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Abstract: The temperature stress caused by the large temperature difference is the main factor causing
harmful cracks in large-volume concrete. The introduction of admixtures is beneficial to reduce the
temperature difference inside and outside the large-volume concrete. This study investigated the
mechanism of how citric acid-modified chitosan (CAMC) affects the hydration heat release process
and hydration products of composite cementitious materials. Through methods such as hydration
heat, X-ray diffraction (XRD), mercury intrusion porosimetry (MIP), scanning electron microscopy
(SEM), and nuclear magnetic resonance (NMR), the mechanism of how CAMC controls the hydration
heat release process and hydration products of composite cementitious materials was revealed. The
results show that the addition of CAMC delayed the hydration process of cementitious materials
without affecting the type of hydration products but affected the content of each phase of hydration
products. As the hydration process proceeded, the total porosity of all samples decreased, the volume
of large pores decreased, and the volume of small pores increased. As the content of CAMC increased,
the pore diameter of the hardened paste gradually became smaller, the proportion of large pores
decreased, and the later hydration microstructure became more dense. The increase in CAMC dosage
resulted in a decrease in the peak intensity of Q? in the paste, indicating that Al atoms in Q? (1 Al)
existed in the form of Alcoordination, which proves that CAMC reduced its hydration degree and
delayed cement hydration.

Keywords: CAMC; composite cementitious materials; hydration exothermic process; hydration
products

1. Introduction

Concrete, as a porous composite material, is widely used worldwide due to its con-
venient material selection, excellent mechanical properties, and strong durability [1-5].
Concrete has become an indispensable building material for the construction of major
military and civil infrastructure projects. However, in large volume concrete structures,
due to the large volume of the structure, a significant proportion of cement content is
essential. In the early construction process, cement releases a large amount of hydration
heat due to hydration reactions, leading to a rapid increase in the internal temperature
of concrete. Due to the large volume of poured concrete, this heat cannot be dissipated
in a timely manner. On the contrary, when the concrete surface comes into contact with
the external environment, it dissipates heat quickly. Therefore, the internal and external
thermal expansion of mass concrete are uneven, resulting in huge temperature stress. When
the temperature stress exceeds the ultimate tensile strength of concrete, the cracks caused
are called temperature cracks [6]. The cracking problem caused by temperature stress in
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large-volume concrete structures is quite common, accounting for about 80% of engineering
structural cracks, seriously affecting the durability of concrete, leading to early retirement
of buildings, causing huge losses to economic construction, and greatly increasing main-
tenance costs. Therefore, how to reasonably and effectively reduce the hydration heat of
large-volume concrete is of great engineering significance for large buildings.

Ismail et al. [7] studied the effect of vinyl acetate wastewater (generated during the
coating production process) on the initial setting time and hydration heat of concrete. The
results showed that adding vinyl acetate wastewater to concrete can not only delay the
setting time of concrete but also reduce the total temperature rise of concrete. Khil et al. [8]
studied the application of phase change materials (PCM) in mass concrete mixtures and
believed that the impact of PCM on the strength of mass concrete can be ignored. The use of
PCM can effectively reduce adiabatic temperature rise and temperature stress. Choi et al. [9]
evaluated the feasibility of phase change materials (PCM) in suppressing the hydration
heat of large-volume concrete through experimental tests (micro conductivity, simplified
adiabatic temperature rise, heating, and compressive strength tests). The experimental
results showed that PCM has good latent heat characteristics, which help to prevent volume
changes and microcracks caused by thermal stress in large-volume concrete. Organic
additives can affect the nucleation mechanism of C-S-H in mass concrete, thereby regulating
the hydration heat of mass concrete in a reasonable manner [10,11]. Chitosan and its
derivatives have been introduced as a new type of admixture into concrete materials due
to their excellent hydrophilicity and biocompatibility. Wang et al. [12] modified chitosan by
citric acid and found that the modified chitosan can regulate the exothermic process in the
cement hydration process. However, the influence of modified chitosan on the hydration
process and formation mechanism of hydration products of cementitious materials in
large-volume concrete still deserves further research.

Therefore, this study focuses on the cement fly ash slag cementitious material system
as the main composite cementitious material and systematically studies the influence
of modified chitosan on the hydration process and formation mechanism of hydration
products of the composite cementitious material.

2. Materials and Methods
2.1. Materials

The cementitious material is PeolIl 52.5 Portland cement (PC), and the auxiliary cemen-
titious materials are special-grade fly ash (FA) and S95-grade blast furnace granulated
slag (GGBS). The specific chemical composition, mineral composition, and particle size
distribution are shown in Table 1 and Figure 1, respectively. The main physical parameters
of Portland cement are shown in Table 2. The low-temperature rising polymer used in the
experiment is citric acid-modified chitosan (CAMC), and the modification method refers to
the literature [12-14].

Table 1. Chemical and mineral compositions of cementitious materials (wt%) [12].

Material CaO SiO, Al,O3 Fe, O3 SO3 MgO K,O Na,O TiO, Loss
PC 63.62 19.70 4.45 2.93 2.93 1.28 0.68 0.12 0.27 3.92
FA 17.60 65.67 6.84 0.06 - 0.08 0.04 0.035 0.015 9.639

GGBS 40.918 34.125 15.921 0.53 2.31 4.60 0.218 0.364 0.695 0.319
Table 2. Physical properties of Portland cement.
Densi Specific Water Initial Final Flexural Strength (MPa) Compressive Strength (MPa)
ensity . .
(e/cm®) Surface Area  Demand Setting Setting
& (m?/kg) (Wt.%)  Time (min) Time (min) 3d 28d 3d 28d
3.12 372 30 174 275 5.10 8.15 30.75 54.04
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Figure 1. Particle size distribution of cementing material.

2.2. Specimen Preparation

The experimental coordination is shown in Table 3. The clean slurry mixer is used for
mixing. Firstly, cement, fly ash, mineral powder, and CAMC are added to the mixer for
dry mixing for 2 min. Then, wet mix for 3 min to achieve good workability of the material.
After the sample is formed, it is molded and demolded after 1 d of standard curing. After
demolding the specimen, transfer it to a standard curing room (temperature (20 = 1 °C),
relative humidity > 95%) for curing.

Table 3. Hydration heat mix ratio of composite cementitious materials with different contents of
low-temperature liter polymer (kg/m?).

NO. PC FA GGBS CAMC \4
CA1l 340 110 60 0.1% 204
CA2 340 110 60 0.2% 204
CA3 340 110 60 0.3% 204

Note: CA1 represents 0.1% citric acid-modified chitosan (CAMC).

2.3. Tests for Property Evaluation
2.3.1. Heat of Hydration

The experiment used an isothermal calorimeter produced by New Castle DE in the
United States to measure the heat release rate and heat release of the composite cementitious
material after 120 h of hydration. In this article, deionized water is used as a comparison
sample, with a test temperature of 20 °C and a temperature-controlled room as the test
environment to ensure the stability of the reference line during instrument calibration.
Moreover, after the cementitious material is evenly mixed with water, it is immediately
placed in the channel of an isothermal calorimeter, and the hydration heat release rate and
total heat release of the composite cementitious material can be continuously measured.

2.3.2. Phase Analysis

Crush the sample cured to a fixed age and soak it in alcohol for 3 days to terminate
hydration. Dry the sample at 60 °C, grind it into powder, and pass it through a 200-mesh
sieve. The D8-ADVANCED Diffractometer of Germany Bruker company (Saarbrucken,
Germany) was used for testing. The tube voltage was 40 kv, the tube current was 40 mA,
the Cu was the target, the scanning range was 5°~80°, the scanning speed was 2°/min, and
the step size was 0.02°.
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The internal standard method is used for diffraction for quantitative testing. Corun-
dum was selected as a standard sample, and Topas 3-C software was used for analysis [12].
Before conducting the test, mix 0.5 g of corundum and 2 g of sample powder in a centrifuge
tube for 5 min and then place them on a rotary table for 2 h to ensure uniform mixing.

2.3.3. MIP

The IV9510 mercury porosimeter (Mike Instruments, GA, USA) is used to test the
internal pore structure of hardened specimens. The high pressure of the equipment can
reach 60,000 psi, and the theoretically measurable minimum aperture is 3.2 nm. To save
mercury solution and improve the accuracy of the results, crushed samples that have
terminated hydration and been fully dried should be filled with the expansion bottle as
much as possible.

2.3.4. SEM

The scanning electron microscope is an FEI 3D field emission environment scanning
electron microscope produced by FEI Company (Hillsborough, OR, USA), which is used to
observe the microscopic morphology of the sample. Scanning the sample using a focused
electron beam (energy level order of keV) with a resolution of 3 nm~6 nm. When observing
the microstructure of the hydration sample, cut off the middle part of the hydration sample
and crush it. After the hydration is terminated with alcohol, dry it at 65 °C and select a flat
drying sample to spray gold for observation.

2.3.5. NMR

The Bruker AVANCE III 400 WB superconducting nuclear magnetic resonance spec-
trometer was used to test the 2°Si and ?” Al nuclear magnetic resonance spectra of powder
samples. In the experiment, a 4 mm zirconia rotor was used for testing, and the resonant
frequencies of 2Si and %’ Al were 79.51 and 104.29 MHz, respectively. For the 2Si device,
the magic angle rotation rate is 8 kHz, and the pulse width is 4.0 us, with a cycle delay time
of 10 s. Tetramethylsilane (TMS) was used as a reference standard. For 27Al, the magic
angle rotation rate is 10 kHz, and the pulse width is 1.5 us, with a cycle delay time of 2 s,
using 1.0 mol/L AI(NOs)3 as the reference sample.

3. Result and Discussion
3.1. Heat of Hydration

The heat release rate curve and cumulative water accumulation heat release curve of
CAMC with different dosages on composite cementitious materials with curing age are
shown in Figure 2. It can be seen that the addition of CAMC has a significant impact on
the hydration heat release rate of the composite cementitious system. With the increase of
CAMC dosage, both the first and second hydration heat release peaks of the slurry exhibit
a delayed phenomenon, and the peak intensity significantly decreases. Compared to the
CA1 sample, the maximum heat release rate at the first exothermic peak of the CA3 sample
decreased by about 40%. Moreover, the maximum exothermic peak of the CA3 sample
was delayed by about 13 h compared to the CA1 sample, which significantly prolonged
the induction period. It indicates that the introduction of CAMC can delay the hydration
process of cement particles and significantly reduce the heat release rate of slurry hydration,
which is of great significance for the hydration reaction of cementitious materials in large-
volume concrete. Figure 2b shows that in the early stage of slurry hydration, CAMC can
reduce the accumulated heat release of the slurry, which is related to its delay in cement
hydration. However, the impact of CAMC on the total heat release of the slurry is relatively
small, which may depend on the amount of CAMC added. In summary, the introduction
of CAMC into cement slurry reduces the hydration rate of cement without affecting the
total heat release of the slurry, preventing a large accumulation of hydration heat, which is
beneficial for reducing the temperature stress and cracking risk of concrete.
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Figure 2. Effect of CAMC on hydration heat of composite cementitious materials: (a) heat flow;
(b) cumulative heat release.

3.2. Phase Analysis

The XRD spectra of samples were measured at different ages to dynamically track
the hydration products of composite cementitious materials. The test results are shown in
Figure 3.

Figure 3a—c shows that with the increase of hydration age from 3 h to 3 d, the peak
values of C;S and C3S of all samples gradually decrease, and the peak values of calcium hy-
droxide (CH) gradually increase, which is the inevitable result of hydration of cementitious
materials. It can be seen from Figure 3a that the peak intensity of the CH characteristic peak
(18.1°) of all samples at 3 h is very weak and almost unobservable on the graph. After 24 h
of hydration, a significant CH peak appeared in the CA2 sample, and the peak intensity
was close to that of the CA1 sample. The CH characteristic peak intensity of the CA3
sample was still extremely low. Therefore, the introduction of CAMC significantly delayed
the formation time of CH. It can be seen from Figure 3¢ that the CH characteristic peaks of
all samples are very obvious. As the CAMC dosage increases from 0.1% to 0.3%, the CH
peak intensity gradually increases. However, the strength of C,S and C3S peaks decreased,
because the hydration rate of the CA1 sample was the least inhibited, and the generated
CH participated in the reaction to generate hydration products such as C-S-H gel. As the
curing age increases, the CH characteristic peaks of all samples show a gradual upward
trend. This is consistent with the phenomenon in the hydration heat release rate curve of
the slurry in Figure 3a (after about 40 h of hydration, the higher the CAMC content, the
faster the hydration heat release rate of the slurry), indicating that CAMC mainly plays
a role in delaying cement hydration in the early stage, and then C,S and C3S delayed
by CAMC begin to hydrate. Therefore, there is a phenomenon that the CH content of
hydration products increases with the increase of CAMC dosage during the 3-28 d age
period, while the characteristic peaks of other products are less affected by CAMC dosage.
In the XRD spectrum at 28 d, the characteristic peak positions of each group of slurries
are almost the same, and the intensities of CH, C;5, C35, AFm, and other peaks are also
equivalent. This further proves that CAMC only delays cement hydration in the early stage
of hydration, to some extent delaying the dissolution of C3S, and has little impact on the
total amount of hydration products. CAMC has a porous structure that makes it easier to
adsorb on the surface of cement particles, thereby delaying the cement hydration process.
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Figure 3. XRD patterns of sample at different ages. (a) 3 h; (b) 24 h; (c) 3 d; (d) 28 d.

3.3. Degree of Hydration Reaction

Based on the XRD data, the effect of CAMC on the reaction degree of cement clinker
(C3S, G35, C3A, C4AF) was studied. Usually, the reaction degree of cement clinker can be
calculated based on the following equation.

_ wess(t) +weps(t) +wezA(t) + weg AF(t)
wezs(ty) + weps(ty) + wezA(tg) + wea AF (o)

(DoH)t =1 1)
where w(t) represents the content of C3S, C,S, C3A, and C4AF at different ages, while w(#g)
represents the mass fraction of C35, C,S, C3A, and C4AF in the un-hydrated clinker.

The influence of different amounts of CAMC on the degree of clinker hydration
reaction is shown in Table 4. With the increase of CAMC content, the overall hydration rate
of cement slows down and the degree of hydration reaction decreases. When the CAMC
content is 0.1%, the degree of hydration reaction of cementat0.5d,1d,3d, 28 d, and 56 d
is 19.05%, 50.41%, 59.01%, 71.06%, 73.49%, and 75.74%, respectively. When the addition
of CAMC is 0.2%, the degree of cement hydration decreases to 3.32% and 27.51% at 0.5 d
and 1 d, respectively. With the continuous progress of hydration reaction, the hydration
degree of cement mixed with 0.1% CAMC remains the same at 3 d. However, the addition
of 0.3% CAMOC significantly reduced the hydration degree of cement. Compared to the CA1
sample, the hydration degree of the CA3 sample decreased by 68.7%, 21.7%, and 16.2%
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80

at1d, 7d, and 56 d, respectively. By fitting the reaction degree of different clinker, the
long-term reaction rate of cement hydration can be predicted based on the obtained curve.
The fitting curves of different amounts of CAMC on the reaction degree of cement clinker
are shown in Figure 4. By comparing the growth trend of the fitted curve, it can be seen
that although adding 0.3% CAMC inhibits cement hydration in the early stage, the degree
of reaction in the system will gradually increase with the increase of age.

Table 4. Pore structure of specimens with different CAMC contents.
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Figure 4. Effect of CAMC on hydration degree of cement clinker. (a) CA1; (b) CA2; (c) CA3.

3.4. Changes in Content of Clinker Phase and Hydration Products

The changes in the content of various clinker phases (C3S, C2S, C3A, C4AF), CH, and
AFt in cement were characterized by the XRD internal standard method, and the influence
of different amounts of CAMC on the phase evolution of cement was obtained, as shown
in Figure 5. As the content of CAMC increases, the degree of reaction between C3S and C,S
decreases, but the reaction of C,S is not affected by the content of CAMC. The degree of
C3S reaction is also less affected by changes in CAMC content (the reaction degree of CA1
and CA2 samples at the same age is almost the same). Therefore, the retarding effect of
CAMC is mainly on the silicon phase, while the hydration process of the aluminum phase
is not affected by CAMC. This fact provides support for revealing the retarding effect of
CAMC on cement. Furthermore, the mechanism of action of CAMC and CaSQOy in cement
retarding is different.

According to the content of CH and AFt, it can be seen that when 0.1%, CAMC is
added to cement-based materials, and the CH content shows a trend of first increasing and
then decreasing. This is because the content of hydration products increases with the early
hydration process. However, with hydration, volcanic ash reaction occurs between fly ash
and slag and CH, and CH content is consumed. As the amount of CAMC increases, the
early content of CH decreases, which is caused by the retarding effect of CAMC. However,
in the later stage, the CH content does not further decrease but fluctuates with hydration,
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while the content of fly ash and slag remain unchanged. Therefore, it has been proven
that the CH content in the hydration system increases in the later stage. According to the
comprehensive hydration degree of clinker, the addition of CAMC has a certain promoting
effect on the hydration degree of cement in the later stage.
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Figure 5. Changes in clinker phase and hydration content of different contents of CAMC slurries.
(a) CA1; (b) CA2; (c) CA3.
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3.5. MIP

Figure 6 shows the pore size distribution and integration curves of samples with
different CAMC dosages after 3 d, 7 d, and 28 d of curing. It can be seen from Figure 6a,c,e
that as the degree of hydration increases, the overall pore distribution curve shifts to the
right, indicating a decrease in the volume of large pores and an increase in the volume of
small pores. The pore structure characteristics of samples with different CAMC dosages
at 3, 7, and 28 days of curing are summarized in Table 4. As the hydration age increases
from 3 days to 28 days, the porosity of the CA1 sample decreases from 25.06% to 19.25%,
the CA2 sample decreases from 29.42% to 20.97%, and the CA3 sample decreases from
26.31% to 18.33%, all of which demonstrate the gradual improvement of the pore structure
of the hardened slurry. Early cement paste has delayed hydration, more pores, and a
loose structure, which to some extent affect the pore size distribution of the cement slurry.
However, as the hydration time increases, the pore structure gradually becomes denser, the
total pore volume and the volume of many harmful pores gradually decrease, while the
volume of harmless pores gradually increases. The structural defects caused by CAMC in
the early stage will be compensated for in the later stage of hydration. Moreover, when the
harmful and multi-harmful pores of the CA2 sample reach a maximum value of 3 d, and
when the harmful and multi-harmful pores of the CA3 sample reach a maximum value of
7 d, but when the harmful and multi-harmful pores of the CA1 sample reach a maximum
value of 28 d, this corresponds to the fact that CAMC can delay cement hydration and the
delaying effect increases with the increase of CAMC content.
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Figure 6. Differential pore size distribution and cumulative porosity of specimens with different
CAMC contents at 3d, 7 d, and 28 d. (a) Differential pore size distribution at 3 d; (b) cumulative poros-
ity at 3 d; (c) differential pore size distribution at 7 d; (d) cumulative porosity at 7 d; (e) differential
pore size distribution at 28 d; (f) cumulative porosity at 28 d.

3.6. SEM

Figure 7 shows the microstructure of samples with different CAMC dosages at different
hydration ages. It can be observed from Figure 7 that at 3 d, more needle-like products,
namely C-S-H, appeared in the hydration products of the CA1 sample, and the morphology
distribution of the hydration products was more uniform compared to the CA3 sample, and
the product structure was more dense. With the increase of CAMC dosage, the hydration
effect of cement slurry is weakened, the generation of hydration products decreases, and
the number of un-hydrated particles increases, covering the surface of the cement. The
more CAMC is added, the more loose the product structure becomes. At the same time,
the addition of CAMC significantly delays the generation of C-S-H. At 3 d, there are a
large number of un-hydrated fly ash particles in all samples, and there are still many pores.
The hydration product CH is less, and the structure is not dense enough. The hydration
product of the CA1 sample contains more interlaced network C-S-H gel, the pores are
relatively small, and the hydration product of clusters is the most. At 7 d, the introduction
of CAMC resulted in the generation of many new clustered hydration products in the
sample. Through analysis, it was found that this was due to the addition of CAMC, which
transformed the single needle-like loose C-5-H grouting into a flocculent form. In pure
water slurry, the direction of the C-5-H needle is usually disordered. The addition of CAMC
can delay cement hydration, and the more the amount added, the better the delay effect,
and the more the growth rate of needle-like C-S is inhibited. At 28 d, due to the change of
nucleation and growth kinetics, C-S-H gel was wrapped by a large number of hydration
products. In the later stage of hydration, the delayed hydration effect of CAMC almost
disappears. At this time, the degree of cement hydration is high, the porosity is low, the
structure is dense, and the microstructure of all samples is relatively consistent. Only a
small number of large pores and scattered incomplete hydration of fly ash particles exist.

3.7. NMR

In order to further study the influence of CAMC content on the microstructure of
hydration products of composite cementitious materials, the structure of C-S-H gel in the
sample at 28 d hydration age was characterized by nuclear magnetic resonance (NMR).

Figure 8 shows the fitting results of 22Si NMR peaks for samples with different CAMC
contents at 28 d. It can be seen from Figure 8 that the sample doped with CAMC mainly
contains three peaks: QY% Q!, and Q2. With the increase of CAMC content, the Q2 peak
strength increased significantly and the QU unit peak strength decreased significantly,
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which indicated that a large amount of long-chain dimer C-S-H gel was formed in the late
hydration period of the composite cementitious system, and the Q° peak strength decreased
significantly, which indicated that the slurry had a high degree of hydration. Furthermore,
in the CA3 sample, no Q1 was detected, indicating a low degree of hydration. The values
of I(Q1)/1(Q?) in all samples decrease with the increase of CAMC content, indicating that
the degree of polymerization of silica tetrahedral structure gradually decreases, confirming
that CAMC can delay cement hydration in the early stage of hydration.

(h)

Figure 7. SEM of specimens with different CAMC contents at 3 d, 7 d, and 28 d. (a) CAl at 3 d;
(b) CA2at3d; (c) CA3at3d; (d) CAlat7d; (e) CA2at7 d; (f) CA3 at7 d; (g) CAl at 28 d; (h) CA2 at
28 d; (i) CA3 at 28 d.
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Figure 8. 22Si NMR peak fitting results of specimens with different CAMC contents at 28 d. (a) CA1;
(b) CA2; (c) CA3.
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Furthermore, the peak area I(Q") can be integrated according to the correlation peak
intensity of the 2°Si NMR peak fitting of the sample, and the chemical structure of the
C-5-H gel can be calculated accordingly. The calculation formula is shown in Table 5.

Table 5. C-S-H gel chemical structure parameter calculation formula [15,16].

Name Equation
Degree of hydration IR (%) %
g Y a=11 7 I<Q2>] x 100%
Average chain length MCL — 1(Q")+1(Q*)+1[Q*(1A1)]

1/21(QT)+1/21[Q*(1AI)]

- _ 1/21[Q2(1A1
Average Al/Si ratio Al/Si = I(Ql)+/1((£(22) iI[Q)Z](lAl)]
Average silicon chain length ACL — 1(Q)+I(Q%)+3/21[Q* (1A

1/21(QY)
Note: Among them, I (Q%, I(QY), I(Q?), and I[Q?(1Al)] are the peak areas of Q% Q', Q?, and Q%(1Al), respectively.

According to the formula in Table 5, the hydration degrees of CA1, CA2, and CA3
samples at 28 d were calculated to be 73.5%, 76.1%, and 58.7%, respectively. This also
confirms that CAMC can reduce the cement hydration rate, and within a certain range, the
higher its content, the better the effect of delaying cement hydration.

The 2/ Al NMR fitting results of the slurry with different CAMC dosages at 28 days of
age are shown in Figure 9. It was found that the Al phase in all samples mainly consists
of four coordinated and six coordinated structures. All samples have an obvious spectral
peak near the chemical shift of 0 ppm. In addition, there is a clear peak near 6.6 ppm in
each group, which is Al [6]-M in AFm, but there is no Al [6]-E in AFt, indicating that AFt
has completely transformed into AFm. At the age of 28 days, each group of samples has an
obvious formant at the chemical shift of 69 ppm, which corresponds to four coordinated
aluminum. The Alenvironment is often similar to the low polymerized C-(A)-S-H gel,
and the peak strength of Alis is also decreasing with the increase of CAMC content. This
proves that the aluminum atom of Q? (1Al) exists in the form of Alcoordination in the
sample, and the substitution rate of Al in the silica tetrahedron decreases with increasing
CAMC content.

—— Measured —— Measured
—— Fitted ——Fitted
e Al[6]-T e AI[6]-T
—— AI[6]-M —— AI[§}-M
Alf4] Al[4]
Al[4] All4]

—— Measured

——Fitted

——AIf§}-T

—— AI[6]-M
AI[4]

Ali4]
——Al[4]

\ N\

a L L ]

chemical shift (ppm)
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chemical shift (ppm) chemical shift (ppm)
(b) (c)

Figure 9. 2 Al NMR peak fitting results of specimens with different CAMC contents at 28 d. (a) CA1;
(b) CA2; (c) CA3.

4. Conclusions

This article investigates the influence of low-temperature rise polymer CAMC on the
hydration of composite cementitious material systems, revealing the regulatory mechanism
of CAMC on them. Firstly, the effect of low-temperature rise polymers on the heat release
during the hydration process of composite cementitious materials was studied through
hydration heat. Then, based on the XRD data calculation of the hydration degree of cement
clinker, a detailed analysis was conducted on the hydration product phase. Finally, the pore
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structure and microstructure of composite cementitious materials with different dosages of
CAMC were characterized using micro testing methods such as MIP, SEM, and NMR. The
conclusion is summarized as follows:

(1) The addition of CAMC can delay the hydration process of cementitious materials.
With the increase of CAMC dosage, the first and second hydration exothermic peaks of
the slurry are delayed and the peak intensity is significantly reduced. The first exother-
mic peak of the CA3 sample decreased by about 40% compared to the maximum
exothermic rate of the CA1 sample, and the maximum exothermic peak appeared
after a delay of about 13 h, indicating that CAMC can delay the hydration of cement
and significantly reduce the hydration heat release rate of the slurry, and the higher
the content within a certain range, the better the effect.

(2) CAMC has no effect on the type of hydration products but has a slight impact on
the content of each phase of the hydration products. In the early stage of hydration,
with the increase of CAMC content, the characteristic peak of CH appears delayed
in time and its intensity decreases. At the age of 3 d, as the CAMC dosage increases
from 0.1% to 0.3%, the CH peak intensity also gradually increases, while the C,S and
C3S peak intensity decreases. In the XRD spectrum at 28 d, the peak positions of all
samples are almost the same, and the intensities of CH, C,5, C3S, AFm, and other
peaks are also equivalent.

(3) Based on the degree of hydration reaction of cement clinker and the changes in various
components and CH and AFt contents, it can be seen that with the increase of CAMC
dosage, the overall hydration rate of cement slows down and the degree of hydration
reaction decreases. This effect is particularly evident in the early stages of hydration.
The retarding effect of CAMC mainly acts on the silicon phase, which can reduce the
CH content in the system in the early stage of hydration and delay cement hydration.

(4) As hydration progresses, the total porosity of each group of slurries decreases, and
the volume of large pores decreases while the volume of small pores increases. In
the early stage of hydration, the smaller the amount of CAMC added, the denser the
structure of the hydration product. CAMC can make C-S5-H gel form floccules, it can
inhibit the formation of needle-like C-S-H in the early stage of hydration, and the
delayed hydration effect of CAMC almost disappears in the late stage of hydration.
As the content of CAMC increases, the pore size of the hardened slurry gradually
refines, the proportion of large pores decreases, and the hydration microstructure
becomes denser in the later stage.

(5) With the increase of CAMC dosage, the strength of the Q* peak in the slurry will
decrease and the aluminum atom of Q? (1 Al) exists in the form of Alcoordination in
the sample. CAMC can reduce its hydration degree and delay cement hydration.
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