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Abstract: This paper studied the influence of the modulus and dosage of sodium silicate on the
hydration of alkali-activated copper-nickel slag (CNS) materials. CNS was used as the main raw
material, and ground granulated blast furnace slag (GBFS) powder was selected as the mineral
additive. The hydration and hardening mechanisms were discussed. The experimental results
showed that [SiO4]*~ and [AlO4]°~ with a high degree of polymerization in the CNS glassy phase
more easily underwent depolymerization-condensation and produced more C-S-H gels when the
modulus was small and the sodium silicate dosage was high. When the content of sodium silicate
was 7.0% and the modulus of sodium silicate solution was 1.0, the 28-day compressive strength of
the material reached 125 MPa. This alkali-activated copper-nickel slag material can be used for mine
filling, which has certain economic and ecological benefits.
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1. Introduction

Copper-nickel slag (CNS) is an industrial by-product produced among the production
of copper-nickel non-ferrous alloys [1] that has potential pozzolanic activity [2]. After
chemical activation, the gelling activity of CNS can be improved to produce a new auxiliary
cementing material that can be used for mine filling or to prepare fine aggregate for high-
performance concrete [3,4]. The use of activators can improve the utilization rate of raw
materials and reduce production costs [5]. Previous research has shown that chemical
activators such as sodium hydroxide and sodium silicate can improve the strength of
cementitious composite materials [2]; however, the chemical activator sodium hydroxide
has many shortcomings, such as high cost, strong corrosivity, low safety, and is not suitable
for industrial production.

Aydin et al. [6] compared the use of NaOH and Na,5iO3 as the activators for the
alkali activation of Turkish slag. The results showed that under the optimum SiO, /Na,O
ratio, compared with NaOH-activated Turkish slag mortar and Portland cement mortar, the
sodium silicate-activated Turkish slag mortar had higher compressive strength, lower poros-
ity, and longer setting time. Palomo’s research [7] showed that during alkali-activation, the
polymerization reaction is the main process that determines the performance of the alkali-
activated cementitious material. Compared with caustic alkali activators, sodium silicate
contains a large amount of soluble silicate. Additionally, the soluble silicate accelerates the
formation of hydration products of the alkali-induced reaction. Magallanes et al. [8] used
sodium silicate solution with different moduli to activate granulated blast furnace slag
(GBEFS) and metakaolin materials. Studies have shown that the optimum modulus is 1.0-1.5,
and the strength of GBFS and metakaolin mixed materials reached 88 MPa using 10% NayO.
Chen et al. [9] studied the influence of sodium silicate solution modulus and alkali dosage
on the autogenous shrinkage of alkali-activated slag cement. When the modulus of sodium
silicate solution increased from 0.5 to 1.0, the autogenous shrinkage increased, but when
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the modulus increased to 2.0, the opposite result appeared. Furthermore, the reduction in
alkali dosage enhanced the autogenous shrinkage. Luukkonen et al. [10] used solubility
rate, chemical structure, and pH to systematically characterize the sodium silicate powders
with different SiO, /Na,O and found that when the ratio was 0.9, the alkali-activated blast
furnace slag mortar had the highest compressive strength. Bocullo et al. [11] studied the
influence of the 5iO,/Na,O ratio on the compressive strength of fly ash, and found that
this ratio had a significant effect on the alkali activation reaction. The ratio of SiO, /Na,O
below 2.0 introduced excessive sodium into the system, which led to the rapid formation of
sodium carbonate. If the ratio exceeded 3.1, the structural strength decreased.

As there is no previous study on the activation of CNS with sodium silicate, this paper
focused on the effect of different sodium silicate moduli and contents on the hydration
reaction of alkali-activated copper-nickel slag materials and provides a scientific reference to
the preparation and application of alkali-activated copper-nickel slag materials in the future.

2. Materials and Methods
2.1. Materials

Copper-nickel slag (CNS) was obtained from Xinjiang, and the S95 ground granulated
blast furnace slag (GGBFS) was obtained from Shandong. Their chemical compositions are
shown in Table 1 [12]. CNS mainly contained Fe;O3 (53.87%), while only 1.66% CaO and
1.18% Al,O3 were present. The main mineral component of CNS is fayalite (Fe, Mg),SiO4
(72.42%). Its spatial structure is an island-like [SiO4]*~ tetrahedron. CNS contains 27.58%
of a glassy phase, and its spatial structure is a netlike [SiO4]*~ tetrahedral structure [12]. A
ball mill was used to grind the CNS for 50 min, the median particle size of CNS was 8.30
pum, and the median particle size of GGBFS was 7.31 um. The particle size distribution is
shown in Figure 1. The sodium silicate solution was obtained from Shandong You Suo
Chemical Technology Co., Ltd., Heze, China. By using chemical titration, the concentration
of sodium silicate solution was 35%, the modulus was 3.2, the content of Na,O was 8.4%,
and the content of SiO; was 26.5%. Solid sodium silicate is an analytically pure chemical
reagent with a modulus of 1.0.

Table 1. Chemical composition of GGBFS and CNS (wt.%).

Component CaO Al,O3 SiO, MgO Fe, O3 Na,O SO; NiO CuO Cr, O3
GGEFBS 46.27 19.20 15.43 14.74 0.73 0.62 - - - -
CNS 1.66 1.18 32.37 6.53 53.87 0.56 1.00 0.54 0.49 0.43
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Figure 1. Particle size distribution of raw materials (a) CNS, (b) GGBFS.
2.2. Methods

2.2.1. Alkali Dissolution of Copper-Nickel Slag

Solid sodium silicate was mixed with water to prepare solutions with concentrations
of 0.5, 1.0, 2.0, and 3.0 mol/L. Then, the temperature was kept at 20 &= 1 °C, and 1.0 g of
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CNS was weighed and immersed in the different sodium silicate solutions. After 3 days,
the solution was centrifuged at 3000x ¢ r/min for 20 min. Then, 5 mL of supernatant was
extracted, and the concentration of Si, Al, Ca, and Fe ions in the solution were tested by
plasma emission spectrometry (ICP).

2.2.2. Sample Preparation

Sodium hydroxide and water were added to the sodium silicate solution with a
modulus of 3.2, and the activator solutions with moduli of 1.0, 1.5, 2.0, 2.5, 3.0, and 3.2
based on mass ratio were prepared. Then, with a water-binder ratio of 0.23, the mixture of
CNS and GGBFS and the activator solution were poured into a mixer. After mixing, the
stirred pastes were poured into a 20 x 20 x 20 mm mold. After vibration and compaction,
they were put into a curing box at 20 & 1 °C with a humidity of over 90% for curing to
maintain the corresponding age. In addition, solid sodium silicate with a modulus of 1.0
was added to the activator solutions with different concentrations, and the mixture of
CNS and GGBFS was prepared into cementitious materials according to the above steps,
followed by curing to a certain age.

2.3. Tests

(1) The compressive strength was tested using a Shanghai Hualong WHY-300/10
microcomputer experimental press from China.

(2) An XRD test was conducted using a D8 Advance AXS X-ray diffractometer from
Bruker Company in Karlsruhe, Germany with a Cu target. The scanning step size was
0.02°, the scanning range was 5-80 (20), and the step time was 0.5 s.

(3) An FT-IR test was conducted using a Nicolet i510 Fourier transform Infrared
spectrometer from Thermo Fisher Scientific CN in Waltham, MA, USA. The spectral range
was 400-4000 cm ™! and the detector resolution was 4 cm ™.

(4) A scanning electronic microscopy test was conducted using a Nova Nano SEM-50
from FEI in Hillsboro, OR, USA with a scanning frequency of 50/60 Hz.

(5) Alkali dissolution of CNS in glass phase was analyzed by an Inductive Coupled
Plasma Emission Spectrometer from PerkinElmer Inc. in Waltham, MA, USA.

3. Results
3.1. Alkali Dissolution Experiment of Copper-Nickel Slag

The effect of sodium silicate solution concentration on the dissolution rate of Si, Al, Ca
and Fe is shown in Figure 2. Upon increasing the sodium silicate solution concentration,
the dissolved concentration of Al, Ca, and Fe gradually increased, which indicated that
highly concentrated sodium silicate solutions better promoted the dissolution of the glassy
phase. The concentration of Si ions decreased first and then increased upon increasing
the sodium silicate solution concentration because of the soluble Si ions from the activator
solution. The decrease in the Si ions concentration indicates that the hydration process of
CNS occurred in the activator solution. However, the relative amount of dissolved iron
ions was small, which means that the crystalline phase is relatively stable and cannot be
involved in the hydration reaction.

3.1.1. XRD

Figure 3 shows the XRD results of CNS dissolved by different concentrations of sodium
silicate solutions. The diffraction peaks of two phases were found in the XRD pattern,
namely, Mg-rich fayalite ((Fe, Mg),SiO4) and C-5-H gels. As the concentration of sodium
silicate solution gradually increased, the intensity of the diffraction peak of C-S-H gels
gradually increased. The reason is that the concentration of Si and Ca ions dissolved in the
glassy phase increases with the increase in sodium silicate solution concentration; thus,
more C-5-H gels were formed.
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Figure 2. Effect of sodium silicate solution concentration on the dissolution of Si, Al, Ca and Fe.
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3.1.2. FT-IR
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Figure 3. XRD patterns of CNS dissolved by different concentrations of sodium silicate solutions.

Figure 4 shows the FT-IR spectra of CNS dissolved by different concentrations of sodium

silicate solutions, which contain five absorption bands. Among them, the peaks at 3450 cm !
and 1639 cm ! are the stretching and bending vibrations of the -OH groups [13,14]. The
peak at 976 cm~! is the stretching vibration of the Si-O group in C-S-H [15,16]. The peak
at 873 cm™! is the asymmetrical stretching vibration of Al-O [17]. The peak at 477 cm ™!
represents the bending vibration of Si-O-5i [18]. Figure 4 clearly shows that upon increasing
the concentration of sodium silicate solution, the intensity of absorption bands at 3450 cm ™!
1639 cm ™~ and 976 cm ! gradually increased. It indicates that a high concentration of sodium
silicate solution promoted the hydration of CNS, which generated more hydration products.

4
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Figure 4. FT—IR spectra of CNS dissolved by solutions with different sodium silicate solution concentrations.

3.2. The Influence of Sodium Silicate Solution Modulus

The modulus of sodium silicate solution has a great influence on the experimental
results [19]. The following section explores the effect of the sodium silicate solution modulus
on the alkali-activated CNS material. Specific experimental parameters are listed in Table 2.

Table 2. Experimental ratios.

Number CNS/% GGBFS/% Sodium Modulus ~ 'Vater/Cement

Silicate/% Ratio
ML.0 50 3 7.0 10 0.23
ML5 50 3 7.0 15 0.23
M2.0 50 3 7.0 2.0 0.23
M25 50 3 7.0 25 0.23
M3.0 50 3 7.0 3.0 0.23
M3.2 50 3 7.0 32 0.23

The influence of the sodium silicate solution modulus on the compressive strength
of the alkali-activated CNS material is shown in Figure 5. When the modulus of sodium
silicate solution was 1.0, the compressive strength of the alkali-activated CNS material was
higher, and its 28-day compressive strength reached nearly 100 MPa. Upon increasing the
modulus of sodium silicate solution, the compressive strength of the cementitious material
decreased gradually. When the modulus of sodium silicate solution increased from 1.5 to
2.0, the compressive strength of the alkali-activated CNS material dropped sharply. Upon
increasing the modulus of sodium silicate solution, the alkalinity of the solution decreased
gradually. The lower alkalinity of the activator solution weakened the depolymerization
reaction of the glassy phase, resulting in a slower dissolution rate of the active Si, Al, and
Ca, thus reducing the compressive strength of the system.

3.2.1. XRD

Figure 6 shows the XRD patterns of alkali-activated CNS material with different
sodium silicate solution moduli after 28 days of hydration. The XRD patterns of the
hydrated CNS cementitious materials contain three diffraction peaks, which correspond to
Mg-rich fayalite, calcite, and C-S-H gels. Under the activation of sodium silicate, the glassy
phase in the CNS depolymerized and dissolved the active Si, Al and Ca ions. Then, these
active ions underwent a polycondensation reaction in the sodium silicate aqueous solution
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to form C-5-H gels that had a higher degree of polymerization. Furthermore, the hydration
products were eventually partially carbonated by CO; in the air to form calcite.
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Figure 5. Effect of sodium silicate solution modulus on the compressive strength of alkali-activated
CNS material.
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Figure 6. XRD patterns of alkali-activated CNS materials after hydration under different sodium
silicate solution moduli.

3.2.2. FT-IR

After 28 days of hydration, the FT-IR spectra of the alkali-activated CNS material
with different sodium silicate solution moduli mainly included five absorption bands
(3460 cm™1, 1650 cm~!, 1450 cm~!, 985 cm ™!, and 477 cm™!), as shown in Figure 7.
Among them, the absorption bands at 3460 cm ! and 1650 cm ! were the stretching and
bending vibrations of the -OH group, respectively. The absorption band at 1450 cm~! was
attributed to the vibration of CO‘%‘ in calcite [20]. The peak near 985 cm ! was related
to the asymmetric stretching vibration of Si-O-T (T tetrahedral Si/Al) in C-(A)-S-H, and
the peak near 477 cm ! was related to the bending vibration of Si-O-Si. Comparing the
intensity of each FT-IR peak in the six groups of experiments showed that the intensities
of the three peaks at 3460 cm ™!, 1650 cm ™! and 985 cm ™! were significantly different.
Upon increasing the modulus of sodium silicate solution, the strength of the three infrared
peaks gradually weakened, which indicated that the use of sodium silicate solution with a
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higher modulus was not conducive to the activation of CNS. This greatly weakened the
development of hydration products and ultimately reduced the compressive strength of
the composite cementitious materials.

1650
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\/M1.5
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3460
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985 M2.0
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M3.0

M3.2

T T T T T T T T T T T T T T
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Figure 7. FT—IR spectra of alkali-activated CNS materials after hydration using sodium silicate
solution with different moduli.

3.2.3. SEM

The microstructure of the alkali-activated CNS materials after hydration for 28 days
was characterized by SEM, and the microstructures are shown in Figure 8. The moduli
of sodium silicate solution in Figure 8a—f were 1.0, 1.5, 2.0, 2.5, 3.0 and 3.2, respectively.
Compared with the original CNS sample, the surfaces in Figure 8a—f were all covered
by flocculent hydration products. Combined with the analysis of the XRD and FT-IR
results, these flocculent hydration products were C-S-H gels. Upon increasing the modulus
of sodium silicate solution, the flocculent C-S-H gels on the surface decreased, and the
material structure became looser because the higher the modulus of sodium silicate solution,
the lower the alkalinity of its aqueous solution. The higher modulus of sodium silicate
solution had a weak effect on the activation of CNS, and the larger original sample was
only corroded into fragmented blocks or strips (Figure 8d-f), resulting in the formation of
less hydration products.

3.3. The Influence of Sodium Silicate Dosage

When the modulus of sodium silicate solution was 1.0, the compressive strength of
the cementitious system was highest. So, solid sodium silicate with a modulus of 1.0 was
used as the activator to further investigate the influence of sodium silicate content on the
cementitious system of CNS. The specific experimental results are shown in Table 3.

Figure 9 shows the influence of different sodium silicate contents on the compressive
strength of alkali-activated CNS material. Upon increasing the sodium silicate content, the
compressive strength of the alkali-activated CNS material at various ages increased first
and then slightly decreased. When the content of sodium silicate was 3.0%, the compressive
strength of the alkali-activated CNS material increased rapidly. When the sodium silicate
content was 7.0%, the compressive strength of the alkali-activated CNS material reached
the maximum, with a maximum compressive strength of 79 MPa after 3 days and 125 MPa
after 28 days. These values were slightly higher than those of the M1.0 test groups due to
the exothermic dissolution of sodium silicate, which promoted the hydration reaction of
the system.
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Figure 8. SEM images of hydration products of CNS under different sodium silicate solution moduli:
(a) M1.0, (b) M5, (c) M2.0, (d) M2.5, (¢) M3.0, and (f) M3.2.
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Table 3. Experimental results.

o o Sodium Water/Cement
Number CNS/% GGBFS/% Silicate/% Ratio
C1 50 49 1.0 0.23
C2 50 47 3.0 0.23
C3 50 45 5.0 0.23
C4 50 43 7.0 0.23
C5 50 41 9.0 0.23
140
—a— 3d ~
120 | —e—7d &\
—A— 14d N
100 ’

(o]
o
T T

N
o
—

Compressive strength / MPa
N (o]
o o
T T T

1 1 1 1 1
1 3 5 7 9
Sodium silicate content / (%)

Figure 9. Compressive strength of CNS samples with different sodium silicate contents.

3.3.1. XRD

The alkali-activated CNS material showed a higher strength under sodium silicate
activation because the system produced more hydration products, which made the structure
of the system very dense. The phase analysis of the products after hydration for 28 days is
shown in Figure 10. The XRD patterns of the hydrated alkali-activated CNS material have
four diffraction peaks that correspond to Mg-rich fayalite, calcite, C-S5-H gels, and sodium
silicate. Calcite was formed by carbonation of the hydration products. The diffraction
peak of sodium silicate indicates a surplus of activator. Under the action of the activator,
the glassy phase of the alkali-activated CNS material dissolved first, causing active Si, Al,
and Ca to enter the solution. Then, a polycondensation reaction occurred to form C-5-H
gels. As the sodium silicate content went up, the diffraction peak strength of C-S-H gels
gradually increased, which indicates that increasing the sodium silicate content promoted
the formation of hydration products.

3.3.2. FT-IR

Figure 11 shows the FT-IR spectra of alkali-activated CNS materials with different
sodium silicate contents after 28 days of hydration. There are six absorption bands in the
FT-IR spectrum at 3475 cm 1, 1650 cm !, 1450 cm ™!, 976 cm ™!, 871 em !, and 477 cm 1.

The absorption peaks at 3475 cm ™! and 1650 cm ! are the stretching and bending
vibrations of ~OH groups. The absorption band at 1450 cm ™! is connected to the vibration
of CO%f in calcite. The absorption band at 976 cm ™! is connected to the asymmetrical
stretching vibration of Si-O-T (T is tetrahedral Si/ Al) in C-(A)-S-H. The absorption band at
871 cm ™! is related to the vibration of Al-O, and the absorption band at 477 cm~! is the
bending vibration of Si-O-Si. When the sodium silicate content was high, more hydration
product was produced, which increased the intensity of the peak at 976 cm™1.
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Figure 10. XRD patterns of alkali-activated CNS materials after hydration with different sodium
silicate contents.
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Figure 11. FI-IR spectra of alkali-activated CNS materials after hydration with different sodium
silicate contents.

3.3.3. SEM

Figure 12 shows the SEM images of CNS with different sodium silicate contents after
hydration for 28 days, where (a) is the raw material (CNS), and (b—f) are C1, C2, C3, C4,
and C5, respectively. Compared with Figure 12a, the microstructure shown in Figure 12b—f
changed to different degrees, and the sample surface was covered by hydration product
flocculants. The samples in Figure 12e,f have large amounts of hydration product covering
their surface and the densest structures. The alkali dissolution of the glassy phase shows
that increasing the sodium silicate content increased the concentration of activator solution,
and depolymerization of the glassy phase dissolved more Si, Al, and Ca ions. These Si, Al,
and Ca ions underwent a polycondensation reaction in solution and eventually generated
C-5-H gels, so the system showed higher macroscopic mechanical properties. If the sodium
silicate dosage is excessive, efflorescence may appear on the surface. Therefore, the sodium
silicate dosage should not exceed 7.0%.
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T wo
4.8mm | 10000 x

Figure 12. SEM images of the hydration products of CNS with different sodium silicate con-
tents: (a) raw material (CNS), (b) C1, (c) C2, (d) C3, (e) C4, and (f) C5.
4. Discussion

The glassy phase of CNS is composed of a network, network intermediates, and
network modifiers, and its spatial structure is shown in Figure 13 [21,22]. The network
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is composed of three-dimensional [SiO4]*~ tetrahedra. Since the network intermediate
A can replace some Si*t, there will be a charge imbalance near A3*. At this time, the
network modifiers with positive charges, such as alkali metal ions (M*, such as K* or
Na*) or alkali earth metal ions (M?*, such as Ca?*), will be attracted to balance the charge
difference and make the glassy phase electronically neutral. Compared with the original
silicate structure, the replacement structure did not change significantly [23]. The glassy
phase of CNS has potential gelling activity and can undergo hydration in the presence of
the sodium silicate activator. The hydration of CNS is a complex process, but it can be
summarized as a depolymerization-condensation reaction of the glassy phase.

Q o
\!, p
o N \

/ oo

o \ C‘)/ o
ol T %

Si Al o0 O mMyMmM*

Figure 13. Schematic diagram of CNS glassy phase spatial structure.

From a thermodynamics perspective, the Al-O bond in Al-O-Si is easier to break
than the Si-O-Si bond, as the bond energy of the network modifiers is weaker [24,25];
therefore, under the action of the activator sodium silicate, the chemical bond of the
network modifier is broken first, and active Ca?* is released. Then, OH™ ions in the
solution will break the chemical bond between Si-O-Al and Si-O-5i by bridging oxygen,
which causes depolymerization of the glassy phase. When the modulus of sodium silicate
solution is low and it is present in a high concentration, the activator solution is more
alkaline, and the depolymerization of the glassy phase will be more vigorous.

The [SiO4]*~ tetrahedron with a high degree of polymerization and [AlO4]°~ tetra-
hedron in the CNS glassy phase generated Si(OH)4 and Al(OH), with a low degree of
polymerization. These then reacted with active Ca?* in the system to form C-S-H gels,
which provided strength to the system [12,26]. The GGBFS also undergoes a similar re-
action as mentioned above. The alkali-activated CNS material prepared with GGBFS
powder as a mineral admixture has good mechanical properties because of its higher glassy
phase content.

5. Conclusions

By studying the influence of the sodium silicate modulus and dosage on the hydration
of alkali-activated CNS material, the following conclusions were drawn:

(1) Sodium silicate can destroy the spatial structure of the CNS glassy phase, which
caused Si, Al, and Ca ions to dissolve. Moreover, when the content of sodium silicate did
not exceed 7%, upon increasing the sodium silicate solution concentration, the dissolution
rate of Al and Ca ions increased, and then promoted the formation of hydration products.

(2) The modulus and dosage of sodium silicate greatly influenced the hydration of
alkali-activated cementitious materials. The smaller the modulus of sodium silicate solution
and the higher the dosage of sodium silicate, the stronger the alkalinity of the activator solu-
tion and the higher the compressive strength of the resulting alkali-activated cementitious
materials. When the sodium silicate content was 7.0% and the modulus of sodium silicate
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solution was 1.0, the compressive strength of the alkali-activated cementitious material
reached 125 MPa.

(3) The glassy phase of CNS has a three-dimensional network structure. Under activa-
tion by sodium silicate, the [SiO4]*~ and [AlO4]°~ with a high degree of polymerization
in the glassy phase underwent depolymerization and condensation reactions, and finally
formed C-S-H gels, which provided strength to the alkali-activated cementing material.
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