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Accepted: 22 December 2017, hjs study, the pore structure of alkali-activated fly ash (AAFA) pastes char-

Published online: acterized by different techniques, including mercury intrusion porosimetry
9 January 2018 (MIP), nitrogen adsorption and image analysis (based on backscattered electron
images), was evaluated and compared critically. The degree of reaction of fly ash
© Springer Science+Business  in AAFA pastes was derived from image analysis. It was found that due to a
Media, LLC, part of Springer ~ significant “ink-bottle” effect, the pore diameter of capillary pores derived from
Nature 2018 MIP was two orders of magnitude smaller than the size determined by image
analysis. MIP and nitrogen adsorption results showed different peaks corre-
sponding to the gel pores of AAFA pastes. Based on the experimental results,
image analysis is regarded as a reliable technique for the characterization of large
pores (> 1 um) in AAFA pastes. Nitrogen adsorption is more suitable to charac-
terize small pores (< 0.1 um) in AAFA than MIP, and MIP data should be carefully
interpreted, preferably in combination with other characterization techniques.

Introduction industrial by-product, e.g. fly ash, is widely applied

for the synthesis of alkali-activated materials. The
Alkali-activated materials (AAM) are a class of solid reaction product of alkali-activated fly ash (AAFA) is
materials prepared by the reaction between alumi- a three-dimensional sodium aluminosilicate gel [1].
nosilicate powders and alkaline solution. The  Such gel is chemically and morphologically different
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from the hydrated calcium silicate (CSH) gel in
cement-based materials. Due to its substantial
reduction in CO, emission [2], as well as superior
mechanical strength and excellent durability under
aggressive environment, AAFA has gained increas-
ing attention in the last few decades. The reaction
kinetics, effect of different activators and curing
condition on the reaction product and microstructure
of AAFA have been investigated by numerous stud-
ies [3, 4].

Similar to conventional cement-based materials,
AAFA also presents an inherently porous feature. It
covers a broad pore size range from several
nanometres to hundreds of micrometres. It is known
that the pore volume and the pore size distribution
are significantly important in determining the
mechanical property and durability of AAFA.
Aggressive ions (e.g. ClI-, COs*>~, SO,*~, etc.) may
enter the AAFA paste/mortar/concrete through
these pores and lead to the degradation of the
material. In addition, the shrinkage (both autogenous
and drying shrinkage) is also related to the pore
structure, especially the mesopores in AAFA. There-
fore, a comprehensive understanding of the pore
structure of AAFA is very important for the evalua-
tion and further prediction of the service life of
AAFA. So far, numerous experimental techniques
have been applied to evaluate the pore structure of
AAFA. Among these techniques, mercury intrusion
porosimetry (MIP) is the most preferred and efficient
method [5]. MIP is able to determine nearly the whole
range of pore sizes that is needed to characterize
cement paste and AAFA (from 6 nm to 350 um in this
study). However, it is argued that the results derived
from MIP cannot depict the actual pore shape and
pore size distribution of cement-based materials [5].
For example, the presence of “ink-bottle pores” will
lead to an overestimation on the volume of fine pores
and an underestimation of the volume of large pores
[6]. Further, in some cases, the high pressure
employed during the intrusion process may lead to
damage of pores, resulting in inaccurate results [7, 8].
Nitrogen adsorption is another technique which has
been widely employed to characterize the pore
structure of porous material [5]. On the basis of the
adsorbed gas amount and corresponding relative gas
pressure, the internal surface area of pores, as well as
pore size distribution, can be obtained by using
Brunauer-Emmett-Teller (BET) theory and Barrett-
Joyner-Halenda (BJH) model [9], respectively.
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Nitrogen adsorption is able to distinguish pore size in
the range of 0.3-300 nm [10] (from 2 to 100 nm in this
study). Within this range, the analysis of pores in the
nanoscale is possible. However, nitrogen adsorption
can only access to open pores; besides, the cylindrical
pore model is assumed for the interpretation of the
data [11], a condition which is never fulfilled for
cement-based materials and AAFA in the present
study. Furthermore, the small range of pore sizes
determined by nitrogen adsorption cannot provide
enough information about pores existed in AAFA.
Besides the above two techniques, image analysis
based on backscattered electron (BSE) images is a
promising way to analyse the pore structure of
AAFA. It allows the characterization of pore geome-
try to be analysed from a real image of the material.
In addition, the degree of the reaction of AAFA can
also be derived by image analysis [12]. However, the
minimum size of pores that can be distinguished by
ESEM is limited (normally > 100 nm) and mainly
depends on the magnification and resolution of the
image [13], which will affect the accuracy of reaction
degree.

The three techniques introduced above (i.e. MIP,
nitrogen adsorption and image analysis) are all cap-
able to characterize the pore structure of AAFA. Each
technique has its advantages and limitations. It is
difficult to obtain the full image of pore structure of
AAFA by using only one single technique. Combi-
nations of these techniques as well as a careful
interpretation of the experimental data are needed.
To this end, in this study the pore structure data
derived from different techniques (i.e. MIP, nitrogen
adsorption and image analysis) were investigated
and compared critically. The suitability of each
technique in characterizing the pores in AAFA was
evaluated. Further, the degree of the reaction of
AAFA with different activator content (SiO, and
Na,O content) and different curing age was also
investigated by BSE images coupled with image
analysis.

Materials and methods
Materials and mixture proportions of AAFA

Low-calcium fly ash, Class F according to ASTM C
618, obtained from The Netherlands, was used in this
study. Class F fly ash was commonly used for the
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preparation of AAFA. The chemical composition of
the fly ash is shown in Table 1. The main chemical
constituents of the fly ash were SiO, and Al,O3, and
the main crystalline compounds were quartz (S5iO,)
and mullite (3A1,05 25i0O;). The amorphous content
of fly ash, determined by chemical dissolution treat-
ment (EN 196, Part 2), was 69%. The mean particle
size of the used fly ash was 21.46 um.

The alkali activators were obtained by mixing
sodium silicate solution (Na,O: 8.25 wt%, SiO,:
27.50 wt%) with sodium hydroxide (analytical grade,
> 98% purity) and distilled water. Na,O and SiO,
contents supplied by the activator were 1.0 mol or
1.5 mols per 1000 g fly ash, as described in Table 2.
Alkali activators were previously optimized to pre-
sent good mechanical property after curing at 40 °C
for 7 and 28 days [14] (Table 2). The compressive
strength of AAFA pastes was carried out on
40 x 40 x 40 mm cubes, according to NEN-EN-196-1
(Methods of testing cement-Part 1: Determination of
strength). For each mixture, at least three replicates
were tested. The water/binder ratio was maintained
at 0.35. All alkali activators were prepared 1 day
before sample preparation.

For sample preparation, fly ash was mixed with the
activator in a mixer for 4 min. Sealed curing condi-
tion was applied on AAFA to minimize drying and
carbonation. In this study, fresh AAFA paste was
poured into a polyethylene (PE) bottle which has a
diameter of 35 mm and height of 65 mm. The bottles
were vibrated for 1 min to remove air bubbles and
then sealed with a screw cap. The sealed specimens
were cured at 40 °C for 7 and 28 days. At each curing

Table 1 Chemical
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age, specimens were crushed into small pieces
(1-2 cm®). More detail information about sample
casting and curing was previously reported in [15]
(Section 1.6.2 Casting and curing). Liquid nitrogen
was used to stop reaction of the specimens. After
that, these specimens were then dried at — 28 °Cin a
vacuum freeze-dryer to remove the free water. Such
drying method allowed the remaining water in
samples transforming into ice microcrystal and being
removed by sublimation while the change of
microstructure was not significant [16].

Mercury intrusion porosimetry (MIP)

Micrometritics Poresizer 9500 was used for MIP
measurement in this study. MIP test was conducted
in two stages: the first stage is low pressure stage,
with the pressure running from 0 to 0.0036 MPa; and
the second stage is high pressure stage, with the
pressure running from 0.0036 to 210 MPa, followed
by an extrusion process running from 210 to
0.14 MPa. The diameter of pores intruded by mer-
cury at each pressure step was calculated by using
Washburn equation [17] as follows:

—4ycosl
—p (1)
where D is the pore diameter of materials, y is the
surface tension of mercury (0.485 N/m used here), 0
is the contact angle between mercury and sample
surface (132° according to the previous study [18]);
and P is the applied pressure. In this study, the pore
size ranging from 350 to 0.007 pm can be detected by
using MIP.

D:

composition and physical Oxide Si0,  AlLOs

F€203 CaO MgO Kzo NaZO T102 P205 SO3 L.L

properties of the fly ash used

48.36
in this study

Weight (%) 31.36

4.44 714 135 1.64 0.72 124 190 1.18 4.89

L.I. loss on ignition

Table 2 Mixture proportion and compressive strength of AAFA mixtures

Sample (SiO,— Fly ash  SiO, Na,O H,O Compressive strength at 7 days ~ Compressive strength at 28 days
Na,0) (® (mol)* (mol)* (2 (MPa)° (MPa)”

1.0-1.0 1000 1.0 1.0 350 34 45

1.0-1.5 1000 1.0 1.5 350 45 76

1.5-1.5 1000 1.5 1.5 350 52 66

4Content in the activator

®Curing at 40 °C
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Nitrogen adsorption

In this study, the equipment used for nitrogen
adsorption tests was Gemini VII 2390. Nitrogen
adsorption is able to detect the small pores (from 0.3
to 300 nm [19]) in porous materials. Within this
range, the analysis of pores in the nanoscale is pos-
sible. At each curing age (7 and 28 days, respec-
tively), dried specimens (dried by freeze-dry method)
were crushed into small pieces (about 1 mm?) and
then submitted to the nitrogen adsorption tests. The
relative pressure (p/po) ranging from 0.05 to 0.98 was
recorded, corresponding to the pore size in the range
of 2-100 nm. Barrett-Joyner-Halenda (BJH) [20]
model was employed to derive the pore size distri-
bution curve from the nitrogen adsorption data.

Image analysis based on environmental
scanning electron microscope (ESEM)

Sample preparation for ESEM observation

Image analysis using BSE requires a well-polished
surface for optimal analysis. Sample preparation for
ESEM observations in this study included epoxy
impregnation, cutting, grinding and polishing. In
order to obtain a BSE image with high quality,
specimens need to be well grinded and polished. To
prepare the samples, the surfaces of the specimens
were first grinded on the middle-speed lap wheel
with different SiC papers (3 min for each SiC paper):
p320, p500, p800, p1200 and p4000. The samples were
then polished on a lap wheel with different finer
grades of diamond abrasive cloth: 6,3, 1 and 0.25 um.
The final polishing was carried out on a low-relief
polishing cloth. For the grinding and polishing pro-
cedure, ethanol was used as the lubricant. After-
wards, the specimens were immerged in an
ultrasonic bath to remove the dust and diamond
particles left on the specimen surface (more details
about the sample preparation procedure can be
found in [16]).

Image acquisition

At the curing age of 7 and 28 days, specimens were
examined by ESEM (Philips-XL30) with backscatter-
ing electron (BSE) mode. The acceleration voltage
was 15-20 kV (as long as a good image was obtained)
and the water vapour pressure was kept constant at
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1.0 Torr. The physical size of each image was 496 um
in length and 376 um in width. The magnification of
each image was kept constant at 250 x, and the
image size was 1424 x 968 pixel. By calculation, the
resolution of the image was about 0.39 um/pixel.

Image analysis technique

Image analysis technique was applied to quantita-
tively characterize the pore size distribution and
degree of reaction (based on the alteration of area
ratio corresponding to unreacted particles) from BSE
images. BSE image was acquired in 8 bits; and 256
grey-level values were included in the image, ranging
from 0 (black) to 255 (white). In the image, the image
contrast was closely related to the element composi-
tion of different phases [21]: those with a higher
atomic number were brighter, and those with a lower
atomic number were darker. Therefore, according to
the grey-level histogram of the image, different pha-
ses in AAFA can be distinguished. The image anal-
ysis was based on the grey-level distribution of all
pixels in the image. Figure 1 shows the original BSE
image and corresponding grey-level histogram of a
typical AAFA paste sample. Unreacted fly ash par-
ticles presented the highest average atomic number;
thus, the peak corresponded to the right side of the
grey-level histogram (Fig. 1b) represented the phase
of unreacted fly ash particles. The peak in the middle
in the grey-level histogram was reaction products.
The pores were distinguished as black in the BSE
image, corresponding to the left peak as shown in
Fig. 1b.

BSE images can be analysed to obtain the volume
fraction and size distribution of different phases in
AAFA paste, based on image segmentation methods.
When fly ash particles are randomly distributed in
the system, the area fractions and distribution of the
phases obtained from a 2D image are approximately
equal to the 3D real structure [22].

In the simplest situation, by choosing a proper
grey-level value as the threshold, the segmentation
can be performed based on the histogram. However,
due to the intermixing of grey levels of different
phases, it is often difficult to select an appropriate
threshold value. In the present study, the extraction
of the pores from the BSE images was performed by
using some techniques included in most commonly
used image analysis software. Figure 2 shows the
flow chart of the algorithm.

@ Springer
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Figure 1 SEM-BSE image
(x 250) of a typical AAFA
paste sample (a) and
corresponding grey-level
histogram (b).

’original image (a) ‘

}

’ Invert (b) ‘

}

Auto—threshold method
(iterative selection process) FA (c)

!

’Original image + Mask (c) ‘

Unreacted

Auto—threshold method
(iterative selection process)

s Pores (d)

1 Pore area ratio and
’ Analyze particle ‘Hpore size distribution|

Figure 2 Image processing sequence. Letters (a—d) refer to the
steps shown in Fig. 3.

In this approach, unreacted fly ash particles were
first extracted from the BSE image. The iterative
selection process (also known as Isodata algorithm
[23]) was applied to choose an optimum threshold
value automatically. In this process, the image was
divided into the object and background by choosing
an initial threshold. Afterwards, the average values of
the pixels at or below the threshold and pixels above
were computed, respectively. The above two average
values were computed, and the threshold was
incremented. The process was repeated until the
threshold was larger than the composite average
value [23]. Figure 3c presents a binary image of the
unreacted fly ash after the auto-threshold method.
The binary image of the unreacted fly ash was then

@ Springer
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(b)

Gel

Pore Unreacted fly
ash particles

B 0000000 ]

grey level value 255

used as a mask on the original image to remove the
pixels remaining in the image that belongs to the
unreacted fly ash. Afterwards, the iterative selection
process was applied on the obtained image to seg-
ment pores. Figure 3d is an obtained image consisted
of only the pores based on which it is easy to calcu-
late the pore surface area and pore size distribution.
Figure 4 shows the pore size distribution curve of one
AAFA mixture derived from the image analysis. For
each mixture, at least 12 images (95% degree of con-
fidence could be achieved [16]) were used for image
analysis; the resulting pore size distribution curve
was the average data derived from 12 image analysis.
The pore size determined by image analysis was
between 0.6 um to around 150 pm in this study.

The degree of reaction of fly ash, a(t), is calculated
by subtracting the content of unreacted fly ash and
dividing it by the initial fly ash content:

a(t) = (1 — Uy/Up) x 100% 2)

where U; is the volume fraction of unreacted fly ash
particles at the age ¢ (obtained from image analysis);
Uy is the initial volume fraction of fly ash particles.
The initial volume fraction of fly ash particles was
calculated based on the initial activating solution/fly
ash volume ratio. For the mixtures SiO,—
Na,O = 1.0-1.0, 1.0-1.5 and 1.5-1.5 pastes, the vol-
ume of the activating solution was measured as 0.360,
0.358 and 0.368 L (mixed with 1 kg fly ash), respec-
tively. The measured density of the used fly ash was
2.44 g/cm®, which was corresponded to a volume of
0.41 L of 1 kg fly ash. Thus, the initial volume fraction
of fly ash for mixtures 1.0-1.0, 1.0-1.5 and 1.5-1.5 was
53.2, 53.4 and 52.7%, respectively.
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Figure 3 Images after different segmentation steps. a Original image; b invert image; ¢ binary image of unreacted fly ash; d binary image

of pores.
Figure 4 Pore size 0.25 0.25
distribution of one AAFA N fe N S
mixtures (1.0-1.0) at 7 and E 0201 2 E 0.20
28 day.s, derived from image E 0154 E 0154
analysis. i 2

o o

o 0.10+ - 0.10+

2 e

o 0.05/ o 005

4 = &

0.00 : -
1E-3 0.01 0.1 1 10 100 1000

Equivalent pore diameter [um]

Results and discussion

Pore structure of AAFA pastes determined
by MIP

Figure 5 shows the pore size distribution and differ-
ential curves of AAFA pastes prepared with different
5i0, and Na,O content in activator at the curing age
of 7 and 28 days. The differential curves of AAFA
generally show two peaks, representing two types of
pores: the first peak (e.g. left in Fig. 5b), in a pore
diameter range of several nm to 0.04 pm, corre-
sponded to the gel pores; the second peak (e.g. right

0.00 ; .
1E-3 0.01 01 1 10 100 1000
Equivalent pore diameter [um]

in Fig. 5b), in a pore size between 0.1 and 1 pm, was
corresponding to the capillary pores of AAFA. As
observed from Fig. 5, the total porosity of all inves-
tigated AAFA samples decreased from 7 to 28 days.
Meanwhile, both peaks corresponding to the thresh-
olds of gel pores and capillary pores (in the differ-
ential curves in Fig. 5) shifted to a smaller pore
diameter at later curing age, indicating a denser
microstructure of all AAFA pastes. The reduced
porosity, as well as refined pore structure was related
to a higher degree of reaction of AAFA pastes at later
curing age. More reaction products (aluminosilicate
gel) were formed, filling the pore space, resulting in a
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Figure 5 Pore size
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denser matrix, corresponding to a higher compres-
sive strength of AAFA pastes (Table 2).

The effect of SiO, in the activator

Figure 6a, b summarizes the total porosity and pore
threshold diameter of AAFA pastes prepared with
different SiO, content at 7 and 28 days (NaoO content
was kept constant at 1.5 mol/kg fly ash). Mixtures
with a higher silica content presented a lower total
porosity at 7 days (Fig. 6a). For mixtures with a silica
content of 1.0 mol/kg fly ash (mixtures 1.0-1.5), the

@ Springer

decrease in the total porosity from 7 to 28 days was
more pronounced than mixtures with a silica content
of 1.5 mol/kg fly ash (mixtures 1.5-1.5). The same
trend was observed for the gel pore threshold
diameter of samples with different silica content
(Fig. 6b).

The effect of Na,O in the activator

The effect of the sodium content on the porosity and
pore threshold diameter at 7 and 28 days are sum-
marized in Fig. 6c, d (51O, content was kept constant
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Figure 6 Total porosity (a, ¢) and gel pore threshold diameter (b, d) of AAFA pastes with different SiO, and Na,O content, derived from

MIP.

at 1.0 mol/kg fly ash). It was observed that the
addition of more sodium led to a lower total porosity
at 7 days, and this effect was more pronounced at
28 day (Fig. 6¢). The same trend was found for the
pore threshold diameter for AAFA samples with
different sodium content, as shown in Fig. 6d.

Pore structure of AAFA pastes determined
by nitrogen adsorption

Figure 7 presents the pore size distribution of dif-
ferent AAFA mixtures derived from nitrogen
adsorption tests. The pores between 2 and 100 nm
can be detected by nitrogen adsorption, which tech-
nique gives more detailed information on gel pores in
AAFA samples. It can be observed in Fig. 7 that the
volume of pores increased with increasing age of the

AAFA samples. This result is expected, since the
volume measured in the pore size range from 2 to
100 nm is primarily related to the gel phase. The
quantity of aluminosilicate gel increased with age,
causing an increase in the gel pore volume in the
matrix.

The differential pore size distribution curves in
Fig. 7 generally show two peaks. The pore diameter
at these peaks varied with the silica and sodium
content, as well as with the curing age. Mixtures with
a higher silica content showed a lower pore diameter
of the peak at 7 days, e.g. at around 50 nm for mix-
tures 1.0-1.5 (Fig. 7b) and 15 nm for mixtures 1.5-1.5
(Fig. 7c). At later age, mixtures 1.0-1.5, with a less
silica content, had a denser gel pore structure than
mixtures 1.5-1.5 at 28 days. Specimens with different

@ Springer
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sodium content exhibited similar differential curves
at the age of 7 days. Mixtures 1.0-1.0 and 1.0-1.5
showed similar peaks at 7 days, i.e. one peak
between 50 and 60 nm, and the other peak between
20 and 30 nm. At 28 days, for mixtures with a higher
sodium content, i.e. mixtures 1.0-1.5, the peak indi-
cating the gel pores shifted to a lower pore diameter
(5.1 nm) compared to that of mixtures with less
sodium content, i.e. mixture 1.0-1.0. It indicates that
the pores were finer for mixtures containing more
sodium. This trend is in line with the results derived
from MIP results.
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Pore structure of AAFA pastes evaluated
by image analysis

Figure 8 presets the pore size distribution of different
AAFA samples derived from image analysis. It was
observed that the total pore area ratio evaluated by
image analysis method varied with the silica and
sodium content in activator. Mixtures 1.5-1.5 showed
the lowest total pore area ratio at the age of 7 days;
and mixtures 1.0-1.5 and 1.0-1.0 presented similar
total pore area ratio. At the age of 28 days, the total
pore area ratio for mixtures 1.5-1.5 was still the
smallest, followed by mixtures 1.0-1.5 and 1.0-1.0. In
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addition, the decrease in the total pore area ratio of
mixtures 1.5-1.5 was more pronounced than the
other two mixtures. The results derived from image
analysis method all indicated that the pores were
finer for mixtures containing more silica and sodium
content in activator at both 7 and 28 days.

Comparison of pore structure derived
from image analysis and MIP

Figure 9 compares the pore size distribution of
AAFA samples derived from image analysis and
MIP. Table 3 summarized the porosity of AAFA from
0.01 to 1 um, and from 1 to 150 um, respectively.
Because MIP is able to detect pores in a much larger
pore size range, the total porosity derived from MIP
measurement was significantly higher than that
derived from image analysis (as shown in Fig. 9).
From image analysis results, pores in the rage of
1 um to around 150 um were found to be the domi-
nant contributors to the total porosity, while the MIP
results of the same mixtures showed that most of
pores were in the range of 0.01 pm to about 1 um (as
shown in Table 3). Only a small volume of pores
between 1 and 150 um was detected by MIP. The
large discrepancy between MIP and image analysis
results indicated that the “ink-bottle effect” (larger

Equivalent pore diameter [um]

pores inside the specimen which can be intruded by
mercury only through smaller pores [22, 24]) signifi-
cantly affected MIP results of AAFA pastes. As
observed from BSE image of AAFA (Fig. 1), the larger
pores (from several micros to 100 pm) were formed
by the dissolved fly ash particles or fly ash with a
hollow core. These pores appeared as disconnected
and were surrounded by the gels. The application of
varied fly ash or different activators may result in
different pore size distribution of AAFA, but the
formation of the large pores mentioned above would
be a common phenomenon in alkali-activated low-
calcium fly ash, which was also reported in previous
studies, presenting similar microstructures [25-27].
Lloyd et al. [25] found that these large pores were
connected to the exterior of the specimens based on
the results derived from Wood’s metal intrusion
together with SEM image. During MIP measurement,
mercury can only access these pores through finer
pores, which in turn causes a significant “ink-bottle”
effect, leading to an overestimation of the volume of
fine pores and an underestimation of the volume of
large pores. As a result, pores sizes obtained from
MIP were two orders of magnitude smaller than
those obtained by image analysis. Therefore, it seems
that MIP technique cannot reflect the real pore size,
especially the large pores in AAFA pastes.
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Table 3 The porosity of

AAFA in different pore size Measurements ~ Mixture  Porosity
range, derived from MIP and 7 days 28 days
image analysis method
0.01-1 pm (%)  1-150 pm (%) 0.01-1 pm (%)  1-150 pum (%)
Image analysis  1.0-1.0 0.45 18.55 0.41 18.87
1.0-1.5 0.47 17.41 0.35 15.96
1.5-1.5 0.42 16.01 0.32 12.10
MIP 1.0-1.0  36.44 1.00 34.30 0.63
1.0-1.5  30.36 1.85 21.42 0.93
1.5-1.5  20.13 1.14 20.33 1.01

The “ink-bottle” effect was also reported in previ-
ous studies [13, 22] on the characterization of pores in
cement-based materials: they found that pore struc-
ture of cement paste derived from MIP and image
analysis showed the same trend. However, in the
present study, it is found that results derived from
MIP and image analysis for alkali-activated fly ash
presented different trend, as shown in Fig. 9 and
Table 3, the results derived from image analysis
demonstrated that mixture 1.5-1.5 presented the fin-
est pore size in the pore size range of 0.1-150 pm
compared to mixture 1.0-1.0 and 1.0-1.5 both at 7 and
28 days, while MIP results revealed that mixtures
1.0-1.0 presented the finest pore size distribution
between 0.1 and 150 pm. This may be caused by the
fact that the contact angel (known as 0 in Eq. 1 in
“Mercury intrusion porosimetry (MIP)” section) of
mixture 1.5-1.5 and mixture 1.0-1.0 was different,
while in this study, we adopted the same contact
angel (132°) in the MIP measurement. To summarize,
the pore size distribution derived from image anal-
ysis was more reliable to quantify large pores
(> 1 pm) in AAFA pastes. Nevertheless, it should be
noted that image analysis may overestimate the large
pores in AAFA by adding the pores inherent to fly
ash particles into the total porosity. These pores
normally exist in hollow fly ash particles and were
not accessible to the exterior. They become visible
only when the sample is grinded for SEM observa-
tion. This error is estimated to be lower than 2% of
the total volume of fly ash.

Comparison of the pore structure derived
from MIP and nitrogen adsorption

Figure 10 compares the differential pore size distri-
bution curves derived from MIP and nitrogen
adsorption tests for AAFA samples at 7 and 28 days.

@ Springer

Table 4 summarized the critical pore size of gel pores
and capillary pores in AAFA, derived from these two
methods. One clear difference is that nitrogen
adsorption measurements generally revealed two
peaks in the gel pore range of AAFA samples (dashed
lines in Fig. 10), while in MIP tests only one peak
appeared indicating the gel pores (solid lines in
Fig. 10). In addition, these peaks appeared at differ-
ent pore diameters and with different peak intensities
(Fig. 10 and Table 4). For example, mixtures 1.0-1.0
showed one peak at 33.9 nm at 7 days in MIP results
(Table 4), while nitrogen adsorption results indicated
two peaks at 24.1 and 61.9 nm (Table 4). These dif-
ferences may be related to different mediums (mer-
cury compared to nitrogen) and principles (liquid
intrusion compared to gas adsorption) used in MIP
and nitrogen adsorption measurements. Another
reason may come from the high pressure used during
MIP measurements, which may cause damage to the
pore structure, especially at smaller pore diameters
when higher pressures are applied. This may lead to
the appearance of only one peak corresponding to the
gel pores in MIP results. Despite the differences
between MIP and nitrogen adsorption results for
different AAFA samples, these two methods give
similar trends: samples with a higher silica content
presented a finer pore structure at early curing age,
whereas samples with a higher sodium content
developed a finer pore structure at later age.

Reaction degree derived from image
analysis

Using image analysis method introduced in “Image
analysis based on environmental scanning electron
microscope (ESEM)” section, the degree of reaction of
AAFA pastes was calculated based on the area ratio
of unreacted fly ash particles, as described in Fig. 11.



J Mater Sci (2018) 53:5958-5972

Figure 10 Comparison of the
pore size distribution curves
derived from MIP and nitrogen
adsorption (N,) tests for all
investigated AAFA samples at
7 and 28 days.

Table 4 The critical pore size
of the gel pores and capillary
pores in AAFA, derived from
MIP and N, adsorption
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Measurements Mixture Critical pore size (nm)
7 days 28 days
Gel pores Capillary pores Gel pores Capillary pores
MIP 1.0-1.0 339 203.3 31.2 82.0
1.0-1.5 20.5 436.4 < 6.0 314.9
1.5-1.5 7.0 380.9 < 6.0 380.9
N, adsorption 1.0-1.0 24.1/61.9 - 30.1/48.4 -
1.0-1.5 23.9/51.9 - 5.1 -
1.5-1.5 14.3 - 6.7 -

In general, a lower Na,O content led to a lower
reaction degree of AAFA samples, ie. mixtures

1.0-1.5 presented a higher reaction degree than

mixtures 1.0-1.0 (Fig. 11). As described in previous
studies [1], the alkali activation process of fly ash

involved five

steps:

dissolution,  speciation
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Figure 11 Degree of reaction of AAFA mixtures with different
SiO, and Na,O content, derived from image analysis.

equilibrium, gelation, reorganization and polymer-
ization. Alkali cations (expressed as Na,O content
here) in the activating solutions were regarded to
have two effects: first, the addition of Na,O increased
the pH in the activating solution. A high content of
OH™ ions increased the dissolution rate of fly ash
particles, breaking Si-O-Si and Si-O-Al bonds into
small silicon and aluminium species [1]. These small
ionic species may form a coagulated structure,
resulting in a three-dimensional aluminosilicate gel.
Second, alkali cations balanced the electrical charge
in the three-dimensional Si and Al structure [28],
being incorporated into the gel. As a result, for AAFA
system with a higher Na,O content, the dissolution
rate of fly ash particles was higher, leading to a
higher reaction degree. Correspondingly, mixtures
with a higher sodium content presented a lower total
porosity and finer pore structure distribution,
resulting in a higher mechanical strength (Table 2).
SiO, content in the activating solutions affects the
reaction in a different way. Samples with higher silica
content had lower degree of reaction, i.e. mixtures
1.5-1.5 presented a lower degree of reaction than
mixtures 1.0-1.5 both at 7 and 28 days. According to
Criado et al. [29], an increase in silica content led to a
higher degree of silicate polymerization in activating
solutions. For activating solution with a higher SiO,
content, the fraction of monomeric and dimeric sili-
cates species decreased, while trimmer units of sili-
cate species grew. Monomeric and dimeric silicates
can directly react with the aluminate anions, forming

@ Springer
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an initial aluminosilicate gel in a fairly short time,
while silicate trimers reacted relatively slowly with
aluminate anions that were dissolved from the fly ash
[30]. The phases formed with a high silica addition
were fairly stable [29], which hampered the subse-
quent reaction of fly ash particles, resulting in a lower
reaction degree. On the other hand, silica was incor-
porated in the gel, leading to a dense microstructure.
Therefore, the pore structure of mixtures 1.5-1.5 was
finer than mixtures 1.0-1.5 at 7 days. This finer pore
structure of mixtures 1.5-1.5 correlates well to its
higher compressive strength at 7 days (Table 2),
although the degree of reaction of mixtures 1.5-1.5
was lower. At 28 days, mixtures 1.0-1.5 presented a
denser gel pores than mixtures 1.5-1.5. Thus, the
compressive strength of mixtures 1.0-1.5 was higher
than that of mixtures 1.5-1.5 at 28 days (Table 2).

Conclusions

In this study, the pore structure of AAFA pastes with
different SiO, and Na,O content in activator was
evaluated by MIP, nitrogen adsorption and image
analysis method. The results obtained from different
techniques were compared. It was found that due to a
significant ink-bottle effect, MIP measurement cannot
provide correct pore structure information of AAFA
pastes by overestimating the volume of fine pores
(<1 pm) and underestimating the volume of large
pores (> 1 pm). Pore diameters derived from MIP
were two orders of magnitude smaller than the pore
sizes revealed by image analysis. Different peaks
(corresponding to different critical pore diameter of
gel pores) were characterized by MIP and nitrogen
adsorption, while the comparison of equal handled
samples reflected the same trend. Image analysis
technique was believed to give reliable and consistent
results of the pore size distribution of large pores, as
well as the degree of reaction of fly ash in AAFA
pastes.
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