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Abstract

Gas drainage is an effective technology for gas control in coal mines. A high borehole-sealing quality is the fundamental
precondition for efficient gas drainage. The expansibilities of cement pastes used in borehole-sealing processes are critical
for the borehole-sealing effect. Nanosized magnesia expansive agents are used to improve the expansibilities of cement
pastes and improve the borehole-sealing effect. Nuclear magnetic resonance spectrometry and scanning electron microscopy
were adopted to study the effects of nanosized magnesia on the hydration of borehole-sealing cements used with different
preparation methods. The results showed that an increase in the mass fraction of the nanosized magnesia promoted cement
hydration, and the mass fraction was positively correlated with the promotion effect. The use of different preparation meth-
ods did not change the water-phase distribution in the cement. When using the wet-mixing preparation method, nanosized
magnesia promoted the induction, acceleration, and deceleration periods of hydration; when using the dry-mixing prepara-
tion method, the nanosized magnesia promoted the induction period of cement hydration, and the promotion effect was less
obvious than that seen when using the wet-mixing method. When using the wet-mixing preparation method, the nanosized
magnesia was uniformly dispersed, thus enlarging the surface area of the reaction, which provided more nucleation sites for
the hydration products of the cement and therefore accelerated the hydration reaction. When using the dry-mixing prepara-
tion method, the nanosized magnesia powders were dispersed nonuniformly and aggregated. Under these conditions, only a
few nanosized magnesia particles on the surfaces of the aggregated clusters took part in hydration, so only a small number
of nucleation sites were provided for the hydration products of cement. This led to inconsistent hydration of cement pastes
prepared using the dry-mixing method. The surface porosity of the cement prepared with the wet-mixing preparation method
first decreased and then increased with increases in the mass fraction of the nanosized magnesia. The cement surface exhibited
compact hydration products and few pores, and the surface was relatively smooth. In comparison, the surface porosity of the
cement prepared using the dry-mixing method fluctuated with increasing mass fraction of the nanosized magnesia, result-
ing in a rough cement surface and microfractures on some surfaces. The two preparation methods both reduced the surface
porosity of the cement. The wet-mixing preparation was more effective and consistent in improving the compactness of the
cement than the dry-mixing preparation. These results provide important guidance on the addition of nanosized magnesia
in borehole-sealing engineering and the selection of cement preparation methods, and they also lay a solid foundation for
realizing safe and efficient gas drainage.
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As shallow resources have gradually been exhausted,
mining has been extended to greater depths (Ran et al.
2023a; Zou et al. 2022; Zhang et al. 2009). Deep coal
mining leads to major problems in controlling coal and
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main technology used to control gas disasters and enable
efficient utilization of gas resources (Ran et al. 2023b; Lu
et al. 2022). In most mines in China, the concentrations of
gas drained from boreholes are low, and the net gas yields
are not high. The quality of the borehole-sealing process
directly affects gas drainage (Liu et al. 2014; Ge et al.
2015; Wang et al. 2016). At present, the sealing materi-
als used for gas drainage boreholes include cement-based,
polyurethane, and polymer materials. Due to its charac-
teristics, including short setting times, high strength, and
favourable impermeability, cement has been widely used
in grouting and sealing engineering (Yan 2014).

The properties of borehole-sealing materials directly
influence the borehole-sealing quality. Additives to
borehole-sealing cement-based materials improve their
comprehensive properties, improve the borehole-seal-
ing quality and ensure efficient gas drainage (Ma et al.
2014). Nanosized materials exhibit excellent properties,
including surface effects, small sizes, high activities, and
complex functions, due to their special scale; therefore,
they have received much attention in numerous studies of
cement-based materials. At present, scholars have con-
ducted many studies on the use of nanosized materials
in cement. Ren et al. (2021) investigated the effects of
nano-silica, nano-titanium oxide and nano-calcium oxide
on the early hydration and mechanical properties of Port-
land cement at small doses, and optimized the amounts
of the three nanomaterials by response surface method-
ology. The results showed that the addition of nanoma-
terials could greatly promote the hydration of Portland
cement and improve its early compressive strength.
Wang and Duan (2013) investigated the flowability and
mechanical properties of grouting materials with differ-
ent cement-sand ratios and the effect of nano-silica on
the properties of grouting materials, and came up with
the optimal ratio. Farzadnia et al. (2013a, b, ¢) noted that
nanosized clay to mortars improved the performance of
cement composites, which showed a pozzolanic reaction
with cement and the microaggregate filling effect (Aly
et al. 2011; Hakamy et al. 2013). Meanwhile, previous
research also found that the addition of nanosized tita-
nium dioxide and nanosized aluminium oxide to cement
enhanced the mechanical properties and energy absorp-
tion of the cement (Farzadnia et al. 2013a, ¢). Nanosized
calcium carbonate particles provide nucleation sites for
hydration products and ultimately improve hydration.
Additionally, the particles are nanofillers and improve
the mechanical performance of the cement composite
(Liu et al. 2012; Supit and Shaikh 2014; Sato and Diallo
2018). In addition, Nazari and Riahi (2011) showed
experimentally that nanosized zinc peroxide and nano-
sized titanium dioxide powders improved the mechanical
and physical performance of cements. All of these results
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suggest that nanosized materials have many applications
in cement-based materials and have effectively improved
their performance.

Nanosized magnesia (MgO) expansive agents have fre-
quently been used in engineering high-performance cement
concrete due to their many advantages, including low con-
sumption in hydration, stable hydration products, and easy
active regulation of expansion. They solve the problem of
self-constriction seen with hardened cement pastes. Morad-
pour et al. (2013) found that a MgO nanosized filler sig-
nificantly strengthened the internal structures of cement
composites and significantly improved the strengths. Ye
et al. (2015) believed that nanosized MgO improved the
long-term strength of cement and could also be used as a
cement expansive agent. Gao et al. (2015) noted that nano-
sized MgO enhanced the strength and stability of cement
and increased cementation and pore filling. Hou et al. (2017)
showed that the use of nanosized MgO shortened the ini-
tial setting and final setting times of cement, and its impact
on cement hydration changed dramatically with changes in
the water-cement ratio. Existing research on the effects of
nanosized MgO on cement has mainly been focused on the
strength and stability of the modified cement, and there is a
lack of research on the effect of nanosized MgO on cement
hydration.

The kinetics of the cement hydration process is one of
the important aspects of cement chemistry. Particularly in
the early stage of hydration, the compositions of the cement
pastes and the microstructures formed exert important
effects on the performance of the hardened cement. Several
test methods have been used to study the cement hydration
process, such as calorimetry (Sun et al. 2006), ultrasonic
treatments (Xiao and Li 2008), and electrical resistivity
measurements (Nestle 2004). These methods character-
ize the cement hydration process by tracking the physical
and chemical changes related to hydration progress, such
as hydration-induced heat release, as well as changes in the
viscoelasticity, porosity, and ionic concentration. Water is an
essential component in cement paste, and the state changes
of water are among the key steps of hydration. As hydra-
tion continues, water changes from free water to chemically
bound water, physically absorbed water, and pore water.
The hydration process can be studied by exploring signals
for protons in water exhibiting different binding states, and
nuclear magnetic resonance (NMR) is the method used to
study cement hydration (Bohris et al. 1998). NMR can be
used for nondestructive, continuous and repeated tests of the
same cement sample, and the state of water in the cement
paste is determined by by measuring 7 and 7, relaxation
time. Therefore, NMR was used in this study to explore the
hydration processes of cement pastes modified with nano-
sized MgO, which is important for determining the impact
of the nanosized MgO on cement hydration.
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Nanosized materials must be dispersed when used in
cement-based materials because the particle sizes and high
surface energies of the powdered particles and sols lead to
aggregation in aqueous solutions. The nanosized materials
can be added to compositions as dry powders or as aqueous
solutions. Kritikaki et al. (2009) investigated the effect of
alumina nanoparticles on ceramic microstructure, poros-
ity and flexural strength under different mixing methods,
and the results of the study showed that the strength was
higher when added in the gel state than in the dry powder
state. Horszczaruk et al. (2020) investigated the effect of
dispersion methods on the homogeneous quality of nano-
dopants in cement matrices and showed that a combination
of mechanical methods (e.g. ultrasonic and/or high-speed
mixing) and chemical modifications (functionalisation or
coating) can achieve effective dispersion of nanomaterials
in cement matrices. Therefore, the mixing and preparation
methods used with nanosized materials and cement-based
materials are important for applications of field-modified
cements.

Prior research on the effects of nanosized MgO on
cement have mainly been focused on the strengths and
stabilities of the modified cements. However, there is a
lack of research on the overall hydration process for bore-
hole-sealing cement when nanosized MgO is used with
different preparation methods. Therefore, this research
was designed to reveal the phase changes occurring in
water during hydration of cement modified with nano-
sized MgO, and different preparation methods and differ-
ent mass fractions of nanosized MgO were used to study
their impacts on the hydration of borehole-sealing cement.
Microscopic analyses of the hydration products were also
used to probe the mechanism by which the nanosized MgO
affected cement hydration, which provided a theoretical
basis for pumping borehole-sealing cement in the field
and enabled the use of nanosized MgO in borehole-sealing
engineering.

2 Sample preparation and test methods
2.1 Test materials and sample preparation

Class-G high sulfate-resistant cement was used in the tests,
which is applicable to most well-cementing operations after
blending with additives. The nanosized material used in the
tests was nanosized MgO with an average particle size of
20 nm. It was a white fluffy powder with a purity of at least
99.99% and a specific surface area of 120 m%/g.

Two methods were used to prepare cements modified
with nanosized MgO. In the wet-mixing preparation,

nanosized MgO was used to prepare an aqueous solu-
tion, which was stirred uniformly using a glass rod; then,
the solution was placed in an ultrasonic instrument to
prepare a nanofluid, which was then mixed with cement
to prepare the cement paste. In the dry-mixing prepara-
tion, the nanosized MgO powder was mixed uniformly
with the cement, and then water was added and stirred to
prepare a cement paste. The same mass of class-G cement
was mixed with water to give a water-cement ratio of
0.44. Afterwards, nanosized MgO with mass fractions
of 0%o, 1%0, 2%, 3%, and 4%oc was separately added to
prepare 10 cement pastes with the above two methods.
The cement pastes prepared using the wet-mixing method
were labelled N1, N2, N3, N4, and N5, and those pre-
pared using the dry-mixing method were labelled M1,
M2, M3, M4, and M5. The preparation methods are illus-
trated in Fig. 1.

2.2 Test methods

The test methods are shown in Fig. 2. First, NMR was used
to test the T, values of the 10 prepared cement pastes after
hydration for 5, 30, 60, 120, 240, 720, 1200, and 1800 min.
Then, scanning electron microscopy (SEM) was used to
observe the micromorphologies of the hardened cement
pastes.

The NMR studies of relaxation times mainly involved
the longitudinal relaxation time 7, and the transverse
relaxation time T,. T, reflects the freedom of the water,
interactions of different water phases, and influence of the
ionic concentration on the surrounding environment, the
polymer, and the pores. Water in different states exhibits
different T, values (Holly et al. 2007; Simina et al. 2012;
Tavassolian et al. 2014; Behroozmand et al.7 2015). The
NMR instrument used in the research was a low-field
NMR spectrometer produced by Suzhou NiuMag Analyti-
cal Instrument Corporation. The magnetic field intensity
of the permanent magnet, the magnetic field homogeneity,
the stability of the magnetic field, and the temperature of
the magnet were 0.53 T, 3 x 1074, less than 300 Hz/h, and
a constant 32°C. Before sampling, CPMG pulse sequences
were used, and the echo time (TE) was 0.2 ms, the number
of echoes (NECH) was 5000, and the number of scans
(NS) was 8. The collected relaxation data were treated
with inversion software to obtain the 7, distribution curves
of the samples. The hardened cement pastes were prepared
into samples with lengths of 10 mm and widths of 5 mm.
After metal spraying, a scanning electron microscope was
used to observe the micromorphologies of the hardened
cement pastes.
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Fig.1 Cement pastes prepared with different methods
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Fig.2 Test processes

@ NMR test

3 Results

3.1 Time evolution of the transverse relaxation
peaks

3.1.1 Time evolution of the relaxation peaks for cements
prepared with the wet-mixing method

The sealing cement material is mainly composed of cement
clinker particles, and after adding water, hydration reaction
occurs rapidly. As the hydration reaction continues, a hard-
ened cement slurry is eventually formed, with the highest
free water content in the slurry at the time when the cement
and water start to mix, followed by the conversion of the free
water injection to physically bound and chemically bound
water along with the hydration reaction. In explaining fluid
relaxation in pore media, the commonly applied model for
confined fluids, also known as the BT model, was developed
by Brownstein and Tarr (1979). According to the NMR prin-
ciple, the transverse relaxation time 7', spectrum distribution
can reflect the degree of water freedom and the pore size
and distribution of the hardened slurry, and the pore size is
related to the position of the relaxation peak. The smaller
pore group corresponds to smaller T, values and the larger
pore group corresponds to larger 7, values, respectively. The
movement of the relaxation peak can reflect the changing
law of water freedom and the changing law of pore space of
the hardened slurry during the hydration process of cement.
The relaxation peak area and peak apex reflect the changes
of pore volume and quantity in the cement-hardened slurry
(Behroozmand et al. 2015).

The T, distribution curves measured after 5, 30, 60, 120,
240, 720, 1200, and 1800 min for various cement pastes pre-
pared with the wet-mixing method are illustrated in Fig. 3.
When the hydration duration was 5-240 min, the relaxation
peaks of the cement shifted to shorter relaxation time as the
mass fraction of nanosized MgO was increased. In addition,
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Fig.3 T, distribution curves measured during hydration of various
cement pastes prepared using the wet-mixing method

the peak intensities also decreased, and the relaxation peaks
also narrowed. As the hydration process continued for 720
min, the positions of the relaxation peaks continued to shift
leftward with increasing MgO mass fraction. The shifts were
more obvious than those seen in the early hydration period.
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In addition, the relaxation peaks shifted toward shorter
relaxation times, with lower peak intensities and smaller
peak areas. The relaxation peak shapes also varied more than
they did in the early hydration period, and the peaks shifted
obviously toward shorter relaxation time. After hydration for
1200 min, the relaxation peaks for the various cement pastes
shifted further to shorter relaxation times of 0.1-1 ms, and
peaks appeared at 0.5 ms. After hydration for 1800 min, the
relaxation peaks for the various cement pastes declined to
the minimum for the overall test period. With increases in
the mass fraction of nanosized MgO, the areas and values
of the relaxation peaks both decreased gradually, and the
positions of the relaxation peaks gradually shifted to shorter
relaxation times.

3.1.2 Time evolution of the relaxation peaks for cements
prepared using the dry-mixing method

The T, distribution curves measured after 5, 30, 60, 120,
240, 720, 1200, and 1800 min for various cement pastes
prepared with the dry mixing process are displayed in
Fig. 4. The evolution characteristics of the relaxation peaks
for the cements prepared with the dry-mixing method were

1800min

Proportion

T 5 i PR RTTT B R TTT B R R RTTT
0.01 0.1 1 10 100 1000 10000
Time (ms)

Fig.4 T, distribution curves measured during the hydration of vari-
ous cement pastes prepared with the dry-mixing method
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similar to those of the cements prepared with the wet-mixing
method. Within 720 min of hydration, the T, distributions
for samples M1 to M5 all exhibited similar trends with
increasing in mass fractions of nanosized MgO, and the
relaxation peak areas tended to shrink. The relaxation peaks
gradually shifted to shorter relaxation times, with lower peak
intensities and smaller peak areas. The relaxation peaks con-
stantly narrowed with longer relaxation times, while those
with shorter relaxation times were enlarged. The relaxation
times decreased, and the relaxation peaks were distributed
more closely. This indicated that when using the dry-mixing
preparation method, the addition of nanosized MgO can also
enhanced hydration of the cement pastes, and the extent of
enhancement increased as the mass fraction of the nanosized
MgO was increased. When the hydration times were 1200
and 1800 min, the relaxation peaks for the cement pastes
prepared with different mass fractions of the nanosized MgO
changed in different ways. This suggested that when using
the dry-mixing preparation method, the extent to which the
nanosized MgO enhanced hydration of the cement pastes
was inconsistent.

3.2 Changes in the overall relaxation signals

3.2.1 Changes in overall relaxation signals of cement
pastes prepared with the wet-mixing method

From the above principle of NMR relaxation analysis, it is
clear that the distribution of transverse relaxation time 7,
can reflect the free degree of water and the pore size of the
hardened slurry during the hydration process of the cement.
The total T, values measured for the various cement pastes
at different times in the hydration process were subjected to
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Fig.5 Total relaxation signals as a function of time for the cement
pastes prepared with the wet-mixing method
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statistical analyses to determine the relaxation times of water
and hydrates in the cement pastes, as shown in Fig. 5. As
hydration proceeded, the cement pastes with different mass
fractions of nanosized MgO exhibited similar change trends.
The total relaxation signals for the various cement pastes
always declined gently at first, then decreased significantly,
and decreased slowly with increasing hydration time. Within
the hydration times of 0—240 min, the total relaxation signals
of the various cement pastes decreased gradually. Within
240-1200 min of hydration, the changes in the total relaxa-
tion signals increased, and the rate accelerated more than
that for the previous stage. Within 1200—1800 min of hydra-
tion, the reductions in the total relaxation signals for the
various cement pastes gradually slowed, and the changes in
the total relaxation signals became gentle again. If the whole
hydration process was monitored, the total relaxation sig-
nals for the various cement pastes showed decreasing trends.
When the hydration time was 1800 min, the total relaxation
signals for the various cement pastes reached the minimum
for the entire hydration process, and they always decreased
with increases in the mass fraction of the nanosized MgO.

3.2.2 Changes in total relaxation signals of cement pastes
prepared using the dry-mixing method

Figure 6 shows the changes observed in the total relaxation
signals of the cement pastes prepared with the dry-mixing
method. The total relaxation signals of the showed changes
similar to those seen for samples prepared with the wet-
mixing method. As hydration proceeded, the total relaxation
signals of the cement pastes tend to decrease. Within 0-240
min of hydration, the total relaxation signals of the various
cement pastes decreased gently. When the hydration duration

6000 vy

-o- M1-o- M2
-o- M3-o- M4

5000

4000

3000

Total relaxation signals

2000

1000

/A
T 7/ T T T T

T T
200 800 1000 1200 1400 1600 1800 2000

o -

Time (min)

Fig.6 Total relaxation signals as a function of time for the cement
pastes prepared with the dry-mixing method

was 240-1200 min, the total relaxation signals of the vari-
ous cement pastes decreased rapidly. Within 1200—1800 min
of hydration, the decreasing trend for the total relaxation
signals of the various cement pastes became gentle again.

3.3 Changes in the micromorphologies
of the hardened cement pastes

The micromorphologies of the various hardened cement
pastes are illustrated in Fig. 7. When observed with a mag-
nification of 500 times, samples N1-N5 showed smooth sur-
faces, samples N1 and N2 showed asperities and pits on the
surfaces, and samples N3—N5 had smooth surfaces. After
amplification at 5000 times, samples N1-N5 exhibited many
folds on the surfaces, the surfaces of samples N1 and N2
became rough, and samples N3-N5 had regular surfaces on
which fine particles appeared. After amplification at 10,000
times, particles were clearly visible on the surfaces of sam-
ples N1-NS5; there were many folds on the surfaces of sam-
ples N1 and N2, on which numerous pores were observed;
the surfaces of samples N3-N5 were smooth, and more fine
particles were observed.

After amplification at 500 times, samples M1, M2, M3,
and M5 had similar micromorphologies without large differ-
ences, while sample M4 has a smooth but fractured surface.
When observed at a magnification of 5000 times, the densi-
ties of the particles on the surfaces of samples M1, M2, M3,
and M5 gradually increased, while the surface of sample M4
was smoother than the others. After amplification at 10,000
times, samples M1, M2, M3, and M5 showed more compact
microstructures, while the microscopic surface of sample
M4 was increasingly smoother than the others.

4 Discussion
4.1 Water-phase distributions in cement

According to the principles of NMR, the 'H transverse relax-
ation time 7, differs for different environments. Water in dif-
ferent states in the cement pastes showed specific T, distri-
bution curves, which were used to characterize the freedom
of the water. In the hydration processes of cement pastes,
T, is related to the degree of confinement of the water mol-
ecules. A higher 7, indicates greater freedom for water in
the environment and less confinement. The different specific
relaxation times indicate that water adopts different states
during the hydration processes of the cement pastes. Gorce
and Milestone (2007) found that the T, values of physically
absorbed water and free water were distributed in the ranges
of 0.1-1 ms and 1-10 ms, so 1 ms serves as the demarcation
point between gel pores and capillary pores. Bohris et al.
(1998) noted that before cement pastes set, there were two
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Fig.7 Changes in micromorphologies of the hardened cement pastes

T, values and assigned the one at 20 ps to chemically bound
water, while that at 1 ms is attributed to free water in the
cement paste.

Figures 3 and 4 reveal that the relaxation peaks for
cement pastes prepared with the two methods were dis-
tributed and showed the same change trends. In the initial
hydration period, the relaxation peaks for the cement pastes
prepared with the two methods were in the range 1-10 ms.
As the hydration continued, the transverse relaxation times
of cement pastes shifted toward shorter relaxation times,
and the relaxation peaks finally appeared between 0.1 and 1
ms. A comparison showed that as the hydration proceeded,
the relaxation peaks of the cement pastes prepared with
the two methods both exhibited gradual decreases, and the
peaks shifted to shorter relaxation times with reduced peak
intensities and narrower relaxation ranges. The shift rate first
increased and then decreased.

For the relaxation peak at 1-10 ms, the peak area con-
stantly narrowed in the direction of longer relaxation time,
while that in the short relaxation time direction enlarged
as hydration continued. The relaxation peak disappeared at
720 min, which meant that the water content corresponding
to the relaxation signal gradually reduced and disappeared,
and then the water formed other states in the cement paste.
On this basis and combined with the research of Bohris et al.
(1998), the free water in the cement pastes formed other
states.

@ Springer

500x 5000x 10000x

Dry-mixing preparation

The relaxation peak at 0.1-1 ms did not appear until 720
min, which indicated that water that generated the signal was
not present during the initial hydration period but formed
from free water in the cement paste as hydration proceeded.
When the hydration duration was 720 min, the area of the
relaxation peak reached the maximum value for the overall
hydration process, followed by gradual shrinkage, which
meant that the water producing the signal gradually formed
other states with higher confinement levels. As indicated by
Gorce and Milestone (2007), the physically absorbed water
in the cement pastes was transformed into more confined
chemically bound water.

The analysis provided above shows that there were
two different water phases formed during the hydration of
cement, namely, free water and physically absorbed water,
and the water-phase distribution is illustrated in Fig. 8. Dur-
ing cement hydration, changes in the water state are corre-
lated with the hydration process: free water is transformed
into physically absorbed water and chemically bound water.
Based on these correlations, the effects of the nanosized
MgO on cement hydration can be determined.

4.2 Changes in the parameters of relaxation peaks

Changes in the relaxation times and intensities of the relaxa-
tion peaks for cements prepared with the two methods are
shown in Figs. 9 and 10 with respect to hydration time. The
figures show that the times and intensities of the relaxation
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Fig. 8 Water-phase distribution in cement

peaks for the blank samples and the samples with added
nanosized MgO exhibited the same change trends.

The relaxation time for the cement prepared with the
wet-mixing method and modified with different mass
fractions of nanosized MgO showed the same trends with
hydration times, and this always significantly decreased
with hydration. That is, the relaxation peak shifted
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Fig.9 Relaxation times at the peak points as a function of hydration time

leftwards. Finally, the relaxation time for the peak of sam-
ple N1 stabilized at 0.5 ms and those of samples N2—-N5
stabilized at 0.4 ms. The intensities of the relaxation peaks
gradually decreased with hydration. This indicated that
at longer hydration times, the water in the cement pastes
was more confined, and the fluidity decreased. The relax-
ation times of the peaks for samples N1-N5 decreased,
and T, values of the various cement pastes decreased
with the increasing mass fraction of the nanosized MgO.
This indicated that changes in the values of the relaxation
peaks were negatively correlated with the mass fraction
of nanosized MgO. As the mass fraction of the nanosized
MgO increased, the water in cement pastes was more con-
fined, and the fluidity decreases, which facilitated cement
hydration.

For cement prepared with the dry-mixing method,
the relaxation time corresponding to relaxation peaks
decreased with hydration. The relaxation peaks gradu-
ally shifted leftwards with hydration, and the water in the
cement pastes was more confined. This indicated that with
the dry-mixing preparation, free water was transformed
into physically absorbed water and chemically bound water
with higher degrees of confinement during hydration. The
intensities of the relaxation peaks for the cement pastes
prepared with the dry-mixing method decreased with
increased mass fractions of the nanosized MgO, and they
were negatively correlated with the hydration time. This
suggested that the degree of hydration rose and the values
of the relaxation peaks of cement pastes declined with the
increased in the hydration time. After 720 min of hydra-
tion, the values of the relaxation peaks of cement pastes
gradually decreased with increasing mass fraction of the
nanosized MgO. When the hydration time was 720-1800

4.0 /
Dry-mixing preparation e MI—— M2

o —o— M3—— M4
M5

%)
W
1

N4 e
n =
1 1

Relaxation time at peak points (ms)
2
1

1.5
1.0 4
0.5 4
0.0 T /T T T T T
0 200 1000 1500 2000
Time (min)

@ Springer



66 Page 10 0f 18 Q.Zou et al.
7F da
400 - ——NIl——N2 e MIl—— M2
—— N3—— N4 400 s M3—— M4
NS M5
22} s I — @ _
=3 Y
153 <
= &
o 300 A i 300
g £
3 s
*
5 E
= 200 =
s 200 + 200 A
: E ;
w2
2 E
g g
> 100 > 100 A
Wet-mixing preparation ., Dry-mixing preparation
0 —7 /7 T T 0 —7/ /- T T
0 100 200 1000 1500 2000 0 100 200 1000 1500 2000
Time (min) Time (min)
Fig. 10 Relaxation peaks as a function of hydration time
6000 '/ 6000 - ; i
Wet-mixing preparation o Nl N2 Dry-mixing preparation —o— M- M2
- N3—-N4 - M3-- M4
5000 N5 5000 e M5
w w
% = | .
g a \
= 4000 = 4000 4
S 2
5 g 1
E E \
S 3000 & 3000 4
3 B
2] 172]
3 B
2 2000 2 2000
1000 1000
ya ya
T T T T 7/ T T T T T 7/ T T
0 100 200 1000 1500 2000 0 100 200 1000 1500 2000
Time (min) Time (min)

Fig. 11 Areas of the relaxation peaks for the cements versus hydration time

min, the mass fraction of the nanosized MgO did not show
an obvious correlation with the intensities of the relaxation
peaks, which suggested that at this stage, the effect of the
nanosized MgO on cement hydration was inconsistent for
the dry-mixing method.

The areas of the relaxation peaks of cement pastes pre-
pared using the two methods are shown in Fig. 11 as a
function of the hydration time. As shown in the figure, the
areas of relaxation peaks for Groups N1-N5 prepared with
the wet-mixing method reached a maximum after 5 min
of hydration. When the hydration time is in the range of
30-240 min, the areas of the relaxation peaks for cement
pastes N1-N5 gradually narrowed with increasing hydra-
tion time, although not greatly. As the hydration continued
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for 240 to 1200 min, the areas of the relaxation peaks for
cement pastes N1-N5 decreased significantly. If the hydra-
tion time was in the range 1200 to 1800 min, the areas of
the relaxation peaks narrowed slowly and gradually stabi-
lized. This indicated reduced fluidity of the cement pastes
with increasing hydration time. However, the rates for
fluidity loss for the cement pastes differed in the different
periods. This was because within 240 min of hydration,
the cement was fully hydrated, during which free water
was consumed and its content gradually decreased; the
hydration products were produced and adhered to the sur-
faces of the cement particles, which to slowed or hindered
cement hydration. In addition, particles on the surfaces
of the cement particles and the nanosized MgO dissolved
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in the period, which reduced particle aggregation and
reduced the fluidity of the cement paste. This explains
the slight reductions in the macroscopic fluidities of the
cement pastes in the period.

As the mass fraction of the nanosized MgO increased, the
areas of the relaxation peaks for the cement pastes decreased
(while not greatly) during the various hydration periods. This
meant that with increased mass fraction for the nanosized
MgO, the fluidity of the cement pastes was weakened gradu-
ally and slightly overall. The reductions in the fluidities of the
cement pastes due to the increased mass fractions of the nano-
sized MgO were mainly attributed to the following factors:

(1) There are pores in the MgO aggregates. Due to the
capillary effects of the internal pores, a small part of the
free water was absorbed and converted into capillary water
in the nanosized MgO. This explains why compared with the
control N1, the contents of free water were always slightly
reduced in cement pastes N2-N5 containing nanosized
MgO, and the fluidity also slightly decreased. (2) Because
the MgO had small particles, the specific surface areas were
larger than those of the cement particles, and it required
more water for wetting. According to Zhang, this reduced
the fluidity of the cement paste. (3) Due to the high activity,
nanosized MgO reacted rapidly with water and competed
effectively with the cement. Therefore, as more nanosized
MgO was added, more water was captured and the fluidity
of the cement paste was reduced.

The same change trend was observed for samples M1-M5
prepared with the dry-mixing method. As cement hydration
proceeded, the areas of the relaxation peaks for the various
cement pastes gradually narrowed, which indicated that the
fluidities of the cement pastes gradually decreased as hydra-
tion continued. Within 240 min of hydration, the areas of
the relaxation peaks for cement pastes M1-M5 decreased
gently. As hydration continued for 240—1200 min, the areas
of relaxation peaks for cement pastes M1-M5 narrowed
greatly. When the hydration time was 1200-1800 min,
the reductions in the peak areas became gentle again. This
indicated that the fluidities of the cement pastes decreased
slightly within 240 min of hydration, while it was mainly
lost for hydration times of 240—1200 min, during which the
cement pastes gradually set. Within 720 min of hydration,
the areas of the relaxation peaks for the cement pastes nar-
rowed with the increased mass fractions of the nanosized
MgO. When the hydration time was 720-1800 min, the mass
fraction of the nanosized MgO was not obviously correlated
with the areas of the relaxation peaks, which indicated that
nanosized MgO had an inconsistent effect on hydration of
the cements prepared with the dry-mixing method.

4.3 Influence of nanosized MgO on the hydration
process of cement

By analysing changes in the total relaxation signals of the
cements prepared with the two methods, the variations in
the relaxation signals were found to exhibit three stages, the
induction, acceleration, and deceleration periods. Among
them, the induction period is below 240 min, the accelera-
tion period is between 240 and 720 min, and the deceleration
period is above 720 min, which are highly consistent with
the multi-stage characteristics defined by Xu et al. obtained
from the variation of the anti-resonance frequency and anti-
resonance resistance value of the sensor with the cement
hydration reaction time (Xu et al. 2011).

(1) Induction period: the total relaxation signals of the
cement pastes decreased with increasing nanosized MgO
content. Because the dissolution of cement clinker in the
induction period mainly involves the dissolution of trical-
cium silicate (C5S), the reaction for the dissolution process
is (Nicoleau and Nonat 2016):

Ca;Si05 + 5H,0 — 3Ca®" + 60H™ + H,Si0, 1)

The demand for hydroxyl ions increases during hydra-
tion of the nanosized MgO, which accelerates the disso-
lution of C;S. When the mass fraction of nanosized MgO
increases, more hydroxyl ions are needed, and more water is
consumed. This is shown as a reduction of the total relaxa-
tion signals for the cement pastes with increased contents of
the nanosized MgO and increased hydration with increases
proportions of the nanosized MgO. Calcium hydroxide and
tobermorite begin to nucleate, and the nanosized MgO is
hydrated to produce smaller nanosized magnesium hydrox-
ide (Mg(OH),) particles, which function as nucleation
sites for cement hydration. Increased mass fractions of the
nanosized MgO provides more nucleation sites for calcium
hydroxide and tobermorite, thus promoting cement hydra-
tion. As a result, the total relaxation signals of the cement
pastes decrease with increasing nanosized MgO content.

(2) Acceleration period: as the induction period ends,
the concentrations of various ions in the aqueous solution
increase. Due to the permeation pressure, the barrier layers
of the hydration products on the surfaces of the cement par-
ticles are ruptured so water comes into contact with the sur-
faces of the cement particles, which increases the hydration
rate. In this way, hydration enters the acceleration period,
during which the hydration product tobermorite is formed
rapidly. The reaction for the precipitation process is as fol-
lows (Jansen et al. 2012):

xCa™ + 2xOH™ + H,Si0, — (Ca0), — (Si0,) — (H,0),

+ @2 +x—-bH,0
2
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In this stage, the change rate for the total relaxation
signals of water rises and reaches the maximum value for
the whole hydration process. This indicates that as cement
hydration accelerates, the amounts of hydration products
increase rapidly, the porosity decreases, and cement pastes
begin to set and lose plasticity. As the mass fraction of the
nanosized MgO rises, more water is consumed in hydration
of the nanosized MgO, which increases the concentration of
calcium ions in the aqueous solution and promotes cement
hydration.

(3) Deceleration period: many hydration products have
been produced in the cement paste. The formation rate of
the hydration products decreases, and the structure becomes
more compact, such that diffusion of the ions and water are
inhibited, and the total relaxation signals change slowly. In
this period, the nanosized MgO is still constantly hydrated,
so the hydration rate rises with increases in the mass fraction
of the nanosized MgO.

The above analysis reveals that higher contents of the
nanosized MgO accelerate hydration and increase the degree
of hydration. The nanosized MgO promotes cement hydra-
tion, and this effect is enhanced with increased mass frac-
tions of the nanosized MgO (Fig. 12).

4.4 Effects of preparation methods on hydration
of cements modified with nanosized MgO

4.4.1 Hydration process

According to the above, the T, distribution curves of samples
N1-NS5 changed in a similar manner to those of M1-M5,
which implied consistent state transformations for water in
the cements prepared with both the wet-mixing and dry-mix-
ing methods. Free water and physically absorbed water were
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Fig. 12 Hydration stages of cement
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both present during hydration of the cement pastes contain-
ing different mass fractions of nanosized MgO and prepared
using different methods. In the hydration process of cement,
the degree of water confinement gradually improved, and
the different preparation methods did not affect the water
transformations in the cement.

The T, distribution curves of the cement pastes prepared
with the wet-mixing and dry-mixing methods showed simi-
lar change trends, while their amplitudes differed greatly. To
indicate clearly the effect of the preparation method on the
hydration process, the shift rate was defined as the change in
the relaxation peak position per unit time to reflect changes in
the contents of different states of water in the cement pastes.
Moreover, f was defined as a shape index for the relaxation
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peaks to characterize the external environments for all states of
water in the cement pastes. Figure 13 shows the T, distribution
curves determined for the same cement paste before and after
hydration for several hours.

b—a
t

x =

3

_ . n
p=—" 0

where, b and a separately denote the position of the 7, peak
before and after hydration of the cement; 7 is the hydration
time; n is the relaxation signal determined after hydration
for several hours; and ¢ and d separately denote the starting
and ending times of the peaks measured after hydration for
several hours.

The effects of the preparation methods on the shape
indexes of the cement relaxation peaks are displayed
in Fig. 14. The shape indices of the relaxation peaks for
cements prepared with different methods exhibited the same
change trends. The shape index increased at first and then
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decreased with the increased hydration time. Within 720 min
of hydration, the shape indexes for the relaxation peaks of
cement pastes prepared with the dry-mixing method were
smaller than those of cement pastes prepared with the wet-
mixing method and the same mass fraction of nanosized
MgO. This indicated that within 720 min of hydration, the
nanosized MgO enhanced hydration of the cement prepared
with the wet-mixing method more effectively than that of
the cement prepared with the dry-mixing method. When the
hydration time was 720-1800 min, the nanosized MgO still
promoted hydration of the cement paste prepared with the
wet-mixing method, but the promotion effect of the nano-
sized MgO on cement hydration was inconsistent for cement
pastes prepared with the dry-mixing method. However, at
this stage, the shape indexes of the relaxation peaks for
cement pastes prepared with the dry-mixing method and the
same mass fraction of nanosized MgO were larger than those
of cement pastes prepared with the wet-mixing method. This
indicated that the nanosized MgO had a stronger promotion
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Fig. 14 Effects of preparation methods on the shape indexes for the relaxation peaks of the cement pastes
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Fig. 15 Effects of preparation methods on the shift rates of the relaxation peaks for cement pastes

effect on cement hydration for the dry-mixing method than
the wet-mixing method.

The effects of the preparation methods on the shift rates
of the relaxation peaks for the cement pastes are shown
in Fig. 15. The shift rates for the relaxation peaks of the
cement pastes prepared with different methods changed with
the same trends. The shift rate increased at first and then
decreased with increasing hydration time. Based on a theo-
retical analysis of cement hydration, the shift rate was found
to gradually rise in the induction and acceleration periods of
the cement pastes, while it gradually declined in the deceler-
ation period with increased hydration time. Because the shift
rate indicates the looseness of the flocculent structures in
cement pastes, that is, the degree of free water confinement,
cement pastes prepared with the wet-mixing method show
lower shift rates than those prepared with the dry-mixing
method. This is because the flocculent structures exist for
longer periods of time in the cement pastes prepared with
the wet-mixing method, in which the degree of confinement
for the water in the flocculent structures changes slightly.
The free water is transformed into chemically bound water
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at a slower rate, and the content of free water in the cement
paste changes slightly.

The effects of the nanosized MgO on hydration of cements
prepared with the different methods were analysed, which
revealed the mechanism for hydration of the nanosized MgO
particles for the different preparation methods, as shown in
Fig. 16. An ultrasonic instrument was used for ultrasonic
dispersion of the nanosized MgO in the wet-mixing prepa-
ration, so the nanosized MgO was dispersed uniformly and
with little aggregation (Fig. 16a). Due to uniform dispersion
of the nanosized MgO, the surface area of the reaction was
enlarged, which enabled reactions between the nanosized MgO
and OH™ and produces many Mg(OH), particles. These par-
ticles provided many nucleation sites for the cement hydra-
tion products, thus accelerating hydration. For the dry-mixing
preparation, the nanosized MgO was dispersed nonuniformly
and underwent aggregation (Fig. 16b). When the same mass
fraction of nanosized MgO was added, the nanosized MgO in
the dry-mixing preparation had a smaller surface area for the
reaction than that of the wet-mixing preparation. Only few
nanosized MgO particles on the surfaces of the aggregated
clusters participated in hydration to form Mg(OH),, so only a
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Fig. 16 Mechanisms for the
effects of nanosized MgO on
hydration a Wet-mixing prepa-
ration b Dry-mixing preparation

few nucleation sites were provided for the hydration products.
As a result, the effect of the nanosized MgO during hydra-
tion of the cement paste was inconsistent when using the dry-
mixing preparation method.

4.4.2 Effects of the preparation methods on the surface
porosities of the cements

To study the effect of the preparation method on the surface
porosity of the cement, Avizo and Photoshop were used to
quantitatively analyse the microstructures of the pores in the
SEM images of the cement. The surface porosity indicates
the ratio of fracture areas to the total area in SEM second-
ary electron images. It can be seen from the SEM images
in Fig. 7 that the pores were dark and had a low grey value
(approximately 0) because they were sunken. An appropri-
ate grey threshold was selected for processing Fig. 7 into

......

9 OH

9 Mg(H,0):**

Hydration
(a)

B vzom,

9 OH

Hydration

(b)

binary digital images that reflected the pores and fractures,
as displayed in Fig. 17 (the black areas are pores and micro-
fractures). The proportion of black pixels was calculated
using Avizo, so the changes in the surface porosities of the
different cement pastes were determined (Fig. 17).

As shown in Fig. 17, the surface porosity of cement
decreased at first and then increased with increasing mass
fraction of the nanosized MgO for the wet-mixing prepara-
tion method, as evinced by the decreasing and then increas-
ing trends for the area and number of black regions in the
binary images. According to the mechanism described
above for hydration of the nanosized MgO in the wet-mix-
ing preparation, when the mass fraction of the nanosized
MgO was in the range 0%0—2%o, the hydration products on
cement surfaces were compact with uniformly distributed
folds and few pores, so the surfaces were relatively smooth.
If the mass fraction of the nanosized MgO reached 3 %o,
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tion

some hydration products covered the smooth surfaces of the
cement due to the excellent expansibility of the nanosized
MgO, which resulted in the appearance of fine pores and
cracks, as evinced by the slight increasing trend for the sur-
face porosity of the cement. Overall, the surface porosity of
the cement modified with nanosized MgO and prepared via
the wet-mixing method was lower than that of pure cement,
indicating that the wet-mixing method effectively increased
the compactness of the cement. In comparison, the surface
porosity of the cement prepared with the dry-mixing method
fluctuated with the mass fraction of the nanosized MgO, and
the cement surfaces were rough and exhibited fine fractures
on some surfaces. According to the mechanism described
above for hydration of the nanosized MgO in the dry-mixing
preparation, the preparation method may cause aggrega-
tion of the cement hydration products, many fractures and
pores on the cement surfaces, and therefore relatively low
compactness. Generally, the two preparation methods both
reduce the surface porosity of the cement, while the wet-
mixing preparation method is more effective and consistent
in improving the compactness of cement than the dry-mixing
preparation.

5 Conclusions

NMR and SEM were used to explore the effects of nanosized
MgO on the hydration of cement pastes prepared with differ-
ent methods. Changes in the hydration reactions and hydra-
tion products of the cement pastes modified with nanosized
MgO and prepared using different methods were revealed.
The effects of nanosized MgO on the hydration of cements
prepared with the different methods were clarified, and the
mechanisms for hydration of the nanosized MgO with the
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different preparation methods were revealed. The following
conclusions were reached:

(1) The T, distribution curves for cement pastes in the
0.1-1 ms and 1-10 ms ranges represented physically
absorbed water and free water in the cement pastes.
An increased mass fraction for the nanosized MgO
facilitated cement hydration of cement. A higher nano-
sized MgO mass fraction enhanced the rate and extent
of cement hydration. Compared with the dry-mixing
preparation, the wet-mixing method exhibited more
water-phase transformations in the cement pastes.
The nanosized MgO promoted the hydration induc-
tion, acceleration, and deceleration periods for the
wet-mixing method. It accelerated cement hydration
and rendered the microstructures of the cement pastes
more compact. In comparison, the nanosized MgO pro-
moted the hydration induction period for cement pre-
pared with the dry-mixing method, and the effect was
less significant than that of the wet-mixing preparation;
the effects of nanosized MgO on the acceleration and
deceleration periods of cement hydration were incon-
sistent due to stirring and dispersion effects.

The nanosized MgO was uniformly dispersed when
using the wet-mixing preparation method. This
enlarged the surface area of the reaction and enhanced
the reaction between the nanosized MgO and OH™,
which produced many Mg(OH), particles that pro-
vided numerous nucleation sites for formation of the
cement hydration products, thus accelerating hydration.
In the dry-mixing preparation, the nanosized MgO was
dispersed nonuniformly and aggregated. Only a small
number of nanosized MgO particles on the aggregated
clusters participated in hydration to form Mg(OH), par-

2)

3)
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ticles. As a result, only a small number of nucleation
sites were provided for the cement hydration products,
which resulted in inconsistent effects of the nanosized
MgO in hydration of the cement pastes prepared with
the dry-mixing method.

(4) The surface porosity of the cement decreased at first
and then increased with increasing mass fraction of the
nanosized MgO when using the wet-mixing prepara-
tion method. The hydration products on the surface of
the cement were compact when using the preparation
method, with uniformly distributed folds, a few pores,
and smooth surfaces. When using the dry-mixing prep-
aration method, the surface porosity of the cement fluc-
tuated with the mass fraction of the nanosized MgO,
and the cement surface was rough, with fine fractures
on some surfaces. The two preparation methods both
reduced the surface porosity of the cement, while the
wet-mixing preparation method was more effective and
stable than the dry-mixing method in improving the
compactness of the cement.
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