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Abstract: Natural hydraulic lime (NHL) has drawn much attention due to its environmentally
friendly nature. The characteristics of both hydraulic and pneumatic components make it a potential
substitute for Portland cement in surface decoration and ancient building restoration. In this study,
both doping and mixing with supplementary cementitious materials were investigated. Two types
of NHL3.5 were fabricated through calcination at 1200 °C with B and B/Na doping, respectively.
It is noted that B ion doping is beneficial to the early compressive strength of the specimens, and
B/Na doping is beneficial to the later compressive strength of the specimens. The observed outcome
is that the compressive strengths of B and coupled B/Na doped NHL3.5 are higher than the blank
sample due to the appearance of «’-C2S. Thereafter, the blank and doping NHL were incorporated
with fly ash and silica fume. The incorporation of fly ash and silica fume could enhance the early
and late hydration rate. Of the two, silica fume shows more pozzolanic effect in the early age. In the
supplementary cementitious materials dosed group, pozzolanic dominates the hydration process.

Keywords: natural hydraulic lime; ion doping; supplementary cementitious materials; hydration
mechanism

1. Introduction

Hydraulic lime (HL) [1], one of the most historic cementitious materials, has recently
drawn wide attention in both the restoration of ancient buildings and relics and the field of
architecture. Traced back to the ancient Roman and Greek periods, people used lime-based
cementitious materials (LCMs) as the main building binder [2,3]. It was not until the
appearance of Portland cement and its promotion in the 18th century that lime-based
cementitious materials were phased out of history [4]. In recent years, with the development
of the concept of “green building materials”, LCMs have gradually regained the focus of
researchers worldwide. Compared with the calcination temperature of 1250~1450 °C for
cementitious materials, the calcination temperature of HL is lower, usually 800~1200 °C,
which greatly reduces the carbon emission in the production process [5,6]. HL also absorbs
CO; from the air during the hardening process, which further reduces energy consumption
and carbon emissions. At the same time, the choice of raw materials for the preparation
of hydraulic lime is wider: marl [7], chalk [8], ginger nut [6], even dolomite [9] and other
low-grade silica-calcium minerals that cannot meet the calcination conditions of the cement
industry can be used as the main raw materials for natural hydraulic lime (NHL), which
enhances the comprehensive utilization of minerals. Additionally, due to the wide range of
raw materials, NHL's production conditions and application methods can be adapted to
local conditions and reduce transportation costs to a certain extent. In conclusion, NHL has
great potential for application in the construction field of ancient building restoration [10]
and surface decorative mortars [11], coatings, etc. However, there are some problems in the
application of hydraulic lime, such as cracking and salt petering [12]. In the field of ancient
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building restoration, the long early setting time and low mechanical strength of hydraulic
lime also seriously restrict its practical application [13]. The key to solving these problems is
to improve the hydration activity of NHL materials and to conduct more in-depth research
on the hydration mechanism and the working performance mechanism.

The main components of NHL include the gaseous hard component calcium hydroxide
(Ca(OH);) and the hydraulic component (2CaO-5i0,, C,S). As reported, there are five types
of polymorphs in C;S, named o, «’'H, 'L, 3, and v, respectively [14]. Where &, «'H, and
oL phase are considered with high hydraulic reactivity, the instability at room temperature
strongly restricts its application [15]. With respect to 3 phase, it is the main crystalline phase
of C,S in cement clinker and commercial NHL [16]. At the same time, y phase is commonly
considered the most stable polymorph and hardly shows hydraulic reactivity [17]. Doping
with impurity ions is one of the methods commonly used to improve the hydraulic activity
of C,S. Nat, Fe3t, K+, Mg2+, and other minor ions can be doped onto the C,S crystal to
replace CaZ* or [SiO4]*~, which hinders the transformation of C,S into a rhombohedral
crystal system during the cooling process [18,19].

It is well known that supplementary cementitious materials (SCMs) have a wide range
of applications in the cement and hydraulic lime industry [20]. According to BSEN459:1-
2010, NHLs can be referred as HLs when SCMs are added. SCMs have the following ad-
vantages: (i) reduced clinker usage; (ii) improved workability of the binder; (iii) pozzolanic
activity can improve the mechanical strength of the matrix, etc. [21,22]. The commonly
used SCMs are blast furnace slag (BFS) [23], fly ash (FA) [24], silica fume (SF) [25], and
metakaolin (MK) [26]. In recent decades, the development of composite cement properties
and microstructures has been a high research priority.

In this study, the NHL containing highly active a and «’-C,S was prepared by first
mixing limestone and diatomite according to the calcium-silica component requirements of
BSEN459:1-2010 [27] for NHL3.5, then doping with a small amount of stabilizer (B, B/Na
ions), followed by calcination and digestion. Then the fabricated NHL was complexed
with FA and SF in different proportions and prepared as pastes with a fixed w/c ratio of
0.55. The hydration mechanism, microstructural changes, and mechanical properties of
HL-based cementitious materials under the composite effect of dynamic material of SCMs
and ion doping were investigated. In this paper, ion doping and SCMs were used together,
and the hydration reaction difference of C25S with different crystal forms was explored.
The early hydration reaction speed of NHL was improved and the application of NHL
was expanded.

2. Materials and Methods
2.1. Materials

The NHL used in this study was fabricated in the laboratory. The raw materials used
to prepare it are limestone from Liaoning Province and diatomite from Jilin Province, China.
SCMs are fly ash and silica fume from Shanxi Province, China.

The chemical composition of raw materials is shown in Table 1. The raw materials
were heated to 1000 °C to determine the loss on ignition (L.O.I) of raw materials, and the
L.O.I of limestone at 1000 °C was 43.09 wt%, corresponding to a CaCOs3 content of about
97.9%. Meanwhile, the content of MgO is about 3 wt%, which, according to XRD results
(Figure 1), mainly corresponds to dolomite (CaMg(CO3);) in the raw material. According
to the calculation, the Cementation Index (CI) value of the final product was 0.85 when
adding 12% diatomite, which theoretically allows the production of natural hydraulic lime
with high hydraulic properties.

2.8 X %Si0,) + (1.1 x %AlL03) + (0.7 x %Fe;03))

cr= U
(%Ca0 + 1.4 x %MgO)

M
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Table 1. Chemical components of the raw materials (wt%).

Materials CaO SiO, Al,Os3 Fe, O3 MgO SO; Others L.O.I
limestone 48.33 3.61 0.81 0.73 3.00 0.05 0.38 43.09
Diatomite 0.32 86.20 2.03 1.93 0.26 0.29 0.82 8.14
Fly ash 2.88 50.54 26.86 5.95 0.74 0.52 5.93 6.59
Silica fume 0.18 92.70 0.14 0.04 0.64 0.59 0.84 4.87
120
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Figure 1. (a) Particle size diameter distribution of raw material, (b) XRD patterns of the raw materials.

Partical diamter (jum)

In this experiment, fly ash (FA) and silica fume (SF) were used as SCMs, where FA
is mainly composed of CaO, Al,O3, Fe;O3, and other oxides. The content of CaO in FA
is about 2.88%, indicating that it is low-calcium silicon FA. SF is acknowledged as highly
reactive pozzolanic material, and its activity is mainly derived from the amorphous SiO,,
which accounts for 92.7% of the total content.

2.2. Preparation

According to the component requirements of BSEN459-1:2010 for NHL3.5, the Ca(OH),
content should not be less than 25%. Thus, the designed NHL3.5 consists of 75% C,S and
25% Ca(OH);. First, 12 wt% diatomite was mixed with 88 wt% limestone as the calcined
raw materials, added to 1.5 wt% B,0O3, and 1.5 wt% B,O3 and Nap,COs3 (in qual mass ratio)
were mixed as stabilizers, respectively, and the mixture was ball-milled for 30 min until
the particle size reached below 0.4 mm. As can be seen from Figure 2, the mixed powder
was put into the muffle furnace, calcined at 1200 °C, with a heating rate of 5 °C/min
and a holding time of 120 min. Then, 30% water by weight of the calcined product was
weighed and mixed with the calcined product until the f-CaO was completely converted
to Ca(OH),, which could be observed through the exothermic condition, and was dried
at 80 °C after digestion for approximately 20 min. The final product was obtained after
30 min of grinding. The granularity of the final product reached 0.2 mm, the residual value
of the sieve did not exceed 2% of the total mass of the sieved material, and the residual
value of the sieve of 0.09 mm did not exceed 15% of the total mass of the sieved material.

Referring to the cement net test methods GBT1346-2011, 500 g of prepared NHL were
added into the net paste mixer, water was added at a water-binder ratio of 0.55, the mixer
was started and mixed at low speed for 120 s and then stopped for 15 s, and the slurry on
the blade and pot wall was scraped into the pot and mixed at high speed for 120 s. It was
poured into a 30 x 30 x 30 mm mold for molding. The molding temperature was 20 °C
and the humidity was 60%. After 48 h, the demolded specimens were placed in the same
environment and continued to cure to specific ages. At specific ages, the mechanical proper-
ties of the specimens were determined. Meanwhile, the hydration process was terminated
by grounding into powder and soaking in ethanol. Before microscopic characterization,
the samples were dried in a vacuum oven at 65 °C for 24 h. The mixture ratio is shown in
Table 2.
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Figure 2. Schematic diagram of preparation process of natural hydraulic lime.

Table 2. Mixture mass (g) ratio of the materials in the experiment.

Sample NHL B1.5 BNal.5 FA SF
NHL 500
F1 450 50
Blank F2 400 100
s1 450 50
$2 400 100
B15 500
Brion F1B1.5 450 50
do F2B1.5 400 100
ping S1B1.5 450 50
S2B1.5 400 100
BNal.5 500
F1BNal.5 450 50
dB;/ 1\1113 F2BNal.5 400 100
ping S1BNal.5 450 50
S2BNal.5 400 100

2.3. Test Methods

The components of raw materials were measured by PANalytical Axios XRF (X-ray Flu-
orescence Spectrometer, PANalytical, Almelo, The Netherland). Smatlab X-ray diffraction
(XRD, Rigaku Corporation, Tokyo, Japan) was used to determine the mineral composition
of the raw material and specimens, with 40 kV and 40 mA, CuKal radiation. Furthermore,
10°/min and 1°/min increment and 1 s-step-1 sweep from 10° to 80° 2 h were adapted,
respectively. Meanwhile, the Rietveld method was used for XRD data analysis to quantify
the mineral phase content.

Tam Air 08 isothermal calorimeter (TA Instrument, New Castle, DE, USA), was used
to determine the hydration heat of specimens. At 20 °C, the specimens were weighed and
placed in 20 mL of ampoule according to the proportion, and water was added to them
according to the W/B ratio of 0.55. They were stirred quickly and put into the calorimeter.

Fourier transform infrared spectroscopy (FI-IR) spectra were carried out in the range of
400-4000 cm ™! to determine chemical bonding and crystal structure changes. Microscopic
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morphology and structure were determined by scanning electron microscope (SEM, Hitachi
Regulus8100, Tokyo, Japan). The pore structure of the matrix is characterized by AutoPore
IV 9500 Mercury intrusion porosimetry (MIP, Micromeritics Instrument, Norcross, GA,
USA) in 30,000 psi. The mechanical properties of the specimens were measured on the
same test machine (SANS CMT5105, Shenzhen, China) at a loading rate of 2400 4 200 N/s.

3. Results
3.1. Mineral Content and Crystal Structure

For quantitative analysis, 20% rutile was mixed into the specimens as an internal
calibrator. The XRD identified the five main mineral phases: portlandite, o’-C;S, 3-C5S,
rutile (used as an internal standard), calcite, and magnesite, as shown in Table 3. The GSAS
software was used to make a refined fit to the test data. The final fitting results are shown in
Figure 3. The fit difference Rwp of each specimen is less than 10%, which indicates a good
matching result. The main error is from «’-C,S and (3-C;S, and the characteristic peaks of
the two phases overlapped extensively.

According to the results of quantitative analysis, the content of magnesite is about
3.27~4.31%. It is in accordance with BS EN459-1 that the free MgO content of NHL should
be less than 7%, and, after mixing with SCMs, the content of magnesite in the system will be
further reduced. At the same time, Mg ions will participate in constituting other crystalline
phases and amorphous phases in the system. The content of magnesite in all three types of
NHL prepared in this experiment did not exceed the regulation, and magnesite did not
affect the system significantly in the short term.

From Figure 3, it can be seen that in the undoped sample, the diffraction peaks
of C,S are mainly 3 phase, and in the B-doped sample there is an obvious crystalline
transformation, and the diffraction peaks of «’-C,S appear obviously at about 26 = 33°. In
addition, the diffraction peak at 26 = 33° tends to shift to a higher angle [28], which may be
attributed to the replacement of small radius B ions with large radius Si ions in the doping
process, and thus the size of «’-C;S is reduced [29]. As can be seen from the composition of
the specimens in Figure 3d, the content of C,S increases slightly after the incorporation of
the stabilizer.

When B ions were doped, the C;S crystalline phase in the prepared NHL was «’-phase
with a content of 42.4 wt%, while 6.94 wt% of 3-phase C,S was also present in the system,
and when B/Na ions were doped, the content of o’-C;,S decreased to 38.56 wt%, whereas
the content of the amorphous phase increased. This phenomenon is in agreement with the
results of Chen, L. et al. [30]. Similarly, Alvarez-Pinazo et al. attributed this mainly to the
presence of excess dopant in the belite as well as cell defects [31]. Additionally, the Na ions
are said to have an antagonistic effect with B ions and stabilize more C,S into 3 phase.

Table 3. ICCD-PDF and ICSD collection codes for all phases used for Rietveld refinements.

Phase Space Group ICSD Code PDF Code
«’-CpS Pnma 81097 49-1674
B-CyS P121/N1 963 33-0302
Portlandite P-3M1 15471 44-1481
Rutile P42 /mnm 9161 21-1276
Calcite P3221 174 78-2315
Periclase Fm-3m 9863 45-0946

In addition to their stabilizing effect on belite, B and Na ions are often used as min-
eralizing agents in the cement industry. Their addition can enhance the burnability of
cement, lower the phase formation temperature of C,S, Cs3S, etc. [32,33], and improve the
calcination effect. Therefore, after doping with minor ions, the denseness of calcination
products rises and the crystal structure of CaO becomes more stable, which may affect
its reaction with water and thus adversely affect its long-term stability [34]. It is inclined
to be not easily pulverized during the digestion process, which is objectively manifested
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by the rise in particle size of NHL, as shown in Figure 4. So the influence of doping ions
can be concluded as doping B ion is more beneficial to the formation of o’-C,S, while
doping B/Na ions lowered the content of o’-C,S. Mean, while B/Na ion doping shows
more mineralization effect which led to the decrease in the content of portlandite and an
increase in the particle size of the sample.

(a) *-Portiandite.Ca(OH), PDF-#:44-1481 1(obs) (b) *-Portlandite,Ca(OH),.PDF-#:44-1481 1(obs)
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Figure 3. XRD fitting pattern of (a) NHL, (b) B1.5, and (c) BNal.5; (d) mineral phase composition of
the sample by Rietveld method.

It can be seen from Figure 5 that the characteristic bands near 842 ecm~—1,900 ecm~1,
1000 cm ™! in the undoped samples correspond to the stretching vibrations of the Si-O bond
and can be identified as p-C,S [35]. Meanwhile, new bands near 746 cm ! and 1245 cm !
can be observed in the doped samples, corresponding to the bending and stretching
vibrations of [BO3]*~. According to the research, the structure of o’-C,S stabilized by B ion
can be defined as Cay_yBx(5i04)1_x(BO4)x, where the x is determined by the dosage of B
ions as well as the ion types and quantity of raw material [36].

100
——NHL
—B1.5 ﬁ
\’?80 - |— BNal.§
< —FA
o
SF
ol
<
»
)
&
a0t
=
g
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0 T 1 1 L
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Figure 4. NHL, FA, and SF particle size distribution.
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Figure 5. FT-IR spectra of laboratory-prepared NHL.

Na* ion is considered an efficient dopant to stabilize 3-C,S. It is generally agreed that
Na* ion can replace Ca%* in equivalent molar amounts in C,S crystal [37]. For the samples
with complex doping of B and Na ions, the characteristic spectra are similar to those of
the single doped B ion specimens. Both [BO3]°~ as well as [BO4]°>~ were present in the
specimens. In the calcination process, due to the existence of different types of mineral
phases, such as quartz phase, calcium oxide, calcite, etc., Na and B ions may occur in
different degrees of solid solution with each mineral phase, which leads to the unequal
doping of B and Na for C,S [38].

The results of Rietveld refined cell parameters are shown in Table 4. The variation
of the cell parameters of 3-C,S and «’-C,S also shows that the cell volumes of -C,S
and o’-C,S appear to be reduced to different degrees in the single-doped specimens and
the complex-doped specimens. The cell volume of 3-C,S is smaller in the single-doped
specimens than in the complex-doped samples, while the cell volume of o’-C,5S is smaller
in the complex-doped samples. This is mainly due to the replacement of the large radius
Si and Ca ions with the smaller radius B and Na ions. The different doping rates of B and
Na atoms in (3-C;S and «’-C;S cause different degrees of cell distortion. This result is also
consistent with the FI-IR results.

Table 4. Lattice parameters of 3-C2S and «’-C2S modified by the Rietveld method (A).

Samples B-G.S «-GS
A\ a b c A\ a b c
NHL 345.74 5.51 6.76 9.32
B1.5 337.96 5.50 6.64 9.27 345.08 6.84 5.46 9.25
BNal.5 345.68 5.51 6.75 9.31 34491 6.85 5.45 9.24

3.2. Hydration Heat

The effect of doping and SCMs on the hydration characteristics of NHL was further
investigated. Meanwhile, 10% and 20% FA and SF were added to the three types of
NHL, respectively. Generally, the hydration process could be divided into four periods:
(I) Initial reaction, (II) Inducing period, (III) Acceleration period, and (IV) Deceleration
period. During the first period of mixed powder contact with water, the Ca(OH), and C,5
dissolve and release a lot of heat [39]. Then the C,S reacted with water and generated
C-S-H gel layers which next act as a diffusion barrier coated with unreacted particles
and restricted the hydration and pozzolanic reaction. Similar processes also occurred on
the surface of SCMs particles [40]. Comparing the hydration exothermic curves of three
specimens, NHL, B1.5, and BNal.5, it is known that doping with B and Na ions significantly
enhanced the hydration exothermic rate of the specimens. As can be seen from Figure 6, the
exothermic rate curve of the blank group showed a continuous decay trend, and there was
no obvious exothermic peak even till 160 h. Compared with the single doped B specimens,
the exothermic peak of the coupled B and Na group appeared later, and its exothermic
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peak appeared at about 120 h, followed by a slow decay, and the continuous exotherm
still appeared at 220 h of hydration. This phenomenon is consistent with the strength
development mode, which further indicates that the single-blended B has higher early
strength, while the coupled B and Na have higher late strength.

1.2
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Figure 6. (a) Heat release rate curves of the blank group, (b) cumulative heat release of blank
group; (c) heat release rate curves of B doping group; (d) cumulative heat release of B doping group;
(e) the heat release rate curves of B/Na doping group; and (f) the cumulative heat release of B/Na
doping group.

From Figure 6a, it can be seen that an obvious exothermic peak appeared at about 40 h
after the incorporation of SF, and the peak intensity increased with the increase of SF mixing
amount, which is due to the pozzolanic reaction of SF which generates a large amount
of C-(A)-S-H gel and releases a large amount of heat. There is a slight decrease in the
exothermic rate after the incorporation of fly ash, which indicates that FA is less involved
in the early stage of hydration, while the relatively lower NHL content is another reason
for the slower exotherm [41]. A similar phenomenon was also apparent in D. Zhang’s
study [42]. For the B-doped composite modified hydraulic lime, a significant increase in
the hydration rate was observed for both specimens, relative to the blank group. As shown
in Figure 6¢, for the SF-doped specimens, an obvious exothermic peak appeared around
40 h, which can be identified as the exothermic peak generated by the pozzolanic reaction
of SF after comparison with the blank group, which also indicates that the exotherm of
pozzolanic reaction dominates the hydration in this stage. Thereafter, the exothermic curve
gradually decreased, and at about 100 h, the curve of the SF-doped group was similar to the
exothermic rate curve of the B1.5 specimen, indicating that the hydration of C,S dominated
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at this stage and lasted until 160 h. In this group, the exothermic rate of the F1B1.5 specimen
with 10% FA incorporation was higher than that of the B1.5 specimen (the exothermic rate
curve became significantly steeper during the acceleration period), which may be attributed
to: (i) The doping ions promoted the pozzolanic reaction of FA. (ii) The incorporation of
FA increases the nucleation sites in the paste, which facilitates the nucleation growth of
C-(A)-S-H gel. (iii) The “dilution effect” increases the contact between C,S and water, so it
can fully engage in the hydration reaction, which also leads to the enhancement of the heat
of hydration [43]. When 20% FA was added, the clinker and calcium hydroxide content
in the system is further reduced, which caused a further decline in the exothermic rate.
The pattern of the coupled B and Na doping group is similar to that of B doping single.
In this group, the exothermic peak of SF-doped specimens appeared later at about 80 h.
In general, SF promotes the early exotherm of the specimens due to the high pozzolanic
activity, while the relatively early low pozzolanic activity of FA declined the hydration rate
of the specimens. This is in agreement with the early mechanical strength.

3.3. Mechanical Properties

The pozzolanic reaction consumes a large amount of Ca(OH), in the system, and
the resulting C-(A)-S-H gel is similar to the hydration products of C2S. The decrease in
alkalinity reduces the hydration rate of C,S, but the C-(A)-S-H gel induces the hydration
reaction of C;5 in the long age, and the Ca(OH), produced by the hydration reaction of C,S
also promotes the secondary pozzolanic reaction of SCMs, so the incorporation of SCMs
delays the hydration reaction of C,S in the early age, but promotes C,S reaction from two
aspects in the long age.

It is noticeable that the doping significantly increased the compressive strength of the
specimens. At the early stage of curing, the compressive strength of the B-doped specimens
was higher, reaching 18 MPa at 21 d, which was 5 MPa higher than that of the coupled
B/Na-doped specimens and much higher than that of the undoped specimens, which was
1.6 MPa. After 21 d, the strength growth of the B-doped specimens slowed down, while the
strength of the coupled specimens accelerated, reaching 22.1 MPa at 60 d. The above results
indicated that the B-doped specimens were more favorable to the early strength of the
specimens, while the coupled B/Na was more favorable to the later strength of the NHL.

For the blank group experiments, the incorporation of SF significantly enhanced the
early strength of NHL, as shown in Figure 7. In the high alkalinity environment, amorphous
510, with high activity within SF can react with Ca(OH); more quickly to form C-(A)-S-H
gel; thus, the early strength of the mortar developed better. The strength of the specimen
with 20% silica fume reached 14.8 MPa at 28 d. However, at the late stage of curing, the
strength of the specimen showed significant inversion shrinkage and severe cracking at 60 d,
making its strength untestable. This could be attributed to the quick early hydration of the
specimen. During the hydration process, the free water in the pore decreases continuously
with the reaction and produces partial minor shrinkage, while the hydration products bond
the unhydrated particles into a shelf structure, and refill the cracks and pore structure,
forming a relatively stable structure to resist part of the shrinkage stress [44]. Meanwhile,
the curing condition is also one of the reasons for cracking. Some researchers use water
curing or steam curing to reduce the water loss rate of cementitious materials, thus reducing
the loss of structural water. At the same time, in the environment with high humidity,
a small amount of calcium hydroxide will also dissolve in water and repair the possible
micro cracks. The C-S5-H gel is more evenly dispersed. This curing method is often used for
the cementitious materials with high hydration speed to avoid cracks [45].



Sustainability 2022, 14, 10484 10 of 17

(a)IE.

Compressive strengh(MPa)

O

N
n
T

N
=]
T

Compressive strengh(MPa)
S o

<
T

(b)35 [ | —8—B15
—o—FIBLS
30F | _a—p2B15

—v—S1B1.5
—0—S2B1.5

[ 3
wn
T

[
=
T

—
]
T

Compressive strengh(MPa)
L
B

n
T

=
T

1 I L 1 L 1 1 L 1 1

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Curing age(days)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Curing age(days)

N
T

—8—BNal.5

—6—F1BNal.5

—A—F2BNal.5

—%—S1BNal.5

| —o—s2BNat 5| $2-60d S2B1.5-60d S2BNal.5-60d
HE P T T R P T S S S S S S (d)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Curing age(days)

Figure 7. (a) Blank group, (b) B doping group, (c) B/Na doping group compressive strength, and
(d) surface crack of the samples.

Due to the low early strength of NHL, it is not sufficient to resist the stresses due to
shrinkage, thus producing cracks on the surface of the specimens, as shown in Figure 7d.
The early strength of the FA-doped specimens in the blank group was lower compared to
that of the specimens in the SF-doped group. The low early activity of FA is mainly related
to its structure, which is a spherical particle covered with a glass layer that hinders the
dissolution of the internal Si and Al phases. However, its strength is still slightly higher
than that of the specimens without FA, which is mainly due to the interfiling of FA and lime
particles, making the accumulation denser. In fact, at the initial stage, in addition to the
degree of hydration, the filling effect and the surface properties of the particles also affect
the strength of the specimens. The strength of the FA incorporated specimens continued
to increase in the later stages of curing, as shown in Figure 7a. This is mainly due to the
pozzolanic effect of FA of enhancing the strength of the specimens at the later stage [46].
In addition, the specimens in the FA dosed group were more structurally intact and did
not show obvious cracks. On the one hand, the specimens in the early FA dosed group
hydrated more slowly, thus the self-shrinkage was weaker and the shrinkage stress was
low; on the other hand, the filling of FA between the particles optimized the structure of
the specimens. In general, the SF-dosed specimens possessed higher early strength, but the
mechanical properties deteriorated later due to self-shrinkage; the FA-dosed specimens
had lower early strength but avoided microcracks in the specimens, and the pozzolanic
effect of FA enhanced the mechanical properties of the specimens later. FA is considered to
help reduce the cracking of cementitious materials.

After the doping of NHL, its composite modification with FA and SF resulted in some
new effects on the specimens. First, for the specimens in the single B-doped group, the
composite modification further improved the early mechanical properties of the specimens.
The strengths of the specimens incorporated with 10% and 20% SF reached 32.9 MPa and
26.1 MPa at 28 d. The strengths of the specimens incorporated with 10% and 20% FA were
22.9 MPa and 23.2 MPa at 28 d, which were much higher than those of the blank group.

Two main types of hydration processes exist in this experiment. On the one hand, there is
more o’-C,S in the doped specimens, and its faster hydration rate at the early stage produces
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part of the C-(A)-S-H gel; on the other hand, the dissolution and polymerization process of
Si and Al phases in FA generates another part of C-(A)-S-H. These two processes together
determine the strength of the composite modified specimens, as Equations (2a—c) show.

a’-2Ca0-Si0, + nH;O — mCa0-5i0;-kHy0 + (2 — m)Ca(OH), (2a)
xCa(OH); + SiO; + nH;O — mCa0O-5i05-(x + n)H,O (2b)
xCa(OH); + Al,O3 + nH,O — mCaO-Al,O3-(x + n)H,O (20)

These two hydration processes are not completely independent. In some previous
studies, there are two main explanations for the interaction between the two processes.
One explanation suggests that the promotion of alkalinity has a facilitated effect on the
activity of fly ash [47]. The hydration process of the paste is accompanied by an increase in
pH, and the increase in pH accelerates the erosion of the SCMs, thus more Si and Al phases
are dissolved, which enhances the pozzolanic reaction. Another explanation is that the
presence of SCMs has a facilitated effect on the hydration of C,S [48]. A.M. Sharar et al. [49].
suggested that Ca(OH), covers the surface of C,S during hydration, which has a hindering
effect on hydration. In contrast, the pozzolanic reaction consumes Ca(OH),, thus increasing
the hydration activity of C;S. It should be noted that both promotion mechanisms may
exist simultaneously in the hydration process.

Finally, for the B-doped activation group, although some inversion of strength still
occurred in the SF-doped specimens at the late stage of hydration, the inversion was
improved relative to the blank group specimens, as can also be seen in Figure 7d, where
the cracks on the surface of the S2B1.5 specimens were significantly reduced.

In general, SF with high volcanic ash activity can significantly promote the early
hydration of NHL, while the effect of FA is not obvious at the early age and even reduces
the early strength of NHL at 20% more incorporation. However, the effect of FA on the
doped sample can significantly enhance the early performance of the matrix, owing to the
interaction of the two hydration mechanisms. In addition, doping can avoid the inversion
shrinkage problem caused by SF to some extent, which has a more positive effect on the
mechanical properties of the binder.

3.4. Phase Analysis of Binders

As can be seen in Figure 8a, no significant change in the characteristic peak of 3-C,S
in the undoped NHL was observed due to the low early hydration activity of 3-C,S, and
similar results were observed after the incorporation of FA. After the incorporation of SF,
the characteristic peak of Ca(OH), showed a significant decrease due to the high early
pozzolanic activity and the characteristic peak of C-S5-H gel was observed at 28 d, while the
characteristic peak of 3-C,S did not show significant changes.

For the specimens doped by single B, the characteristic peaks of Ca(OH), in the
non-SCMs-dosed and FA-dosed specimens increased with the curing time, while the
characteristic peaks of o’-C,S showed an obvious decline, and by 28 d the characteristic
peaks of o’-C,S showed an extremely weak “shoulder peak”, as shown in Figure 8b. This
indicates a faster hydration rate of «’-C,S in ion-doped binder. It should be noted that the
growth of Ca(OH); can reflect the degree of hydration of the matrix to some extent, which is
applicable to both cement and NHL systems, as demonstrated in many studies [50,51]. The
FA-dosed specimen (F2B1.5) showed a more significant increase in Ca(OH), characteristic
peak intensity in 28 d compared with the un-doped specimen (B1.5), and this phenomenon
supports the conclusion that FA has a facilitating effect on «’-C,S hydration. The Ca(OH),
peak and «’-C,S peak of SF-dosed specimens both weakened along the curing time, which
proved that the pozzolanic effect had a greater influence on the hydration of the SF dosed
specimens. The experimental phenomenon of the coupled B/Na doped group was similar
to that of the single B doped group.
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3.5. TG Analysis

To further study the variation of the internal composition of the specimens with the
degree of hydration, the variation law of chemically bound water and Ca(OH); in the
specimens at different ages was analyzed by TG. As can be seen from Figures 9 and 10
the weight loss of the specimen can be divided into four stages: —30-105 °C, 105-400 °C,
400-500 °C, and 500-800 °C. Where the weight loss below 105 °C is the evaporation of
free water, 105-400 °C can be identified as C-(A)-S-H gel to remove chemically bound
water, 400-500 °C is the dehydration of Ca(OH),, and 500-800 °C is the decomposition of
CaCOs [52,53].
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Figure 9. TG curves of the samples curing (a) 7 d; (b) 28 d.

The bound water content of all specimens increased with the extension of the curing
time, and the bound water content of the doped specimens was higher than that of the
blank group. At 7 d, the bound water content of single-doped B > coupled B/Na > blank
group, while the strength of coupled B/Na was slightly higher than that of single-blended
B at 28 d. This is consistent with the result that single-doped B specimens have higher early
strength and coupled B/Na has higher late strength. This is consistent with the result that
single-doped B has higher early strength and coupled B/Na has higher late strength. In
the composite modified NHL coupled with SCMs, the binding water was partly derived
from the hydration of C,S and partly from the pozzolanic reaction, and the FA, due to its
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low activity and the substitution of clinker, led to a decrease in the binding water content
after the FA incorporation, but in the doped group, the binding water of the FA specimens
was significantly increased compared to the blank group, which again indicated that the
doping had a facilitating effect on the pozzolanic activity. The higher pozzolanic activity of
SF significantly enhanced the bound water in the specimens.
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Figure 10. (a) Chemically bound water content of the samples at 7 d and 28 d; (b) total Ca(OH),
content in samples at 7 d and 28 d.

The variation of Ca(OH), content then verifies the combined interaction of the two hy-
dration mechanisms for the composite modified materials. For the doping samples only,
the Ca(OH);, content increases with age, which corresponds to the hydration of C,S, which
reacts with water to produce Ca(OH); in addition to the C-(A)-S-H gel. In contrast, for
the composite modified system, the variation of Ca(OH), content is the result of the com-
petition between the two hydration mechanisms. For all SF-dosed samples, the Ca(OH);
content showed a decreasing trend with time, in which the Ca(OH), content at 28 d: blank
group < coupled B/Na doped < single-B doped group, which is due to the fact that the
activated SiO; and Al,Os would react with Ca(OH); to form C-(A)-S-H gel. As for the
doped specimens, the faster hydration of o’-C5S to produce Ca(OH), delayed the decrease
of total Ca(OH),. The decrease in overall Ca(OH), content then indicates that the strength
of the pozzolanic reaction in the SF-doped composite modified NHL is greater than the
hydration of C,S. The Ca(OH), content of FA-dosed composite modified NHL, on the
other hand, increases slightly with the curing time, indicating that the hydration of C,S is
stronger than the pozzolanic reaction during its hydration.

3.6. Microstructure

The microscopic morphology of 28 d specimens was analyzed by SEM as shown in
Figure 11.

For the blank specimens without the addition of SCMs, the surface is dominated by
a flocculent gel that grows on the surface of the particles. This flocculent gel structure is
relatively loose, as shown in Figure 11a, and this type of gel is mainly generated at the
early stage of hydration of C,S. After ion doping, due to the higher degree of hydration,
C-(A)-5-H grows and covers the surface of C;S particles, forming more widely distributed
and dense gel, which is mainly needle-like with a mutual interweaving condition. The gel
forms a “bridge” structure that connects particles to particles and supports the specimen,
as shown in Figure 11b. For the specimens mixed with FA, two different types of gel were
found. The surface of the FA particles is covered with a dense structured bulk gel, as shown
in Figure 11c. Similar gel was found in Pengkun Hou's study on FA-Cement as a result of the
pozzolanic reaction of FA [54]. The outside of this gel layer is covered with needle-like gel,
which is generated due to the hydration of C,S. For the SF-dosed specimens, the percentage
of gel generated by the pozzolanic reaction is higher due to the higher pozzolanic activity of
SF, as seen in Figure 11d, where the generated gel mainly appears plate-like. Furthermore,
some petal-like gel was also found, and this gel was found to be similarly shaped in the
morphological study by Xu, S. et al. [55] on the hydration products of NHL, which were
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mainly generated by the hydration of C,S, and the morphology of the gel was related to
the water-ash ratio and the degree of hydration.

Figure 11. Micromorphology of samples at 28 d: (a) NHL, (b) B1.5, (c) F1B1.5, and (d) S2B1.5.

3.7. Pore Structure

The change of porosity of the specimen also reflects the different hydration degrees,
and the pore size distribution of a typical specimens cured for 28 d is shown in Figure 12.
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Figure 12. Pore structure distribution of typical samples cured for 28 d: (a) doped samples; (b) sam-
ples mixed with FA or SE.

The measured pores can be classified into four types according to their pore size:
gel micropores (<4.5 nm); mesopores (4.5-50 nm); medium capillaries (50-100 nm); and
large capillaries (>100 nm) [56]. From Figure 12a, it can be seen that the pore size of the
blank NHL specimen is dominated by large capillary pores of about 700 nm, and the
distribution of small pore size increases after doping, which shows that the number of large
capillary pores larger than 100 nm decreases, while the number of medium-sized capillary
pores within 0.01-0.1 pm increases, which indicates the increase of the dense degree of
the doping matrix structure. The degree of denseness of the specimens can be judged
according to the distribution of pore size: BNal.5 > B1.5 > NHL, which is consistent with
the law of compressive strength. After the addition of SCMs, there is a further reduction
in the porosity of the matrix, as shown in Figure 12b. After the incorporation of FA, the



Sustainability 2022, 14, 10484

15 of 17

References

number of large capillary pores was reduced due to secondary hydration and filling, while
the number of mesopores around 10 nm was increased. While the samples doped with SF
showed a significant decrease in the large capillary pore size, mainly concentrated around
280 nm, the content of gel micropores and mesopores increased significantly, indicating
that the structural denseness was significantly improved.

4. Conclusions

The effects of ion doping and SCMs on the mechanical strength of NHL were mainly
investigated. The hydration rate, mineral phase evolution pattern, and microstructure of
the material under the composite action were also investigated. On this basis, the hydration
mechanism under the composite action was elaborated. The conclusions were obtained
as follows:

Both single-doped B and couple-doped B/Na can stabilize «’-C5S, the stabilization
effect of single-doped B on o’-C,S is higher than that of couple-doped B/Na, and doping
causes a decrease in the volume of «’-C,S crystals. In addition, ion doping leads to the
decrease of Ca(OH);, content in clinker and the increase of the amorphous phase, where the
effect of complex B/Na doping is higher than that of single B doping.

Doping and the incorporation of FA and SF are able to enhance the mechanical strength
of the specimens. The mechanical properties were further improved under the coupling
effect. As far as doping is concerned, B doping is beneficial to the early strength of the
specimens, and couple-B/Na doping is beneficial to the later strength of the specimens.
After incorporation of SF, the high pozzolanic activity of SF significantly improved the
early strength of the specimens, but the effect on undoped activated specimens leads to
late cracking of the specimens and deterioration of the late strength. Doping can improve
the degree of late cracking of the specimens. FA can effectively improve the late strength
of the specimens, while for the doping group, FA incorporation specimens exhibit higher
strength at an earlier period.

The composite modified lime strength is mainly related to the pozzolanic effect and
o’-CyS hydration. Doping significantly enhanced the hydration rate of the binder, with the
single doped B group showing higher early hydration activity and the later hydration of the
coupled B/Na, which was mainly dependent on the hydration of «’-C;S in the specimens.
The pozzolanic effect of SF is higher than the hydration of «’-C,S in the couple-doped
modification, while the pozzolanic reaction degree of FA is lower than the hydration of
o’-C5S. The hydration of the matrix can be further promoted by the synergistic effect. Under
the synergistic hydration, the gel in the material coexisted with the pozzolanic-generated
gel and the C,S-generated gel, and the gel generated by the pozzolanic effect is denser in
structure, which reduces the porosity of the material.
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