-
persive spectrometry (EDS) [23,24].

Polynomial trend lines were used to show the trend of
shrinkage evolution in geopolymer specimens with increas-
ing temperature. A linear relationship was found between
shrinkage evolution and the elevated temperature for cement
specimens. Obviously, cement exhibited evident and higher
shrinkage values when compared to geopolymer pastes.

Shrinkage under practical conditions depends on loss of
water from the pores, which determines how easily water
may be lost from the pores. The geopolymer specimens is
expected to result in a much denser matrix (see 4.4 pore size
distribution) and lower porosity compared to OPC, hence an
increased rigidity of the solid network, leading to a higher
resistance to the shrinkage. Therefore, cement exhibited evi-
dent and higher shrinkage values when compared to geopoly-
mer pastes.

@ Springer
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Fig. 8 Thermal shrinkage of portland cement and geopolymer paste
with elevated temperature

4.3 Mass Loss

The average values of mass loss after exposure to different
temperature are plotted in Fig. 9. The mass loss is nearly
proportional to the temperature up to 400 and 600°C for
geopolymer and OPC paste, respectively, as observed in
Fig. 9. At higher temperatures, the mass loss is constant for
the geopolymer paste and could not be determined for OPC
paste because of spalling of the specimens. The geopoly-
mer shows similar mass loss curves up to 400°C as OPC,
with relatively greater mass loss for geopolymer specimen
than OPC in this region. It can be seen from Fig. 9 that
most of the mass loss occurs around 400 °C. The mass loss
of the geopolymer specimens at 1000°C was 3.39 %. The
geopolymer microstructures became denser with the increase
in fire temperature up to 400°C as shown in Fig. 10. This
change has occurred in the microstructure because of sin-
tering and further geopolymerization with the increase in
temperature [23,24]. Thus, the microstructure of geopolymer
specimens remained stable after exposure to high tempera-
ture and presents less mass loss at temperatures tested above
400°C.
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Fig. 9 Change in mass loss of geopolymer and OPC pastes with fire
temperature

4.4 Pore Size Distribution

As pointed out by Diamond [25], MIP is the only available
procedure that purports to cover nearly the whole range of
sizes that must be tallied. The pore size distribution measure-
ments performed by MIP of metakaolin and fly ash geopoly-

Fig. 10 Microstructures of
geopolymer at different
temperatures

fu-
L
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(¢) 200 °C

mer samples and OPC paste are shown in Fig. 11. The results
at 28 days are plotted to identify how pore size distribution
changes with mix proportion. Apparent porosity of
metakaolin and fly ash geopolymer samples and OPC paste
is listed in Table 5. The results at 28 days followed by heating
at 400°C shown in Fig. 12 are used to assess how pore size
distribution changes after heat exposure.

The comparison of metakaolin geopolymer, fly ash
geopolymer and OPC paste shows that the total porosity
(cumulative intrusion volume) is decreasing for geopoly-
mer pastes compared to OPC. The porosity evolution trend
can also be observed in Table 5. The differential curves of
pore size distribution are almost identical between different
samples. The critical pore diameters, defined as the peaks
in the differential curves, giving the rate of mercury intru-
sion per change in pressure (differential curves) [26], did
not show a significant change. However, as expected, the
total pore volume in traditional OPC is higher than that in
geopolymer.

Cumulative intrusion volume of OPC is higher than that of
geopolymer as shown in Figs. 11a and 12a, and for the same
volume of specimens, it means total porosities of the OPC
samples are higher than that of the geopolymers. Combined
with results in Table 5, it can be concluded that the total
porosities of the OPC samples are significantly higher than
the porosities of the fly ash-metakaolin-based geopolymers.

baovalsoal
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Fig. 11 Pore size distribution of metakaolin and fly ash geopolymer
and OPC samples

Table 5 Apparent porosity of geopolymer and OPC paste samples

5 Conclusions

1. OPC suffered strength loss after high-temperature expo-
sure. The fly ash-metakaolin-based geopolymer gained
strength up to 500 °C and lost strength at higher temper-
atures.

Polynomial trend lines were used to show the trend

Sample Apparent porosity (%)
Fly ash geopolymer 11.19
Metakaolin geopolymer 9.73
OPC 13.96

This is expected since the metakaolin—fly ash geopolymers
contain much less liquids than OPC (water/cement ratio =
0.5). Capillary pressure is related to the pore size through the
Young—Laplace equation, and effective porosity refers to the
pore space in the capillary and gel pores [27]. The volume of
the gel and capillary pores is considerably reduced if heating
is allowed to take place [28]. The pore system left behind by
liquid in the cement system tends to be larger than the pores
created by partially dissolved hollow fly ash particles in the
geopolymer system after heating.

@ Springer

of shrinkage evolution in geopolymer specimens with
increasing temperature. A linear relationship was found
between shrinkage evolution and the elevated tempera-
ture for OPC. Cement exhibited higher shrinkage values
compared to geopolymer pastes.

The mass loss is nearly proportional to the tempera-
ture up to 400 °C and 600 °C for geopolymer and OPC
paste, respectively. Athigher temperatures, the mass loss
is constant for the geopolymer paste and could not be
determined for OPC paste because of spalling of the
specimens. The geopolymer shows similar mass loss
curves up to 400 °C as OPC, with relatively greater mass
loss for geopolymer specimen than that for OPC in this
region.

The geopolymer microstructures became denser with
the increase in fire temperature up to 400°C. The com-
parison of metakaolin geopolymer, fly ash geopolymer
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