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Abstract: Filling and nucleation are the mechanisms of
modifying cement paste with nanomaterials, as investi-
gated by previous studies, and are difficult to reflect
the different effects of nanomaterials, especially on the
changes of cement clinker and hydration products in the
cement hydration process. In this study, the mechanisms
of modifying cement paste with nano-calcium carbonate
(NC), nano-graphene oxide (NG), nano-silica (NS), and
nano-titanium dioxide (NT) were investigated by deter-
mining the mechanical properties of cement paste treated
with nanomaterials and analysing the changes in the
cement clinker (tricalcium silicate and dicalcium silicate),
hydration products (portlandite and ettringite), and micro-
structure through many micro-test methods. The results
indicate that the incorporation of nanomaterials could
improve the early strength of cement paste specimens due
to more consumption of cement clinker. Meanwhile, dif-
ferent nanomaterials promote the formation of different
hydration products at early ages. C-A-S-H gel, flower-
like ettringite, and C—S-H seeds are widely distributed in
the cement paste with the incorporation of NC, NG, and NS,
respectively. NT exhibits insignificant nucleation effect and
has inhibitory effect on portlandite precipitation. This study
provides key insights into the mechanism of nanomaterials
from the perspective of cement hydration, which may promote
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the further research and application of nanomaterials in
the cement and concrete industries.
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1 Introduction

When the particle size of a material is reduced to the
range of 1-100 nm, the resulting nanoparticles exhibit
novel physical and chemical properties. The differences
in the structure of the nanomaterials relative to that of the
macromaterial are that the former have a large specific
surface area, and the state of their surface atoms is closer
to the gaseous state, forming neither long-range nor
short-range amorphous layers, while the atoms inside
the nanoparticles may be in an orderly arrangement.
Owing to the small particle size and large surface curva-
ture of nanomaterials, there is a high internal pressure,
which can deform the internal structure, triggering small
volume effects, surface effects, quantum size effects,
and macroscopic quantum tunnelling effects [1,2]. In
the last few years, an increasing number of scientists
have devoted themselves to studying nanomaterials,
including the application of nanomaterials to cement-
based material reinforcement, and have achieved fruitful
results in the preparation, property modification, and
application of nanomaterials [3].

Nano-silica (NS) is the earliest and currently most
widely used nanomaterial. Based on the different pre-
paration processes, the types of NS are divided into
powder, colloid, and dispersion. To strengthen cement-
based materials, colloidal NS and NS dispersions are gen-
erally used to uniformly disperse NS in cement-based
materials. It has been proven that NS can effectively
improve the workability, strength, and durability of
cement-based materials, and the reinforcing effect of NS
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is better than that of silica fume because of its stronger
filling effect and greater pozzolanic activity [4-16]. How-
ever, more water is consumed in the cement hydration
process due to the large specific area of NS, which signifi-
cantly affects the rheological properties of cement-based
materials [17], and the price of NS is very high, limiting the
application of NS in construction engineering.

Relatively cheap nano-calcium carbonate (NC) and
nano-titanium dioxide (NT) have drawn widespread atten-
tion. Studies have shown that the hydration reaction of NC
with C3A in cement clinker changes the early hydration
products, and the microhardness and elastic modulus of
the early hydration products are significantly improved
[18]. At the same time, NC also has a filling effect and
can act as a nucleation site to accelerate the hydration
process, thereby significantly improving the early strength
of cement-based materials [19-24]. Moreover, NC has little
effect on the water required by cement-based materials to
achieve standard consistency. However, excessive addi-
tion of NC seriously affects the workability and drastically
reduces the later strength of cement-based materials [25].
Because NT has the abhility to block ultraviolet rays, as well
as induce sterilisation and the photolysis of organic pollu-
tants, it has attracted significant research interest. When
applied to cement-based materials, NT can provide addi-
tional photocatalysis and self-cleaning functions, but the
incorporation of NT will cause adverse effects on the
strength and fluidity of cement-based materials [26,27].

With the advancement of graphene application tech-
nology, nano-graphene oxide (NG), which has excellent
performance, has begun to be used for reinforcing cement-
based materials. NG can be regarded as a nucleation site
for accelerating the hydration process and is likely to
unite hydration products to form a dense microstructure
[28-30]. Oxygen-containing groups (such as carboxyl,
hydroxyl, and carbonyl) in NG can be dispersed in the
micropores of cement-based materials [31-35]; these
groups play a role in modifying the microstructure of
the cement matrix and further promoting cement hydra-
tion. In addition, the two-dimensional structure of gra-
phene oxide itself can provide a template for cement
hydration [29-31].

Most studies have shown that the incorporation of
nanomaterials significantly increases the early strength
of cement-based materials but reduces their later strength.
However, some researchers reported that the addition of
4% nano-silica improved the compressive strength of
cement paste to 95.3 MPa at 28 days, which is 13% higher
than that of the blank control group [36]. The results of
previous studies are difficult to match and are even con-
tradictory; thus, it is difficult to draw statistically verified
conclusions. Moreover, the incorporation of nanomateri-
als could promote the formation of early hydration
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products, such as Ca(OH), and C-S-H gel, but quantita-
tive analysis of hydration products has seldom been under-
taken. The mechanism by which nanomaterials modify the
properties of cement-based materials is still unclear, and dif-
ferent types of nanomaterials with different characteristics
must exhibit significant differences in terms of technical per-
formance. Therefore, it is necessary to study the effects of
different types of nanomaterials on the mechanical properties
and microstructure of cement paste to provide a basis for
deeper understanding of the mechanism by which nanoma-
terials modify cement paste.

In this study, four different types of nanomaterials
(NC, NG, NS, and NT) are explored to study the mecha-
nical properties and microstructure of cement paste, par-
ticularly at 1 and 28 days. As shown in graphical abstract,
thermogravimetric-differential thermal analysis (TG-DTA),
quantitative X-ray diffraction (XRD) analysis, Fourier-trans-
form infrared (FTIR) spectrometry, mercury intrusion poro-
simetry (MIP), and scanning electron microscopy (SEM) are
used to reveal the mechanisms of action of the different
types of nanomaterials. This study finally proposes the
hydration models and hydration reactions of cement
to provide key insights into the effects of different types
of nanomaterials on the properties and microstructure
of cement-based materials.

2 Materials and methods

2.1 Materials

P.O. 42.5 cement according to Chinese standard GB 175-
2007 and tap water were used for the test. The four most
concerned nanomaterials were selected for experimental
research. XFI24 colloid NS (particle size: 20-30 nm;
solid content: 30 wt%), XFI22 colloid NT (particle size:
10-20 nm; solid content: 20 wt%), and XF020 NG disper-
sion (diameter: 50-200 nm; single layer ratio: ~99%;
thickness: 0.8-1.2nm; purity: ~99%; solid content:
0.1wt%) produced by Nanjing/Jiangsu XFNANO
Materials Tech Co., Ltd. The NC slurry with 3% solid con-
tent was developed independently at the Institute of
Engineering Materials, Zhejiang University. The colloid
NS, colloid NT, and NG dispersion were uniformly dis-
persed with an ultrasonic disperser to avoid agglomera-
tion. Meanwhile, constant temperature magnetic stirring
equipment was used for effective dispersion of the NC
slurry. The NC slurry was used immediately after prepara-
tion, which could effectively avoid agglomeration. As the
cost of nanomaterials continues to decrease, it is of great
significance for the application of nanomaterials in prac-
tical engineering.
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2.2 Preparation of cement paste

Keep the water—binder (binder: cement and nanomaterials)
ratio of cement paste at 0.35, the proportions of compo-
nents in the mix for the cement paste specimens are listed
in Table 1. The cement was mixed slowly in a mixer for
120 s, allowed to stand for 15s, and then mixed quickly
for 120 s. The cement paste was then poured into six-joint
copper moulds with dimensions of 20 mm x 20 mm X
20 mm and consolidated using a vibration table. The spe-
cimens were maintained at a constant temperature of
20°C for 24 h. After demoulding, the specimens were
kept under standard curing conditions (temperature of
20 + 2°C and relative humidity of 95% or greater) until
the testing stage.

2.3 Compressive strength

The compressive strength of the analysed cement paste
samples was measured by WDW-100 universal testing
machine according to GB/T50081-2002. Uniaxial com-
pressive loads were applied at a loading rate of 0.5 kN/s
until the specimens failed. Three specimens were tested
for each scenario for a specific curing age, and the
averages of these three replicates were calculated.

2.4 TG-DTA

TG-DTA was performed using an SDT Q600 (TA Instruments,
USA). The samples were the same as those used for XRD

Table 1: Composition of mix for cement paste specimens (wt%)

Mix Cement Water Nanomaterials (wt% of
original cement)

N-0 100 35 0

NC-0.15 99.85 35 0.15

NC-0.3 99.7 35 0.3

NC-0.45 99.55 35 0.45

NC-0.6 99.4 35 0.6

NG-0.01 99.99 35 0.01

NG-0.02 99.98 35 0.02

NG-0.03 99.97 35 0.03

NG-0.04 99.96 35 0.04

NS-1.5 98.5 35 1.5

NS-3 97 35 3

NS-4.5 95.5 35 4.5

NS-6 94 35 6

NT-1 99 35 1

NT-2 98 35 2

NT-3 97 35 3

NT-4 96 35 4
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analysis. The samples (10 mg) were heated at a rate of
10°C/min from room temperature to 1,000°C, with gaseous
N, flowing at a rate of 120 mL/min.

2.5 XRD

For each analysed cement paste, hydration was stopped
by applying pure alcohol at a specific age. Before the test,
the specimens were dried in an oven at 60°C for 48 h and
ground to a residue ratio on the 45 pm sieve of less than
2%. Mineralogical investigations were performed by XRD
analysis, using a Bruker D8 Advance XRD instrument and
a Cu-Ka X-ray radiation source. The step size was 0.02°,
and the acceleration voltage was 40 kV. The 26 scanning
range was from 5° to 90°. Following the scanning, the raw
diffraction data were located in the PDF-2004 database to
identify peaks in the XRD pattern using MDI Jade 6.0
software, and phase quantification was conducted using
Rietveld refinement analysis.

2.6 FTIR

FTIR spectra were obtained for the powdered cement
paste samples, which were the same as those used
for the XRD analysis, by employing a Perkin Elmer
FTIR spectrometer in transmittance mode, from 400 to
4,000 cm™, using the standard KBr technique.

2.7 MIP

The prepared cement paste specimens cured for 28 days
were broken into small fragments after the compressive
strength test and dried in an oven at 60°C for 48h.
Thereafter, MIP tests were conducted using an AutoPore
IV 9500 instrument. The mercury contact angle 6 was
130.0°, and the surface tension of mercury (o) was set
to 485.0 dynes/cm in this test.

2.8 SEM

For the SEM analysis, the cement paste specimens were
broken into small fragments after the compressive strength
test, and hydration was stopped using pure alcohol at a
specific curing age. These small fragments were sprayed
with gold for 60 s to make the specimens conductive. The
microscopic structures of these specimens were observed
at different magnifications using a Gemini 300 SEM device.
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3 Results and discussion

3.1 Compressive strength

The compressive strength of the cement paste specimens
is shown in Figure 1. The results indicate that the incor-
poration of NS, NC, and NG could improve the early com-
pressive strength of the cement paste specimens at 1, 3,
and 7 days. For example, the compressive strength of
specimen with 0.3% NC was 27.1% higher at 1 day,
20.2% higher at 3 days, and 25.8% higher at 7 days
than that of N-0. However, incorporation of the nanoma-
terials was not conducive to improving the late compres-
sive strength of the cement paste specimens. Surprisingly,
the compressive strength of the cement paste specimens
with 0.03% NG was still 10.9% higher than that of N-O
at 28 days. Incorporation of NT at low loadings of 1%
and 2% can strengthen the cement paste specimens,
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whereas the compressive strength of the cement paste
specimens exhibited a precipitous decline in both the
early and late stages when the content of NT exceeded
3%. Excessive incorporation of NT will cause its uneven
distribution in the cement paste, enrichment, or agglom-
eration in some areas, which will cause the decrease of
mechanical properties.

3.2 TG-DTA

TG-DTA can identify the phase of the cement paste qua-
litatively and can be used to quantify the content of cal-
cium hydroxide (CH). By monitoring the dehydration
(Ldh), dihydroxylation (Ldx), and decarbonation (Ldc)
of cement paste in different temperature regions, the
hydration degree can also be calculated according to
the method proposed by Bhatty [37].
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Figure 1: Compressive strength of the specimens with or without nanomaterials.
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Figure 2: TG-DTA curves of the specimens. (a) Typical curves, (b) N-0, (c) NC-0.3, (d) NG-0.03, (e) NS-6, (f) NT-2.

Figure 2a serves as an example for defining the Ldh,
Ldx, and Ldc temperature ranges. In this study, the tem-
perature ranges for Ldx and Ldc were individually calcu-
lated for each sample from the derivative of the TG curve.
The Ldh temperature ranges were different from those in
other studies. Here, we defined the temperature range of
Ldh from the beginning of heating to the start of Ldx. The
TG-DTA curves of the cement paste specimens with or
without nanomaterials are shown in Figure 2b—f.

The degree of hydration («) according to Bhatty can
be summarised in equations (1) and (2) [38]:

W. = Ldh + Ldx + 0.41Ldc,
a = w./0.24 x 100,

)
@)

where W is the chemically bound water, W, Ldh, Ldx,
and Ldc are expressed in parts per unit, and a is
expressed as a percentage. The definition of the parameters
0.41 and 0.24 is expounded elsewhere by Monteagudo
et al. [39].

The hydration degree of the cement paste specimens
with and without nanomaterials is shown in Figure 3.
Notably, for the cement paste with incorporated nanoma-
terials, the hydration degree at 1 day was universally
higher than that of N-O, which is consistent with the
compressive strength data presented in Figure 1. More-
over, the hydration degree was greater than that of N-O

only in the case of NG-0.03 at 28 days, which determined
its higher 28 days compressive strength.

3.3 Quantitative XRD analysis

The XRD patterns and the results of quantitative XRD
analysis of the specimens with or without nanomaterials
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Figure 3: Hydration degree of the specimens with or without

nanomaterials.
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Figure 4: XRD patterns of the specimens with or without nanomaterials at 1 day (E: ettringite; P: portlandite [CH]; CS: C3S and C,S).

at 1 day are shown in Figures 4 and 5. Two main indica-
tors were considered to reveal the mechanism by which
the nanomaterials influence the cement-based materials.
The first indicator is the consumption of cement clinker
(tricalcium silicate [C5S] and dicalcium silicate [C,S]),
and the other is the production of hydration products
(ettringite and CH). With a gradual increase in the NC
content, the consumption of C3S and C.,S first increased
and then decreased, reaching a maximum when the NC
dosage was 0.45%. This illustrates that NC can accelerate
the hydration reaction of the main clinker phases, such
as CsS and C,S. However, the data showed that more
ettringite and less CH were formed with the incorporation
of 0.45% NC, which resulted in less C-S—H gel in the
cement paste. Therefore, the compressive strength of
the NC-0.3 cement paste specimen was higher than that
of NC-0.45. This was proved by the production of CH
(that could also contribute to the early strength), which
reached the maximum value when the NC content was
0.3%. With a gradual increase in the NG content, the
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Figure 5: Results of quantitative XRD analysis of the specimens at
1 day (Aft & Afm: ettringite; OP: other phases).
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consumption of CsS and C,S was relatively large and gra-
dually increased, and a large amount of ettringite was
formed. Therefore, the compressive strength of the cement
paste specimens at 1 day was greatly improved. The CsS
and C,S consumption was not significantly different for the
cement paste with different loadings of NS, although there
was a certain fluctuation, and the C;S and C,S consump-
tion was also much higher than that of N-O. Note that the
CH content of the NS and NT groups was also much higher
than that of N-0, which may contribute to the increase in
the compressive strength with the addition of these mate-
rials. However, with the addition of NT-2, the consumption
of C3S and C,S showed little improvement compared with
that of N-0, leading to a modest increase in the compres-
sive strength of NT-2.

The XRD patterns and the results of quantitative XRD
analysis of the specimens with or without nanomaterials
at 28 days are shown in Figures 6 and 7. Compared with
the cement paste containing nanomaterials, the con-
sumption of C5S and C,S in N-O was significantly higher
(by 25.6 wt%). With the exception of NG-0.03 for which

DE GRUYTER

the C3S and C,S consumption was greater than that of
N-0, for the other groups of samples, the C3S and C,S
consumption was less than that of N-O at 28 days, which
may be the main reason for the 28 days macroscopic
changes in the compressive strength of these samples.
In addition, the ettringite content of NG-0.03 and NS-6
was still higher than that of N-O at 28 days. However,
ettringite contributed little to the later compressive strength
of the cement paste specimens.

3.4 FTIR

The FTIR patterns of the cement paste specimens at 1 and
28 days are shown in Figure 8. The peak of the O-H
stretching vibration of the hydration product (CH) appeared
at 3,640 cm™, the peak of the Si-O stretching vibration
of C-S—H appeared at 980 cm™’, and the Si-O stretching
vibration of ettringite appeared at 1,100 cm™. The types
of cement hydration products formed by grinding and
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Figure 6: XRD patterns of the specimens with or without nanomaterials at 28 days (E: ettringite; P: portlandite [CH]; CS: C5S and C,S).
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28 days (Aft & Afm: ettringite; OP: other phases).

incorporating nanomaterials can be determined from the
IR absorption profile, as shown in Figure 8a. The patterns
from top to bottom show that the intensity of the O-H and
Si-O peaks at 3,640 and 980 cm™, respectively, gradually
increased, indicating that nanomaterials other than NT
could accelerate the formation of hydration products. The
O-H stretching vibration of the hydration product CH at
3,640 cm ™ gradually became sharper, and the symmetry of
the absorption peak increased. This indicates that the nano-
materials may improve the structural arrangement of CH in
the cement matrix. Comparative analysis of the FTIR patterns
of the 1 and 28 day samples shows that the intensity of both
peaks at 3,640 cm™ (O-H) and 980 cm™ (Si-0) increased to
varying degrees over time. Except with the incorporation of
NS, the intensity of the O—H peak decreased, indicating that
NS can undergo secondary hydration with CH, thereby redu-
cing CH. Second, the peak intensity of Si-O for the samples
with NC and NT increased slightly at 28 days, which was
reflected in the 28-day compressive strength of these samples
compared with that of the other groups. In addition, the Si—O
peak for N-0 and NG-0.03 at 28 days increased significantly,
which was also reflected in the higher 28-day compressive
strength compared to that of the other groups. At the same
time, the symmetry of the Si—O peak at 980 cm ™ was signifi-
cantly improved after doping with the nanomaterials, indi-
cating that the nanomaterials could also improve the struc-
ture of the C-S—H gel.

3.5 MIP

The pore structure curves and porosity of the specimens
with or without nanomaterials at 1 and 28 days are shown

Study on mechanisms of cement paste by nanomaterials

— 377

w
V \”%
=
]
3
=
<
E
g
=
s
H
OH oy N-0
— NC-0.3
—— NG-0.03
—— NS-6 a Si-0
(a) - NT-2
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)
£ N \f/ R
s N
Q
2
s
E M
&
s
[_4
— N-0
—— NC-0.3
— NG-0.03
: — NS-6
(b) NT-2 8i-0
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)
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in Figure 9. At 1 day, the pore structure curve of the
specimens with 6% NS was shifted to the left compared
to that of N-0. The pore volume was larger, with pores of
small diameters (0-30 nm), indicating that NS can not
only refine the pore size of the cement paste but also
promote the formation of nanopores, which leads to
decreased porosity. In comparison, the pore structure
curve of NC-0.3 was greatly skewed to the left compared
to that of N-0, which shows that NC only refined the pore
diameter, with a slight decrease in porosity. In contrast,
the pore structure curves of NG-0.03 and NT-2 were
shifted slightly to the right compared to those of N-O,
which indicates that NG and NT had little effect on the
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or without nanomaterials at 28 days.

pore structure at 1 day. The overall pore structure curves
of the specimens at 28 days, as shown in Figure 9b, were
shifted to the left compared with those of the specimens
at 1 day, which shows that the pore diameter of the
cement paste specimens gradually decreased with age.
Note that the pore structure curves of NC-0.3 and NG-
0.03 were slightly offset to the bottom left compared to
that of N-O, which indicates that NC and NG could
improve the pore structure to make the microstructure
more compact between 1 and 28 days. Therefore, the por-
osities of NC-0.3 and NG-0.03 at 28 days dropped by a
large margin compared to that at 1 day. Moreover, the
pore structure curve of NG-0.03 was at the bottom, and
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the porosity of NG-0.03 was the lowest, indicating that
NG had the best effect in modifying the pore structure in
the late stages.

3.6 SEM

SEM images of the cement paste with and without nano-
materials at 1 day are shown in Figure 10. The SEM image
of N-0 at 1 day shows that only a small amount of acicular
ettringite was formed, and there were many cracks and
voids in the microstructure. More CH was embedded in
the cement matrix of NC-0.3 after stacking, making the
microstructure much denser at 1 day. On one hand, this
confirmed the results obtained from MIP and XRD quan-
titative analyses. On the other hand, NC was regarded
as a modifier that increased the order in the arrangement
of CH. More flower-like ettringite, which was relatively
dense, was generated in the cement paste with 0.03%
NG. This is beneficial for improving the early compressive
strength of the cement paste specimens. However, there
were still more pores in the cement matrix of NG-0.03,
consistent with the MIP results. Bykkam et al. [40] reported
that some NG layers form interlinked three-dimensional
sheets that generate a porous structure resembling a
sponge, as shown in Figure 11. A large amount of reticulated
ettringite and CH were formed in the cement paste con-
taining NS, associated with the improvement in the early
compressive strength of the cement paste. There were
numerous nanopores in the ettringite, with a network struc-
ture, which also verified the deduction from the MIP ana-
lysis that NS could promote the generation of more nano-
pores with sizes of 0-30 nm at 1 day.

SEM images of the cement paste with and without
nanomaterials at 28 days are shown in Figure 12. The
cement paste containing NC generated less CH and
C-S-H gel at 28 days than the N-O cement paste, which
led to a lower compressive strength gain for the former
compared with the latter. In contrast, a large amount of
C-S-H gel was formed in the NG-0.03 cement paste spe-
cimens, and CH was arranged in the cement matrix in an
orderly manner, which made the microstructure much
denser, thereby effectively improving the later compres-
sive strength of the cement paste specimens. Although
CH was inserted into the cement matrix of the NS-6 speci-
mens in an orderly manner, there were still many cracks
and nanopores in the cement matrix, resulting in low late
compressive strength.
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Figure 10: SEM images of the specimens with or without nanomaterials at 1 day.

Figure 11: Layer-like structure of graphene oxide sheet.

3.7 Mechanisms for improving mechanical
properties and microstructure of cement
paste modified by different types of
nanomaterials

Different types of nanomaterials modify cement paste via
different mechanisms. The hydration models of cement
with or without incorporated nanomaterials are shown in
Figure 13, and the hydration reactions in the presence of
the nanomaterials are shown in Figure 14. The nanopar-
ticles can adhere to the surface of the cement particles to
promote the formation of C-S-H seeds at an early age,
after which the C-S—H seeds would be gradually trans-
formed into C-S—H gel in the later stages. The detailed
discussion is as follows.

Although the consumption of CsS and C,S in NC-0.3
was not the highest, the specimens of NC-0.3 showed the
highest compressive strength at 1 day. This is because NC
could accelerate the hydration process and react with
CsS, C5A, and C,AF to form C-S-H gel and carboalumi-
nates (C-A-S-H gel) due to the increase in the Ca*" con-
centration in the liquid phase [41,42]. As illustrated in
Figure 10, CH was arranged in an orderly fashion between
the cement particles, which made the cement matrix
more compact. However, the denser matrix caused by
the incorporation of NC at early ages could not provide
available space for the formation of hydration products in
the later stages [42], which resulted in the relatively low
compressive strength of the specimens at 28 days.

The NG-0.03 mix at 1 day had a coarser structure than
that of the other mixes. In fact, the addition of NG led
to an increase in the proportion of capillary pores in
the range of 100-1,000 nm, as shown in Figure 14b.
Some NG layers form interlinked three-dimensional
sheets that generate a porous structure resembling a
sponge. Based on SEM observation, NG nanosheets can
act as a template for cement hydration and regulate the
formation of flower-like crystals [43-46], as shown in
Figure 10. The main chemical components of the flower-
like crystals might be ettringite, as deduced from the XRD
results presented in Figure 5.

A possible hydration reaction in the presence of NS is
shown in Figure 14c [47,48]. Because of the consumption
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Figure 12: SEM images of the specimens with or without nanomaterials at 28 days.
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Figure 13: Hydration models of cement with or without incorporated nanomaterials.
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of Ca?* by NS and the formation of C-S—H seeds, which
accelerate the hydration process through seeding, CsS
and C,S are constantly consumed and form more
C-S-H gel and CH. This may be the reason why the
hydration degree of NS-6 was the highest at 1 day. More-
over, the hydration product CH can undergo a pozzolanic
reaction with additional NS, thereby decreasing the CH
content in the later stages. Singh et al. [49] found that
the addition of NS reduced the porosity of C-S—H, while
increasing the gel porosity compared to the control cement
paste, which was also reflected herein in the MIP results
(Figure 9). Adding NS to cement can reduce the detrimental
pores, despite the increase in less harmful and innocuous
pores, which may account for the formation of a large
amount of ettringite with a network structure between
the cement particles, as shown in Figures 12 and 14.

NT could accelerate the cement hydration rate to
some extent, but it was more inert in the cement hydra-
tion process compared with the other nanomaterials [50],
which is reflected in the relatively lower consumption of
CsS and C,S and the production of hydration products at 1
and 28 days. This may explain why the nucleation effect
of NT was insignificant. Keivan et al. [51] reported that NT
could retard the hydration of C,S, thereby resulting in a
decrease in the compressive strength of the cement paste
at 28 days. The inclusion of NT could also depress the
precipitation of CH [52], which might lead to an increase
in the porosity at 1 day. In addition, CH could gradually
precipitate in the cement matrix during the hydration
process, and an appropriate loading of NT could increase
the density of the cement paste at 28 days owing to its
filling and seeding effect.

4 Conclusion

This study unveiled the strengthening mechanism of four
different types of nanomaterials (NC, NG, NS, and NT) by
comparing their effects on the mechanical properties and
microstructure of cement paste. The key findings are
summarised as follows:

(1) Appropriate incorporation of nanomaterials can
improve the compressive strength of cement paste
specimens at early ages due to more consumption
of cement clinker and formation of hydration pro-
ducts but is not conducive to late strength develop-
ment. For example, the compressive strength of the
cement paste specimens with 0.3% NC was 27.1, 20.2,
and 25.8% higher than that of N-0 at 1, 3, and 7 days,
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respectively, but 10.4% lower than that of N-O at

28 days.

(2) NC can react with cement clinker and modify the
microstructure of cement paste. It could accelerate
the hydration process and react with C3S, C5A, and
C,AF to form C-S-H gel and C-A-S—H gel due to the
introduction of Ca®*, which resulted in the improve-
ment of compressive strength in the early stage. NC
was also regarded as a modifier for increasing the
order of the CH arrangement, leading to a more com-
pact cement matrix.

(3) NG can act as a template for cement hydration and
regulate the formation of hydration products. Although
NG had little effect on the pore structure at 1 day due to
the formation of a sponge-like structure due to the NG
nanosheets, it could modify the microstructure and
reduce the porosity of the specimen at later ages by
promoting the formation of flower-like ettringite.

(4) NS can have hydration reaction with cement clinker
and hydration product. H,SiO7~ formed by incorpor-
ating NS could not only react with Ca’*, generating
C-S-H seeds, but also have secondary hydration
reaction with Ca(OH),, forming C-S-H gel, which
would greatly improve the hydration of cement.

(5) NT exhibits insignificant nucleation effect and has
inhibitory effect on portlandite precipitation. Exactly,
NT is relatively inert in the cement hydration process,
so only some NT plays a role of nucleation in the
hydration of cement paste. Meanwhile, the inclusion
of NT could also delay the precipitation of CH, which
led to lower CH content in the early stage and higher in
the later stages.

(6) Novel diagrams of hydration models and possible
hydration reactions of cement in the presence of
nanomaterials were drawn to compare and analyse
the different modification mechanisms of different
nanomaterials.

Further research is required to investigate the perfor-
mance of different types of nanomaterials in cement-
based material systems, such as mortar and concrete,
as well as their long-term strength and durability perfor-
mance. Moreover, the weak interface transition zone
significantly restricts the strength and durability of cement-
based materials. Therefore, it is necessary to explore the
effects of different types of nanomaterials on the interface
transition zone of cement-based materials.
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