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Abstract: To advance the development of high-temperature/fire-resistant alkali-activated materials,
it is vital to understand their behaviour subjected to elevated temperatures. This paper presents a
systematic experimental study on microstructural characteristics and micromechanical properties of
alkali-activated fly ash-slag paste (AAFS) after exposure to 20-800 <€. The microstructural evolution
in terms of morphology, phase assemblage and gel compositions was examined using backscattered
scanning electron microscope-energy dispersive spectrometry (BSEM-EDS), while atomic force
microscopy (AFM) and nanoindentation tests were conducted to evaluate the micromechanical
properties at elevated temperatures. Results indicate that the volume fraction of unreacted particles
drops from 29.7% to 4.0%, whereas porosity in AAFS paste goes up from 4.1% to 15.4% at up to
800 <. The average hardness and elastic modulus are in the ranges of 0.6-14.5 GPa and 27.0-104.2
GPa, respectively. Based on the obtained experimental results, the microstructure-micromechanical
property relations and inherent damage mechanisms were then discussed in depth from a multiscale
viewpoint.
Keywords: Geopolymer; Microstructure; Micromechanical properties; Damage mechanism;
Nanoindentation
1. Introduction
Alkali-activated materials (AAM) have been considered as a promising alternative to ordinary
Portland cement because of their superior mechanical performance, significant reduction in CO>
emissions, consumption of industrial wastes and application of recycled materials [1-7]. Compared
to the commonly used types of AAM such as alkali-activated fly ash (AAF), alkali-activated slag
(AAS) and alkali-activated metakaolin (AAMK), alkali-activated fly ash-slag (AAFS) is an attractive
type of AAM in blend precursor system, which combines the advantages of AAF and AAS to achieve
excellent engineering properties and durability at ambient temperature curing [8-11]. Therefore, the

focuses have been placed on the behaviour of AAFS in different scenarios to explore its potential
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applications. In particular, high-temperature exposure can be one of the most crucial factors that
determines the suitability of AAFS as fire-resistant and thermal energy storage materials [12-14].
Thus, it is vital to carry out a thorough investigation into the high-temperature performance of AAFS.

Many studies have explored different mechanical and thermal properties of AAFS at elevated
temperatures and the main damage mechanisms can be summarised with three different temperature
levels: a) 20-200 <€: further geopolymerisation and pore pressure build-up [15-17], b) 200-600 <€:
thermal gradient and phase decomposition [16, 18], and ¢) 600-800 <€: recrystallisation and viscous
sintering [16, 17, 19-21]. Heating beyond 800 <€ can lead to the loss of structural integrity in the
matrix. In terms of mechanical properties, the increase of temperature at up to 400 € would lead to
a compressive strength gain by around 20-78%, depending on the fly ash/slag ratio [16, 22, 23]. After
exceeding 400-600 <€, a significant drop in retention strength by up to 140% was found in AAFS,
followed by a slight rise in strength at 800 <€ due to viscous sintering [14, 16, 24]. As for thermal
properties, the experimental study on thermal stability of AAFS paste indicated that the main mass
loss occurred before reaching 400 <€ [16, 17]. A major thermal contraction was observed in AAFS
paste at around 680 €€ due to the collapse of nanostructure induced by high temperature exposure
[16]. Then, a thermal expansion could be found in AAFS matrix, ascribed to the formation of large
cracks at around 800 €.

To gain insights into the changes in mechanical and thermal properties, the microstructural
evolution of AAFS at both ambient and elevated temperatures has recently been explored from a
multiscale point of view in a few studies [17, 25]. The change of nanostructures in terms of
compositions of different reaction products (i.e., N-A-S-H, C-A-S-H and N-C-A-S-H gels) in AAFS
paste was examined, indicating the decomposition of C-A-S-H gels, formation of N-A-S-H gels and
phase transformation between amorphous and crystalline phases from 20 to 800 € [17, 25]. In
addition, the morphological change within AAFS paste was also studied, showing the appearance of
large cracks, cavities and flaws in a porous structure with a porosity of around 24% at 800 <€ [25,
26]. Although some of microstructural features in AAFS have been characterised before and after
heating, a comprehensive understanding of the evolution of micromorphology and gel compositions,
as well as the relationships between microstructure and mechanical performance in AAFS at elevated
temperatures is still lacking.

Apart from microstructural characteristics, the micromechanical properties that contribute to the
macroscopic mechanical performance of AAFS paste were rarely explored. The existing studies are
mainly focused on the micromechanical properties of AAFS paste at ambient temperature. At the
paste level, the local elastic modulus and hardness were tested on different solid phases, including
unreacted particles and reaction products. Regarding unreacted particles, the unreacted fly ash and
slag were found to have an elastic modulus of 30-140 GPa and 46-70 GPa, respectively [26-29]. The
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elastic modulus of reaction products in AAFS paste was also measured, including N-A-S-H gels (4-
20 GPa), C-A-S-H gels (12-47 GPa) and N-C-A-S-H gels (15.6-23.9 GPa) [27-32].The change in
chemical compositions and internal structures would affect the evolution of elastic modulus in AAFS
paste in terms of local chemical environment and heterogeneity of the structure. However, AAFS
paste could experience drastic physic-chemical changes induced by elevated temperatures, whereas
no work has attempted to explore the micromechanical properties of AAFS paste after exposure to
high temperatures and link them with microstructural characteristics.

To fill in the gap of knowledge, this study conducts a systematic investigation into the
microstructure and micromechanical properties of AAFS paste subjected to elevated temperatures
(20, 105, 200, 400, 600 and 800 <€), and aims to provide new insights into the relationships between
them as well as their contributions to high-temperature performance of AAFS. Regarding
microstructural features, the temperature-dependent micromorphology of AAFS paste was
characterised using backscattered scanning electron microscopy-energy dispersive spectroscopy
(BSEM-EDS), while the micromechanical properties in terms of local elastic modulus and hardness
of AAFS paste were examined using atomic force microscopy (AFM) and nanoindentation. Based on
the obtained experimental results and the authors’ previous studies [16, 25], the microstructure-
micro/macro-mechanical property relations in AAFS paste were explored in depth for the first time
to gain insights into the underlying damage mechanisms of AAFS at elevated temperatures.

2. Experimental program

2.1 Raw materials

Low-calcium (equivalent to ASTM Class F) fly ash and ground granulated blast-furnace slag (GGBS)
were used as precursors in this study, the chemical compositions and particle size distribution of
which are presented in Table 1 and Fig. 1, respectively. Based on the previous research [33], 10 M
sodium hydroxide (SH) and commercial sodium silicate (SS) were used as alkaline activators. The
10 M SH was prepared by incorporating 400 g NaOH pellets (analytical level of 99 wt.%) with 1 L
water. It was then stored for 24 h to release heat and cool down to ambient temperature before mixing.
The modulus (molar ratio of SiO2/Na2O) of SS solution (Na2O: 8.5 wt.%, Si02:27.0 wt.%, H20: 64.5
wt.%) was set as 2.0. To ensure the workability of the AAFS mixtures, the polycarboxylate-based
superplasticiser (SP, Sika®ViscoFlow®2000) was used as the admixture [32-35].

Table 1 Chemical compositions (wt.%) of fly ash and slag.

Oxide SiOz A|203 Fe,O3 CaO K>0O MgO Ti02 Na,O SOs; P,Os MnO
Flyash 4751 28.68 7.28 8.02 152 146 100 105 068 235 -
Slag 3261 1690 0.33 3961 030 728 055 038 - 0.03 0.26
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Fig. 1. Particle size distribution of fly ash and slag.
2.2 Mix proportion
The mix proportion of AAFS paste adopted here was determined based on a previous study [33],
which can meet the criteria for engineering applications in terms of fresh properties (e.g., workability
and setting time) and mechanical performance (i.e., 28-d compressive strength should exceed 35 MPa
according to ACI M318-05 [36]). The relevant proportions of different components were set as
follows: fly ash/slag ratio = 4, alkaline activator-to-precursor ratio (AL/P) = 0.4, SS/SH = 0.2,
superplasticiser-to-precursor ratio (SP/P) = 0.01. The mixture quantity is given in Table 2.
Table 2 Mix proportion (kg/m3) of AAFS.

Fly ash Slag SH SS SPs
Mixture quantity 320 80 53 107 4
2.3 Sample preparation

To prepare the fresh AAFS paste, firstly, the precursors (fly ash and slag) were dry mixed for 3 min.
Afterwards, the liquid solutions including SH, SS and SPs were added into the mixture and continued
mixing for another 3 min. The fresh AAFS paste was cast into two different moulds, i.e., plastic tube
moulds (215 x 100 mm) and plastic cubic moulds (40 <40 <40 mm) after mixing, and placed on a
vibrating machine for 2 min. The specimens were then sealed with plastic film and cured in a standard
curing room (20 =2 <€, 95% relative humidity) for 28 d before testing. Fig. 2 illustrates the
preparation of cylinder and crushed specimens. Six cylindrical samples were prepared from each tube
for nanoindentation test, whereas the crushed specimens from the cone of the cube were used for
BSEM-EDS test.
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Fig. 2. Schematic illustration of (a) cylinder and (b) crushed specimen preparation.
2.4 Heating methods
In this study, the heating rate was set as 10 <C/min to obtain the target temperatures of 105, 200, 400,
600 and 800 <C [14, 16, 37, 38]. The samples were placed in an electrical furnace with a computed
heating curve. When the target temperature was reached, it was held in the furnace for 120 min to
ensure uniform distributed temperatures within the specimen, and thus a thermal equilibrium state
could be achieved [21]. Afterwards, the specimen was naturally cooled down to room temperature.
2.5 Testing methods
2.5.1 Backscattered electron microscopy-energy dispersive spectrometry (BSEM-EDS)
A field emission scanning electron microscope was used to characterise the microstructure and
morphology changes of AAFS specimens. The working distance was set as 10 mm with the
acceleration voltage of 20 kV and the spot size of 6 nm. The pixel size for the images was 270 nm at
a magnification spanning from 30> to 4000 Furthermore, the EDS analysis was conducted under
the conditions: beam energy of 15 keV, probe current of 600 pA, and beam spot size of about 450
nm. The working distance was 8.5 mm with a take-off angle of 359 The counting rate was set as
50000 counts per analysis with dead times of 30% and acquisition time of 50 s.
2.5.2 Nanoindentation
The nanoindentation test was conducted to examine the micromechanical properties of AAFS paste
in terms of local elastic modulus and hardness [32]. Herein, the nanoindentation instrument with a
Berkovich indenter tip (BRUKER, Hysitron Tl 950, Germany) was used, with the load and
displacement resolution of 1 nN and 0.04 nm, respectively. The loading curve of nanoindentation test
includes three segments: 1) constant loading rate of 400 pN/s until the maximum load of 2 mN was
achieved, 2) holding time of 2 s at the maximum load, and 3) unloading rate of 400 piN/s. The classical
nanoindentation modes were applied in this study. 20 indentation tests were performed at different
locations (i.e., unreacted particles and reaction products) of AAFS paste specimens in the classical

mode. Fig. 3 shows the examples of indentation locations in the AAFS paste at 20, 400 and 800 <C.
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2.5.3 Atomic force microscopy (AFM)
The atomic force microscopy (AFM) test was carried out to measure the surface topography of the
polished AAFS paste specimens using the AFM instrument (Bruker, Dimension ICON, USA).

a) Unreacted fly ash at 20 °C b) Unreacted slag at 400 °C

Fig. 3. Examples of indentation locations in AAFS paste at various exposure temperatures.
3. Results and discussion
3.1. Micromorphology
With the increase of exposure temperature, AAFS paste experiences physical and chemical changes
that trigger the change of microstructural features in different phases. Fig. 4 shows the evolution of
micromorphology in AAFS paste from 20 to 800 <C based on BSEM images. At 20 <C, the dispersion
of unreacted fly ash and slag can be clearly observed in light grey colour with spherical and angular
shapes, respectively. As the temperature rises to 105 <C, there is no noticeable micromorphology
change within the AAFS matrix. The microcracks tend to propagate and further develop along the
“weak region” at the edge of unreacted fly ash and slag, i.e., interfacial transition zone between
different solid phases in AAFS paste [17]. At 200 <C, the unreacted fly ash and slag particles become
more difficult to be identified, which can be attributed to the dissolution of raw materials and further
geopolymerisation within the specimen [39, 40]. Following by the further development of cracks in
AAFS paste at 400 <C, there exists a significant change in micromorphology with phase
transformation in the specimen after 600 <C exposure. At this temperature level, unreacted particles
can seldomly be observed, whereas microcracks turn into large cracks and cavities. After 800 <C, a
porous internal structure can be observed in AAFS matrix. This can be ascribed to viscous sintering
associated with interparticle bonding and gel densification, as well as phase transformation and
crystallisation from amorphous to new crystalline phases, including nepheline and gehlenite [16, 19,
41, 42]. Due to the significant mineralogical changes in AAFS paste between 600 and 800 <C, the
resulting alterations in sample morphology can be found in Figs. 4 and 5.
3.2. Phase assemblage
To investigate the microstructural evolution of AAFS paste from 20 to 800 <C, 12-15 images were
captured from the corresponding samples for each temperature level. The compositions of different
phases in AAFS paste at various temperature levels were determined based on the quantitative

analysis of greyscale diagrams of BSEM images where unreacted particles, reaction products and
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pores/cracks appear in light grey, dark grey and black, respectively, as seen in Fig. 4 [43-45]. The
image processing was conducted following the approach described in previous work [16], where
thresholds for each phase were determined based on the intersection points of different greyscale
curves. This method ensured consistency across all analysed images by applying the same thresholds
during image segmentation [16]. However, it is important to note that the captured BSEM images are
15361094 pixels with a pixel size of 270 nm (192 dots per inch). This means that any features related
to unreacted particles, reaction products, and pores with a diameter smaller than 270 nm would not
be detected, which may consequently affect the accuracy of phase quantification, particularly in
regions where different phases exhibit similar grey values.

After image segmentation, all three phases are colour-coded separately in blue (unreacted
particles), yellow (reaction products) and red (pores and cracks). Fig. 5 demonstrates the phase
assemblage of AAFS with corresponding visualisation based on the processed BSEM images at each
temperature level from 20 to 800 <C. As mentioned before, unreacted particles with the highest
volume fraction of 29.7% can be found in the paste specimen at 20 <C, followed by a gradual decline
to 18.8% at up to 400 <C and a sudden drop by approximately 36.3% when reaching 600 <C. Due to
the continuous high temperature exposure and sintering effect, the unreacted particles only takes up
4.01% of the total volume at 800 <C, as observed from the segmented image with almost negligible
blue regions [46-48]. Regarding reaction products, a continuous increase from around 66.2% to 82.7%
happens when the temperature rises from 20 to 600 <C, while there is a slight decline of the volume
fraction from 82.7% to 80.6% after 800 <T is reached, as a result of the drastic phase transformation
at this stage of heating [20, 24, 49, 50]. Regarding pores and cracks, the volume fraction is relatively
stable at around 4-5% in the paste until up to 600 <C exposure. Afterwards, there is a comparative
increase from 5.1% to 9.3% and 15.4%, respectively, when the temperature reaches 600 and 800 <C.

AL et e e g 2

Fig. 4. Evolution of micromorphology in AAFS paste at various exposure temperatures.
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Fig. 5. Phase assemblage of AAFS paste at elevated temperatures based on BSEM images.

3.3. Gel compositions

To further investigate the gel compositions in reaction products of AAFS paste, the local element
maps regarding Si, Al, Ca and Na in the specimen at elevated temperatures are displayed in Fig. 6,
indicating that part of Si and Ca concentrate at the region of unreacted fly ash and slag particles.
Whereas, the rest of the mentioned elements are relatively evenly distributed in the reaction products,
consisting of N-A-S-H gels (i.e., SiO4 and AlO4 tetrahedra in a highly cross-linked structure with
shared O atoms [51]), C-A-S-H gels (i.e., silicate chains inter-linked by layers of CaO [52-54]), and
N-C-A-S-H (i.e., modification of N-A-S-H gels by partially replacing Na* with free Ca* to form the
hybrid structure [26, 55, 56]).

Fig. 7 illustrates the compositional ternary diagram of CaO-SiO.-Al:O3 in AAFS matrix at
elevated temperatures from 20 to 800 <C based on the EDS point scanning results focusing on the
reaction products. As per the existing studies on the compositional ranges of different types of
reaction products [26, 56-59], the majority of the points are within the region of C-A-S-H and high
Ca C-(N)-A-S-H gels in reaction products from 20 to 200 <C. As the temperature rises to 400 and
600 T, the spots tend to shift towards right and concentrate at the region with relatively less Ca
involvement. After 800 <C exposure, more spots appear in the low-calcium region, which are
categorised as N-A-S-H and N-C-A-S-H gels.

To quantitatively analyse the gel compositions, the statistical distribution of Al/Si and Ca/Si ratios
in AAFS at elevated temperatures is demonstrated in Fig. 8. As seen in Fig. 8(a), the average Al/Si
ratio stays around 0.36-0.46 in the paste after heating at up to 400 <C, which can be recognised as Si-
rich N-A-S-H gels (i.e., the Al/Si ratio of Si-rich N-A-S-H gels is around 0.5 [60]). From 400 to
800 <TC, there is a noticeable increase of the Al/Si ratio from approximately 0.40 to 0.79, implying an
increase of Al-rich N-A-S-H gels in the reaction products of AAFS paste after 400 <C exposure. This
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is consistent with the nuclear magnetic resonance (NMR) results from the previous research that the
silicon tetrahedra with a Q*(3Al) structure referring to highly cross-linked Al-rich N-A-S-H gels
exhibits a significant increase of volume fraction from 21.6% to 41.3% at 400-800 <C [25]. In terms
of Ca/Si ratio in the paste, a rise in the average ratio from around 0.64 to 0.81 at 20-105 <C occurs,
attributing to the continuous dissolution of slag and further geopolymerisation triggered by
temperature exposure. As the temperature goes up from 200 to 800 <C, there is an overall trend of
decline in Ca/Si ratio of the specimen from 0.68 to 0.55 with a slight fluctuation at 400-600 <TC (see
Fig. 8(b)). This can be ascribed to the release of free Ca?*, decomposition of C-A-S-H gels and
potential phase transformation from C-A-S-H (Ca/Si ratio of around 0.67-3) to N-(C)-A-S-H (Ca/Si
ratio of around 0.14-0.33) and C-(N)-A-S-H (Ca/Si ratio of around 0.45-10) gels at up to 800 T [55,
56, 60-64].
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Fig. 8. Statistical distribution of (a) Al/Si and (b) Ca/Si ratios in AAFS paste at elevated
temperatures based on the EDS analysis.

3.4. Surface roughness

To examine the micromechanical properties, the surface roughness was measured using AFM to
evaluate the surface conditions of specimens. Fig. 9 displays the variations in surface topography of
AAFS paste at elevated temperatures in both 2D and 3D AFM images. A relatively smooth texture is
shown in the specimens after exposed to 20 to 600 <C, whereas an irregular porous surface can be
observed in the specimen at 800 <TC. This is consistent with the rough surface found in the BSEM
image of AAFS paste after 800 T exposure, which contains cavities and flaws in a porous structure.
To characterise the surface roughness, two different amplitude parameters are used to quantify the
topography of samples, including the average roughness Ra and the root mean square Rq [65]. Table
3 summarises the roughness number of the specimens obtained from the AFM results. It is indicated
that Ra ranges from 13.0 to 102 nm with a mean value of 44.3 nm, while Rq ranges from 18.5 to 132
nm with a mean value of 59.3 nm. These roughness values indicate the quality of the sample's surface
preparation, which is crucial for accurate nanoindentation analysis, as indentations must occur on a
flat surface [66]. Based on the surface roughness criteria concluded in the previous studies, the Rq
values should be 3-5 times less than the indentation depth [66, 67]. Given that the average indentation
depth is approximately 180 nm, the maximum permissible Rq value is around 900 nm. The obtained
Rq values are well below this threshold, which suggests the sample surfaces have been ground and
polished effectively, thereby minimising the influence of surface roughness on the indentation results.

Table 3. Summary of surface roughness number (nm) in AAFS paste at elevated temperatures.

Temperature 20 105 € 200 € 400 600 C 800 €

Roughness Ra Rq Ra Rq Ra Rq Ra Rq Ra Rq Ra Rq

Capturel 43 552 101 132 175 226 13.0 231 327 426 211 292
Capture2 62 844 911 116 554 678 138 185 367 46.6 234 331
Capture3 616 949 102 130 529 757 234 326 234 293 229 345
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Fig. 9. Surface topography of polished AAFS paste before and after high temperature exposure.
3.5. Hardness

Nanoindentation test was performed on the polished specimens to determine the micromechanical
properties of different solid phases in AAFS paste at elevated temperatures. After experiencing the
process of loading, constant holding and unloading, the indentation load and depth were tracked to
determine the indentation modulus, hardness and elastic modulus of samples [26, 68]. The load-
displacement curves of AAFS pastes are shown in Fig. 10(a). The average indentation depth in the
specimen is around 160 nm, suggesting that the prepared sample is comparatively smooth to minimise
the effect of surface topography on the indentation results in terms of the aforementioned mean
roughness numbers of 44.3 nm and 59.3 nm for Ra and Rq, respectively. According to the curves,
unreacted slag particles exhibit the lowest indentation depth of around 80-90 nm, while unreacted fly
ash particles have a wider range varying from around 80 to 200 nm. The indentation depth of reaction

products ranges from approximately 175 to 280 nm. Fig. 10(b) demonstrates the relationship between
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elastic modulus and hardness of AAFS paste subjected to different temperatures. The hardness of
reaction products was found to be in the ranges of 0.59-0.73 GPa for N-A-S-H gels and 0.3-2.5 GPa
for C-A-S-H gels, while the hardness of unreacted particles was typically reported to be around 6
GPa [26, 27, 31, 69, 70]. In this study, the overall hardness of AAFS paste at 20-800 <T is in the
range of 0.6-14.5 GPa, which distinctly shows the micromechanical responses of different solid
phases in the paste. Furthermore, the tendency of a higher hardness can also be denoted in AAFS

paste when the temperature rises from 20 to 800 <C.
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Fig. 10. (a) Load-displacement curves of different solid phases (i.e., unreacted fly ash, unreacted
slag and reaction products) in AAFS paste at 20 <€, and (b) elastic modulus and hardness of AAFS
paste at elevated temperatures.

3.6. Elastic modulus

Fig. 11 presents the elastic modulus of unreacted particles and reaction products in AAFS paste at
elevated temperatures. As per the previous studies, the elastic modulus of unreacted fly ash was
dependent on the mineral features, ranging from 30 to 140 GPa , while the elastic modulus of
unreacted slag was in the range of approximately 46-70 GPa [27, 60]. As seen in Fig. 11(a), the
average elastic modulus of unreacted fly ash and slag particles at 20 <€ is 85.1 GPa and 92.3 GPa,
respectively. The obtained elastic modulus of unreacted fly ash is within the range of 30-140 GPa,
whereas that of unreacted slag is relatively higher than 70 GPa reported in the previous literature.
With the rising exposure temperature, the average elastic modulus of unreacted fly ash particles varies
from around 78.4 to 90.0 GPa, whereas that of unreacted slag particles ranges from 88.6 to 104.2 GPa
at up to 800 <. In general, unreacted fly ash and slag particles are expected to be thermally stable,
given that they are produced through processes occurring at temperatures significantly exceeding
1000 <€ . However, the discrepancies in the elastic modulus of unreacted particles can be associated
with different factors. Regarding fly ash, the dissolution rate can be dependent on the heterogeneity
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of particles, as they contain both inert crystal phases and reactive amorphous phases with a random
distribution [43, 71]. Unlike fly ash with a spherical shape, slag particles have a more irregular shape
with relatively higher angularity, which also causes inhomogeneous dissolution of unreacted particles
and therefore the variation of elastic modulus [26, 31]. Moreover, the interaction between fly ash and
slag particles (i.e., modification of nanostructure and chemical compositions) can also make a
pronounced effect on the dissolution process and surrounding reaction products, leading to the
differences of their elastic moduli [43, 57, 72]. It should be noted that the micromechanical responses
of unreacted particles were obtained from limited data using classic indentation method. In the classic
indentation method, indentation tests are performed at various locations on the sample surface, with
these locations selected based on surface observation alone. This approach may present challenges in
accurately identifying interfacial transition zones between different phases, e.g., unreacted particles
and reaction products. Future research could benefit from the grid-indentation technique, which
systematically covers an entire region with programmed indentation locations, rather than relying on
manually selected points and thus it may enhance the precision and reliability of phase

characterisation in the material.
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products in AAFS paste at elevated temperature.

Regarding reaction products shown in Fig. 11(b), the average elastic modulus of reaction products
in AAFS paste tends to be relatively stable at around 27.0-33.9 GPa from 20 to 200 <€. This suggests
the stability of reaction products without significant phase decomposition and transformation at this
stage, which is in good agreement with the previous research that the dominant damage mechanisms
are further geopolymerisation and pore pressure build-up at up to 200 <€ [16]. Afterwards, there is a
significant increase in the average elastic modulus by 50.3-84.2 GPa from 200 to 600 <€, followed
by a sudden drop of 150.6% to 33.6 GPa at 800 <€. It can be found that the phase transformation
among different binder gels takes place. At 20 <€, the elastic modulus of N-A-S-H and C-A-S-H gels
was found to be about 4-20 GPa and 12-47 GPa, respectively [27-31]. Whereas, the hybrid N-C-A-
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S-H gels have an elastic modulus of 15.6-23.9 GPa [32]. Therefore, the significant decline of average
elastic modulus from 84.2 to 33.6 GPa at 600-800 <€ can be ascribed to the decomposition of C-A-
S-H gels and formation of new N-A-S-H gels, which is also notified from the SEM-EDS results. As
the classic nanoindentation was used to characterise the micromechanical properties of AAFS paste
in this study, the future work can be focused on grid nanoindentation to capture detailed features in
ITZ, pore and cracks. Overall, the elastic modulus of unreacted fly ash and slag particles is dependent
on their mineral features, shape and local reactivity, while the decomposition and transformation of
N-A-S-H, C-A-S-H and N-C-A-S-H gels can significantly affect the micromechanical responses of
reaction products in AAFS paste. With the increase of temperature, the simultaneous occurrence of
decomposition of C-A-S-H gels (decreased by around 11.5%) and formation of N-A-S-H gels
(increased by about 15.3%) in AAFS paste from 400 to 600 <C [25, 39, 73, 74], which agrees well

with the EDS results showing the shift of spots from high-calcium to low-calcium zone.
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4. Discussion

Based on the obtained results, the microstructure-micromechanical property relationships in AAFS
paste at elevated temperatures are discussed in terms of phase type, volume fraction and
micromechanical properties, as illustrated in Fig. 12. According to the aforementioned phase
assemblage from BSEM images, the evolution of volume fractions of different phases in AAFS paste
was analysed. The corresponding relations between microstructure and micromechanical properties
will be discussed covering unreacted particles, reaction products, and pores and cracks in the paste.

For unreacted fly ash and slag particles, a significant drop in volume fraction takes place from 20
to 800 <€, which can be attributed to the dissolution of unreacted particles and ongoing reactions. The
raw materials are continuously consumed and thereby form different types of binder gels, depending
on the local chemical environment [56, 75-77]. The relative elastic moduli of both fly ash and slag
particles exhibit some fluctuations at approximately 90-115%. The surrounding gels tend to be
sintered and densified around the remaining particles, leading to less distinct particle boundaries at
800 <.

On the other hand, there exists a rise in the volume fractions of reaction products in AAFS paste
by up to 14.5% of the total volume from 20 to 800 <. During the alkaline activation of fly ash and
slag in AAFS paste at 20 <C, different dissolved species can be rearranged and exchanged to form the
binder gels [55, 78]. The reaction of aluminium is more rapid and unstable compared to that of silicon,
due to a weaker bond in Al-O than Si-O [79]. From 400 to 600 <C, the EDS results report the shift of
spots from high-Ca to low-Ca zone, indicating the decomposition of C-A-S-H gels. This is consistent
with the previous findings with the simultaneous occurrence of decomposition of C-A-S-H gels
(decreased by around 11.5%) and formation of N-A-S-H gels (increased by about 15.3%) in AAFS
paste [25, 39, 73, 74]. Furthermore, compared to N-A-S-H gels in AAF paste, the hybrid N-C-A-S-
H gels in AAFS paste exhibit a lower stability in maintaining its structure at high temperatures,
leading to phase decomposition after around 600 <C heating [14, 17]. After 800 <C, the phase
transformation and recrystallisation in AAFS paste happens [16, 17, 80]. The sudden drop of relative
elastic modulus of reaction products by around 270% from 600 to 800 T (Fig. 12) indicates the
transformation and rearrangement of different phases at this stage. The phase composition of various
binder gels in AAFS paste undergoes a notable transformation after exposure to 800 <C. Specifically,
the volume fraction of N-A-S-H gels increases significantly from approximately 58% to 72%, while
that of C-A-S-H gels decreases by about 10%. Given the disparity in the elastic moduli of N-A-S-H
(4-20 GPa) and C-A-S-H (12-47 GPa) gels [27, 28, 32], the reduction in the overall elastic moduli of
reaction products can be ascribed to the reorganisation of the gel phases [81]. Moreover, the
mechanical properties of AAFS paste can be affected by the internal structures and compositions of
different binder gels. It was reported that the morphology-structural change of C-A-S-H gels is

17



influenced by the Al/Si ratio. When increasing the Al/Si ratio, a more foil-like shape can be observed
in C-A-S-H gels, which are darker, denser and more compact with lower porosity and permeability
[64, 81]. Since the overall phase content of amorphous phases can experience a dramatic drop from
around 84.1% to 36.0% of the total weight [25], the recrystallisation can occur in AAFS paste in
terms of formation of nepheline (from N-A-S-H gels) and gehlenite (from C-A-S-H gels) [16].

At 20 <C, there exist several pores and microcracks in AAFS paste, which may be caused by the
heterogenous distribution of chemical components and the variability in pore sizes and morphologies
within the matrix [26, 62, 82]. Also, both the chemical shrinkage happened during the reaction process
inside the specimen and drying shrinkage with loss of moisture through surfaces contribute to the
overall shrinkage that leads to the development of cracks in AAFS paste at 20 <C [16, 83]. With the
rising temperature, new cracks start to initiate and develop. These cracks are mainly caused by
moisture transport as the pore pressure can be trapped in a dense structure with limited internal
connectivity in the paste to release the excessive pressure [14, 84-86]. On the other hand, the
consumption of unreacted particles and further reaction contribute to the formation of binder gels and
filling of pores and voids. Consequently, the overall volume fraction of pores and cracks is influenced
by a combined effect. [80, 87]. After 400 <C, the connection between pores and multiple cracks forms
an inter-connected network, which can locally release part of the pressure and mitigate the damage
induced by pore pressure build-up [80]. Violent deterioration occurs in AAFS paste with the
formation of thicker cracks and cavities after 600-800 <C, due to phase transformation and
recrystallisation. This leads to a more porous structure with an increase in volume fraction of pores
and cracks by approximately 6% which results in the significant strength loss of AAFS paste.

In general, the mechanical performance of AAFS at elevated temperatures is highly associated
with different damage mechanisms existed in all three phases, along with changes of their volume
fractions and local micromechanical responses. To sum up, from 20 to 400 <C, the primary
mechanisms in AAFS paste include moisture transport-induced pressure build-up and further
geopolymerisation triggered by elevated temperatures. Between 400 and 600 <C, phase
transformation occurs, notably the decomposition of C-A-S-H gels. From 600 to 800 <C, the damage
mechanisms are predominantly linked to recrystallisation and viscous sintering.

5. Conclusions

In this paper, a systematic experimental study on the microstructural characteristics and
micromechanical properties of AAFS paste at elevated temperatures (20, 105, 200, 400, 600 and 800
) was presented. Based on the obtained results, the main conclusions can be drawn as follows:

e As the temperature increased from 20 to 800 <€, the volume fraction of unreacted particles in

AAFS paste declined from 29.7% to 4.0%, whereas that of pores and cracks went up from 4.1%
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to 15.4%. The gradual disappearance of unreacted fly ash and slag was observed, along with the
initiation and propagation of cracks, cavities and flaws in a porous structure at up to 800 €.

e As for gel compositions, the EDS spots were found to shift from high-calcium to low-calcium
region at elevated temperatures, implying the transformation of binder gels from C-A-S-H to N-
A-S-H and N-C-A-S-H gels. Especially, a significant rise in the average Al/Si ratio from 0.40 to
0.79 can be observed with the rising exposure temperature from 400 to 800 <C, indicating the
formation of Al-rich N-A-S-H gels.

e Anincrease of the average Ca/Si ratio from 0.64 to 0.81 was found in AAFS paste after 20-105 C
exposure, which can be ascribed to the newly formed C-A-S-H gels via further geopolymerisation.
From 200 to 800 <C, the Ca/Si ratio in AAFS paste tended to drop from 0.68 to 0.55, owing to the
decomposition of binder gels and phase transformation.

e Regarding micromechanical properties of AAFS paste, the overall hardness ranged from 0.6 GPa
to 14.5 GPa at 20-800 <C. The average elastic moduli of unreacted fly ash and slag particles varied
between 78.4 GPa and 104.2 GPa at up to 800 <TC, depending on their mineral features, shape and
local reactivity. The elastic moduli of reaction products in AAFS paste were in the range of 27.0-
84.2 GPa before and after high temperature exposure.
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