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Abstract: In this study, the strength development and microstructure evolution of alkali-activated fly
ash (AAF), granulated blast furnace slag (AAG), and metakaolin (AAM) mortars under standard
curing, steam curing, and oven curing conditions were investigated. The results show that 80 ◦C
steam curing was more suitable for AAF mortar. Although oven curing was not as good as steam
curing under the same temperature, the water evaporation increased the volume density of the
N-A-S-H gel and refined the pore structure. For AAG mortar, the strength developed according to a
Boltzmann function with time under steam curing conditions, which increased rapidly in the first 8 h,
but grew little after about 15 h. Moreover, the strength development was severely limited by steam
curing at 60 ◦C, and decreased under oven curing conditions due to the formation of microcracks
that were induced by temperature stress and chemical shrinkage. For AAM mortar, the strength
developed according to an Allometric power function with time under steam curing conditions, and
the N-A-S-H gel formed in AAM had a higher polymerization degree and denser structure compared
to that in AAF. The compressive strength of AAM mortar was 31.7 MPa after 80 ◦C steam curing for
4 h, and the standard curing time required to reach the same strength was less than 24 h, indicating
that the standard curing was more suitable.

Keywords: alkali-activated mortar; strength; standard curing; steam curing; oven curing

1. Introduction

Alkali-activated material is a new type of cementitious material that has gained
much attention in recent years [1,2]. It is made of silica-rich aluminum minerals (i.e.,
metakaolin, fly ash, slag, etc.) and alkali solution [3–5]. This material is environmentally
friendly, and has more excellent mechanical and durability properties than traditional
cement [6,7], and thereby has promising application prospects [8]. Moreover, the reactions
including “dissolution, monomer reconstruction and polycondensation” [9] can occur at
room temperature or high temperature (usually below 100 ◦C), and then a compact and
stable three-dimensional network structure is formed [10].

As alkali-activated material is completely different from traditional cement in terms of
raw materials, preparation technology, and reaction mechanism, some known mechanisms
such as the influence of curing methods on the strength of concrete are not fully applicable.
For cement concrete, the compressive strength from standard curing for 7 d can reach 70% of
28 d strength. Although steam curing for 16–18 h can also reach 70–80% of 28 d strength [11],
it is adverse for long-term strength development and durability. Therefore, Aldea [12]
proposed that the standard curing is the best for concrete durability, but steam curing is
preferable to pressure steaming if the concrete strength needs to be developed rapidly.
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For alkali-activated concrete (AAC), increasing curing temperature can also promote
the alkali-activated reaction, improve the porous structure, and reduce microcracks [13],
thereby increase the strength [14,15]. Some studies have found that the strength of alkali-
activated fly ash (AAF) concrete at 80 ◦C steam curing is higher than that in 50 and 65 ◦C
environments [16]. However, when the curing temperature exceeds 120 ◦C, the growth
rate of AAF concrete strength is extremely low. Moreover, the steam curing time should
be controlled within 16 h, because if that time is exceeded, the strength growth rate is not
significant [17]. Jamdade [18] found that the strength of AAF concrete is the highest when
curing at 90 ◦C for 18–24 h. Some studies reported that the optimal curing temperature
of AAC is 80 ◦C [19]. Zhang et al. [20] compared the strength development law of AAF
concrete under standard curing, 80 ◦C steam curing, and 150 ◦C autoclaved curing, and
found that the latter has the greatest influence on the strength of concrete. The compressive
strength of AAF concrete can reach 47.5 MPa after only 2 h autoclaved curing; however,
the energy consumption is the highest and the operation is inconvenient. In an oven
curing environment, the strength of AAF concrete also increased with the increase in
temperature, but dropped suddenly at 150 ◦C and some cracks appeared [21]. During the
steam curing process, it was also found that the resistance to chloride ion penetration of
AAC decreased with the increase in curing temperature [22], indicating the degradation of
the microstructure. For alkali-activated granulated blast furnace slag (AAG) concrete, the
early strength increased obviously with the increase in curing temperature, but returned to
the standard curing level after 28 d [23].

Curing is the important link to ensure the quality and performance of concrete, es-
pecially for AAC. At present, most studies focus on the influence of curing temperature
and methods on the strength of AAF concrete. There is almost no research on the effect of
curing on the strength development and reaction mechanism of the other AAC. Therefore,
fly ash (FA), granulated blast furnace slag (GBFS), and metakaolin (MK) were used to
prepare AAC in this work, and the strength development and the relationship between
them under standard curing, steam curing, and oven curing were studied, in addition to
the evolution of their microstructure. The results obtained are expected to provide some
theoretical guidance for the curing production of AAC.

2. Experiment
2.1. Raw Materials and Specimen Preparation
2.1.1. Raw Materials

Grade II FA from Huaneng Shangan Power Plant, S95 GBFS from Shijiazhuang Ling-
shou Zhongshan Cement Group, and MK from Gongyi Chenyi wear resistant material
company were used in this study to prepare alkali-activated mortar. Their chemical com-
positions were determined by X-ray fluorescence spectrometer (XRF) as shown in Table 1.
The alkali activator was composed of sodium silicate (Na2SiO3) solution with a modulus of
3.25 and 98 wt% sodium hydroxide (NaOH) particles in proportion, and an alkali content
of 13%, which was prepared 1 d in advance. Zhengding river sand was used as the fine
aggregate with a fineness modulus of 2.65, apparent density of 2690 kg/m3, and mud
content of 1.0%.

Table 1. Chemical composition of raw materials.

Composition wt% SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O SO3

FA 49.3 28.5 1.86 3.96 0.94 0.69 2.6 0.51
GBFS 29.8 13 38.7 0.3 7.71 0.35 0.39 2.3
MK 54.5 43.1 - 0.48 0.07 0.67 0.2 0.35

2.1.2. Specimen Preparation

The water–binder ratio and paste–aggregate ratio of the three groups were 0.35 and
0.68 respectively. Firstly, 537 g FA/GGBFS/MK and 1350 g sand were put into a cement
mortar mixer and stirred at low speed for 5 min, and then 306.7 g alkali activator and 67.7 g
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water were added slowly and stirred for 10 min. The mixed alkali-activated mortar was
put into 40 mm × 40 mm × 160 mm test mold and vibrated for 1 min. Finally, the surface
was covered with plastic wrap and placed in different environments for curing until the
test age. In addition, the paste specimens with the same water–binder ratio and the same
curing condition were prepared for the microscopic test.

2.2. Curing Condition

Five different curing conditions were set to study the strength development of the mor-
tars, and the alkali-activated FA/GGBFS/MK mortars under different curing environments
were designated as F/G/M + B/Z60/Z80/H60/H80.

â Standard curing (B): The specimens were placed in a 20 ± 5 ◦C environment for 24 h
after casting, then they were demolded, numbered, and placed into a standard curing
room (temperature = 20 ± 2 ◦C, relative humidity ≥ 95%) until a specified age;

â Steam curing (Z): After casting, the specimens were directly steam cured at 60 ◦C
(Z60) and 80 ◦C (Z80) until a specified age;

â Oven curing (H): The specimens were first placed in an 80 ◦C steam curing box for
6 h to reach a certain strength and then demolded, numbered, and moved to the oven
at 60 ◦C (H60) and 80 ◦C (H80) for curing until the test age.

2.3. Test Method
2.3.1. Strength Test

The compressive strength of alkali-activated mortars was tested according to the
Chinese standard of “Cement mortar Strength Test Method (ISO method)” (GB/T 17671),
and the test ages of standard curing and steam/oven curing were 1, 3, 7, 14, and 28 d and
2, 4, 6, 8, 24, and 48 h, respectively.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

A Nicolet Vatar-330 Fourier infrared spectrometer was used to test and analyze the
products of alkali-activated samples after different curing conditions. The spectra were
gathered for wavenumbers between 400 and 4000 cm−1. After grinding and drying, the
sample powder was mixed with potassium bromide based on a ratio for tablet pressing
and testing.

2.3.3. Scanning Electron Microscopy-Electron Dispersive Spectrometry (SEM-EDS)

The micro-morphology and elemental distribution of clean slurry samples under
different curing conditions were characterized by S-4700 SEM-EDS (Hitachi). The sample
size was about 1 cm3, and it was dried and gold coated before testing.

2.3.4. Brunner Emmet Teller (BET) Measurement

A 3H-2000PS1 specific surface and pore size analyzer made by Beijing Best Company
was used to measure the specific surface area, cumulative pore volume, and pore size
distribution [24] of alkali-activated samples under different curing conditions. Before
testing, samples of about 1 g were collected and pretreated by heating at 90 ◦C and vacuum-
degassing for 9 h.

3. Results and Discussion
3.1. Strength Test
3.1.1. Standard Curing

Figure 1 shows the fitting results of the compressive strength development of alkali-
activated mortars under standard curing. It can be seen that all the fitting lines were
positively correlated in a linear relation. The y-intercept of the fitting line of FB was
negative, indicating that its initial compressive strength is extremely low, and it began to
produce strength after 40 h standard curing based on the function calculation, and the
compressive strength at 3 d is only 1.3 MPa due to the low activity of fly ash [25]. For GB
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and MB specimens, their initial strengths were high, and after standard curing for 1 d, the
compressive strengths were 48.0 and 50.6 MPa, reaching 57% and 64% of their 28 d strength,
respectively. However, the compressive strength of ordinary cement mortar after 3 d
standard curing only reaches 50% of its 28 d strength [11]. This indicates that the strength
of GB and MB developed faster in early age; moreover, their strength continued to increase
with the increase in curing time. The slopes of the three fitting lines had slight differences,
among which GB had the highest slope, followed by FB and MB. The compressive strength
of the GB specimen after 28 d standard curing was 83.6 MPa, indicating that standard
curing was more beneficial to the strength development of AAG mortar. However, the
AAF mortar was not suitable for standard curing. The strength of GB and MB specimens
was about 2.5 times that of FB after standard curing for 28 d.
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Figure 1. Fitting results of compressive strength of alkali-activated mortars under standard curing: (a) FB; (b) GB; (c) MB. 
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Figure 1. Fitting results of compressive strength of alkali-activated mortars under standard curing: (a) FB; (b) GB; (c) MB.

3.1.2. Steam Curing

Figures 2 and 3 show the fitting results of the compressive strength of alkali-activated
mortars under steam curing at 60 and 80 ◦C. For AAF mortars, the compressive strength of
FZ60 also increased linearly with time in 60 ◦C steam environment, but both the y-intercept
and slope of the fitting line are larger than that under the standard curing condition,
indicating that steam curing is more favorable to the growth of the initial and later strength
of AAF mortar by comparison with standard curing, as shown in Figure 2a. When the
temperature increased from 60 to 80 ◦C, steam curing more significantly promoted the
strength development of AAF specimens, as shown in Figure 3a. The compressive strength
of FZ80 developed according to an Allometric function with time, and reached 1.8 MPa after
only 2 h steam curing, exceeding that of standard curing for 3 d, and close to that of 60 ◦C
steam curing for 8 h. Therefore, AAF mortar was more suitable for 80 ◦C steam curing.
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Figure 3. Fitting results of the strength of alkali-activated mortars under steam curing at 80 °C: (a) FZ80; (b) GZ80; (c) 
MZ80. 
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For AAG mortars, both the compressive strengths developed according to a Boltz-
mann function with time under 60 and 80 ◦C steam curing conditions, as shown in
Figures 2b and 3b. The strength of GZ60 increased rapidly in the first 8 h and reached the
maximum value after 20 h. Furthermore, both the initial and maximum strengths increased
with the rise in curing temperature, and the curing time to reach the maximum strength
of GZ80 was only 12 h. However, the maximum strengths of GZ60 and GZ80 under
steam curing conditions were 22% and 7% lower than that of GB under standard curing
conditions for 28 d, respectively. Obviously, although the steam curing can accelerate the
strength growth of AAG mortar, it will hinder the development of strength to a higher
value. From the perspective of reaction kinetics, the increase in temperature reduces the
activation energy of the reaction and speeds up the alkali-activated reaction rate [26], but
the chemical equilibrium moves in the opposite (endothermic reaction) direction, which
leads to the reduction in gel products and structural density. In addition, the gel rapidly
formed on the surface of the slag particles without diffusion, resulting in uneven product
distribution [27]. All of the above factors would cause the slow strength development of
AAG mortar in the long term.

For AAM mortar, the compressive strength developed according to an Allomet-
ric function with time under both 60 and 80 ◦C steam curing conditions, as shown in
Figures 2c and 3c. Their strength increased rapidly, not only in the first 8 h, but also in the
later period. The effect of curing temperature on the strength of AAM mortar was similar
to that of the other alkali-activated mortars.

By comparing the sensitivity of the three alkali-activated mortars to steam curing,
it was found that the strength of AAG mortar developed the fastest in the first 8 h but
increased little thereafter, whereas the strength of AAF and AAM mortars still underwent
a substantial rise in 8–48 h. Therefore, it is suggested that 80 ◦C steam curing should be
adopted to increase the early strength of alkali-activated mortars. Regarding AAG mortar,
the steam curing time should be controlled within 12 h to reduce energy consumption; for
AAF and AAM mortar, the steam curing time can be appropriately extended to promote
the development of strength.

3.1.3. Oven Curing

Oven curing is also called dry curing, and the essential difference from steam curing is
that the relative humidity in the oven is very low. The fresh mortars were first cured under
the steam condition for 6 h to form certain strength, and then moved to the oven for further
curing. From Figure 4 it can be seen that, in the first 6 h, the compressive strengths of the
alkali-activated mortars under both steam and oven curing at 80 ◦C were the same. When
oven curing began, the strength of AAF mortar continued to increase, but its increasing
rate was significantly lower than that of the steam curing group. However, instead of
increasing, the strengths of AAG and AAM mortar decreased gradually with time. After
48 h curing, the compressive strength of FH80 increased by 127%, whereas those of GH80
and MH80 decreased by 26% and 39%, respectively, compared with the initial oven curing



Crystals 2021, 11, 1455 6 of 13

strength. It is thus clear that the oven curing for a certain time had no adverse effect on the
strength development of AAF mortar, but would decrease the strength of AAG and AAM
mortars. This is due to the dual effect of oven curing: the high temperature will accelerate
the alkali-activated reaction and promote the strength growth; conversely, the generation
of microcracks by drying shrinkage will reduce the strength. For AAF mortar, the positive
effect is more significant due to the low activity of FA, whereas for AAG and AAM mortars,
the negative effect is dominant. Moreover, as the compressive strength of AAG mortar
reached 66.4 MPa after 6 h steam curing, its dense structure had certain resistance to the
internal stress and volume shrinkage, so the decline rate of the strength was lower than
that of AAM mortar. Figure 4 also indicates that the strength of AAG mortar developed
rapidly in the first 8 h under the steam curing condition, whereas that of AAF and AAM
mortars had a larger increase after steam curing for 8 h.
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Figure 4. Strength of alkali-activated mortar under oven and steam curing conditions: (a) FH; (b) GH; (c) MH. 

3.1.4. Strength Correlation between Standard Curing and Steam Curing 
Although steam curing can shorten the curing period and speed up the construction 

progress, it requires higher energy consumption and generates environmental pollution, 
in addition to adversely affecting the properties of concrete. Therefore, it is necessary to 
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characteristics of raw materials. In this study, the strength development laws of three 
alkali-activated mortars under standard curing and steam curing conditions were com-
pared, as shown in Figure 5, in order to find the corresponding relationship between 
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Figure 4. Strength of alkali-activated mortar under oven and steam curing conditions: (a) FH; (b) GH; (c) MH.

3.1.4. Strength Correlation between Standard Curing and Steam Curing

Although steam curing can shorten the curing period and speed up the construction
progress, it requires higher energy consumption and generates environmental pollution,
in addition to adversely affecting the properties of concrete. Therefore, it is necessary to
choose a suitable curing method and control the reasonable curing time according to the
characteristics of raw materials. In this study, the strength development laws of three alkali-
activated mortars under standard curing and steam curing conditions were compared, as
shown in Figure 5, in order to find the corresponding relationship between them and guide
their production. Furthermore, based on the strength of alkali-activated mortars after 80 ◦C
steam curing for 4 and 24 h, the curing time required to reach the same strength for each
curing system was calculated. The results are listed in Table 2.
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Figure 5. Correlation between strength of alkali-activated mortar under standard curing and steam curing: (a) AAF; (b) 
AAG; (c) AAM. 
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Table 2. Relationship between the strength and curing time of alkali-activated mortar.

No. Steam Curing at
80 ◦C (h) Strength (MPa) Standard

Curing (h)
Steam Curing at

60 ◦C (h)

AAF
4 7.0 181 23
24 22.7 494 67

AAG
4 58.9 236 11
24 77.7 603 -

AAM
4 31.7 <24 18
24 55.0 121 92

Comparative analysis showed that the strength of AAF mortars after 4 h steam curing
at 80 ◦C reached 7.0 MPa, which was equivalent to that after 23 h steam curing at 60 ◦C
and 181 h standard curing; and the strength of AAF mortar after 24 h steam curing at 80 ◦C
reached 22.7 MPa, which was equivalent to that after 67 h steam curing at 60 ◦C and 494 h
(20.6 d) standard curing. Obviously, the AAF mortar was more suitable for steam curing.
For AAG mortar, the steam curing at 60 ◦C would severely limit the strength development,
and its maximum strength was only equivalent to the strength under standard curing for
about 14 d, whereas the strength after 12 h steam curing at 80 ◦C approached that after
standard curing for 28 d. For AAM mortar, the strength after 80 ◦C steam curing for 4 h
was 31.7 MPa, whereas the standard curing time required to reach it was less than 24 h,
which was greatly reduced compared to the other two alkali-activated mortars, indicating
that AAM mortar was more suitable for standard curing.

3.2. Microscopic Test
3.2.1. FTIR Test

To further analyze the influence of curing conditions on AAC, the compositions of
alkali-activated paste were tested by FTIR and the results are shown in Figure 6. The
absorption bands between 1458.26–1429.71 cm−1 and 1024.83–1004.00 cm−1 are carbonate
(C-O antisymmetric stretching vibration [28]) and Si-O-T (T=Si/Al) asymmetric stretching
vibration, respectively. The absorption peaks at 955 and 1640 cm−1 are Si-O-M (M=Ca/Al)
vibration and H-O-H bending vibration, respectively [29].

From the results shown in Figure 6a, it can be seen that the positions and shapes
of the characteristic peaks of AAF after 7 d standard curing and 8 h steam curing were
similar, but the Si-O-T absorption peak of the latter slightly shifted to the left, indicating
that the N-A-S-H gel of AAF formed in a short time under steam curing condition was
more stable. When the AAF was cured in an oven, the depth of the Si-O-T absorption peak
increased compared to that in the steam curing at the same temperature, which indicates
the larger volume density of the N-A-S-H gels generated. It is inferred that the water
evaporation during the polycondensation process caused by oven curing would promote
the alkali-activated reaction, and the shrinkage of the gel pores also led to the increase in
the polymerization degree. Both of these factors resulted in the increase in the intensity of
Si-O-T absorption peak. In addition, all the samples had a small carbonate absorption peak,
which may be because carbonization occurred between the CaO in fly ash and surplus
OH− in alkali solution. The difference was that the C-O absorption peak of oven curing
samples moved 22.74 cm−1 to the left compared with other samples, indicating that the
CaCO3 generated under the oven curing condition was more stable. However, most of
the OH− participated in the alkali-activated reaction, and only a small amount was left
to be carbonated, so the intensity of the C-O absorption peak of oven curing samples was
lower. Comparing of Figure 6a,b shows that with the increase in curing time, the position
of the Si-O-T absorption peak of AAF moved to the high wavenumber region, and the
shape became deeper and sharper. This indicates that the N-A-S-H gel generated with
a long chain structure became more stable and ordered, whereas its absorption peaks at
1640 cm−1 after 24 h oven curing became very flat, indicating that little water was retained,
due to evaporation.
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Figure 6c shows the test results of three alkali-activated specimens under the 80 ◦C
steam curing condition. The intensity of the carbonate absorption peak of GZ80 clearly
increased and the peak shape became sharper, which is due to the high CaO content
in GBFS. In contrast, there was almost no carbonate absorption peak for MZ80, which
belonged to the calcium free cementitious system. Moreover, the intensities of the Si-O-M
absorption peak of GZ80-8 h and the Si-O-T absorption peak of MZ80-8 h were higher than
that of FZ80-8 h, indicating that the AAF specimen had a poor gel structure. It should
be noted that the absorption peak positions of GZ80 and MZ80 samples were almost
unchanged when the curing time increased from 8 to 24 h, and only the depth of the
absorption peaks increased significantly. This suggests that the product structure of AAG
and AAM had been basically formed after 8 h steam curing. With the increase in curing
time, only the volume density of C-(A)-S-H gel and N-A-S-H gel changed, and not the long
chain structure of the products.

3.2.2. SEM-EDS Test

Figure 7 shows the SEM images of the three alkali-activated specimens under different
curing conditions. Furthermore, the elements of the representative products were also
analyzed and the results are listed in Table 3.
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Table 3. Elemental distributions of different alkali-activated specimens.

Element
Percentage/% Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6

O 43.76 48.84 46.78 42.84 29.57 39.46
Na 4.16 9.48 8.9 12.87 9.15 7.63
Al 18.16 16.55 16.18 16.08 5.68 22.31
Si 21.25 22.25 24.6 23.26 12.99 24.9
Ca 0.67 2.15 0.79 2.65 23.14 -

As shown in Figure 7a, there were still many spherical fly ash particles on the surface
of FB after 7 d standard curing, but the vitreous structure on its surface was dissolved in
the high-alkali environment, and chemical forces were formed between the particles by the
adhesion of gel products, which were mainly N-A-S-H gels based on the EDS analysis. With
the increase in curing time, many pits remained due to the reaction of fly ash particles, and
the gels generated were tightly packed, leading to a denser matrix, as shown in Figure 7b.
Table 3 shows that all elements of O, Na, and Si at point 2 have higher content compared
with that at point 1, indicating that the sodium for charge neutralization and Si-Al bond in
N-A-S-H gel increased. Thus, the structure of FB-28 d was more stable, which is consistent
with the left shift phenomenon of the Si-O-T absorption peak in FTIR. Furthermore, the Ca
content at point 2 also increased, which may be related to the carbonization of Ca2+ and
OH− on the gel surface. By comparing Figure 7b,d, it can be seen that the microstructures
of FB-28 d and FZ80-24 h were similar, in addition to the distribution of elements at point
2 and 4. This indicates that the gel structure of AAF after 24 h steam curing at 80 ◦C
could be comparable to that after 28 d standard curing. However, a large number of
microcracks can be observed on the surface of the specimen after 24 h oven curing at the
same temperature (see Figure 7c), which was the direct reason for its lower strength. In
addition, the content of Ca at point 3 was lower than that at points 2 and 4, which may be
caused by less carbonization on the surface of the gel.

By comparing Figure 7d–f, it can be seen that the structures of GZ80 and MZ80 after
80 ◦C steam curing for 24 h were significantly denser (almost no holes) than that of FZ80.
However, their micro morphology was different. The surface of GZ80-24 h was smooth,



Crystals 2021, 11, 1455 10 of 13

but there were a small number of microcracks due to the large volume shrinkage, whereas
that of MZ80-24 h was rough, and the polymerization degree of gel was high. Moreover,
the Ca content at point 5 was the highest, reaching 23.14%, indicating the generation of a
large amount of C-(A)-S-H gel and CaCO3. For the specimen at point 6, no Ca element was
detected but the contents of Si and Al were the highest, indicating that the N-A-S-H gel
formed in MZ80 had a higher degree of polymerization compared with FZ80, and was not
affected by carbonization. This can be explained as follows: the high vitreous to crystal
ratio and calcium content of GBFS led to a strong bond breaking effect, whereas metakaolin
has a super volcanic ash effect; thus, both of them had high activity and could rapidly form
a dense network structure under the alkali-activated action.

3.2.3. BET Test

A BET test was conducted to analyze the influence of different curing methods on the
pore structure of alkali-activated specimens. Nitrogen adsorption-desorption curves and
pore size distribution curves of each sample are shown in Figure 8, and the parameters of the
pore structure are listed in Table 4. Figure 8b shows that the pore diameters of the samples
were mainly distributed in the range of micropores (0–2 nm), among which the most
probable aperture (pore diameter that corresponded to the peak value of the distribution
curve) of FB-28 d was the smallest (2.0557 nm). However, its nitrogen absorption capacity
was the largest, as were the specific surface area and accumulated pore volume, which
reached 22.5497 m2/g and 0.0765 mL/g, respectively; see Table 4. Moreover, the hysteresis
loop on the absorption-desorption curve of specimen FB-28 d that was caused by the
condensation of nitrogen in the pore channel was the most obvious, as shown in Figure 8a,
indicating that its micropores were the best developed. This was followed by specimen
MZ80-24 h, the most probable aperture of which was slightly increased to 2.0807 nm. Its
nitrogen adsorption capacity was also large, and its specific surface area and accumulated
pore volume were 15.9604 m2/g and 0.0406 mL/g, respectively. This also shows its well-
developed micropores and dense structure, which were consistent with the image observed
by SEM.
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Table 4. Pore structure parameters of alkali-activated cement under different curing conditions.

No. Specific Surface
Area (m2/g)

Cumulative Pore
Volume (mL/g)

Most Probable
Aperture (nm)

FB-7 d 2.8402 0.0071 3.5467
FB-28 d 22.5497 0.0765 2.0577

FZ60-24 h 2.8129 0.0070 2.5382
FZ80-8 h 1.5801 0.0044 2.9971
FZ80-24 h 4.3889 0.0120 2.4906
FH60-24 h 10.2894 0.0357 2.3356
FH80-8 h 11.7356 0.0316 2.5823

FH80-24 h 13.6304 0.0411 2.2366
GZ80-24 h 3.2026 0.0039 2.5459
MZ80-24 h 15.9604 0.0406 2.0807

In addition, the most probable aperture of specimens FH80-24, FH60-24, FZ80-24, and
FZ60-24 was in an increasing order, whereas their nitrogen adsorption capacity, specific
surface area, and accumulated pore volume were in decreasing order, confirming once
again that oven curing was more advantageous to the formation of the gel structure of AAF
than steam curing. Furthermore, with the increase in curing time, the specific surface area
and pore volume of AAF increased, and the most probable aperture decreased, indicating
that the pore structure of the specimen was refined continuously. For specimen GZ80-24
h, both the specific surface area and accumulated pore volume were the minimum, only
3.2026 m2/g and 0.0039 mL/g. Little nitrogen entered and was absorbed on the pores,
and its adsorption-desorption curve was close to the X-axis. Obviously, the C-(A)-S-H gel
generated in specimen GZ80-24 h had more refined pores and a dense structure.

4. Conclusions

(1) Steam curing at 80 ◦C is more suitable for AAF mortar. Its compressive strength was
only 1.3 MPa after 3 d standard curing, whereas it reached 1.8 MPa after 2 h steam
curing at 80 ◦C, close to that under 60 ◦C steam curing for 8 h. In addition, oven
curing for a certain period (48 h) had no adverse effect on the strength development of
AAF mortar. Although its strength growth was not as high as that under steam curing
at the same temperature, oven curing led to a larger volume density of N-A-S-H gel
and better development of gel micropores.

(2) For AAG mortar, the compressive strength increased linearly with time under the
standard curing condition, and reached 48.0 MPa after only 1 d standard curing;
moreover, it was as high as 83.6 MPa after 28 d. The strength of AAG under the steam
curing condition developed according to a Boltzmann function with time, which
increased rapidly in the first 8 h, and approached 28 d standard curing strength after
12 h, but grew little after about 15 h. Moreover, the strength development would be
severely limited by steam curing at 60 ◦C. It even decreased under the oven curing
condition due to the formation of microcracks due to temperature stress and chemical
shrinkage.

(3) The strength of AAM mortar under the steam curing condition developed according
to an Allometric power function with time, which not only increased rapidly in the
first 8 h, but also had substantial growth in the later period. Furthermore, the N-
A-S-H gel formed in AAM had a higher polymerization degree, better micropore
development, and denser structure compared to that in AAF. Standard curing is more
suitable for AAM, and its compressive strength reached 31.7 MPa after less than 24 h.
This, time was remarkably shortened compared with the other two alkali-activated
mortars. However, there was a large decrease in the strength under oven curing
condition.
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