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ABSTRACT

Concrete as an artificial stone owns the weakness of high brittleness and poor flexural strength, dramatically
restricting its potential. Therefore, it is crucial to reduce the brittleness and increase the flexural strength of
concrete to prolong its service life. Herein, we developed a cement composite with low hydration temperature
and high mechanical strength (especially in flexural strength) by combining Field’s metal with in situ poly-
merization of acrylic acid (AA) and acrylamide (AM). A cement composite with compressive and flexural
strength increased by 8.2% and 174.2% was achieved by tuning the dosage of Field’s metal and AA-AM
copolymer. The hydration temperature was significantly reduced with the assistance of Field’s metal and AA-
AM copolymer, inhibiting the formation of the thermal crack. In situ polymerization of AA and AM monomers
was responsible for improving the intrinsic toughness of cement hydrates by constructing a polymer-cement
network, significantly enhancing flexural strength. The in situ polymerized AA-AM copolymer acted as a
bridge between Field’s metal and the cement matrix, improving their interface and contributing to the increased
mechanical strength. The filling effect of Field’s metal and AA-AM copolymer refined the pore structure of the
composite as well. Overall, our findings may offer a promising strategy for developing more robust, resilient, and
sustainable cementitious materials.

1. Introduction

cement composites combine the advantages of both polymers and
cement, which exhibit excellent mechanical properties and durability

Concrete is the most ubiquitous building material in the world as of
yet, and its prevalence consumes a large amount of cement which emits
lots of greenhouse gases (CO3) [1]. Thus, it is pivotal to reduce cement
consumption, ameliorate crack resistance and durability of concrete,
and extend its service life. Construction waste fines have been recycled
to prepare the cementitious materials, which reduces the consumption
of cement and achieves sustainable materials with good mechanical
performance and improved durability [2,3]. Polymers (water-soluble
polymer, polymer latex, and polymer powder) have been employed to
enhance cement-based materials due to their unique properties of flex-
ibility, corrosion resistance, and adhesion. The polymer-modified
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and are usually used in harsh environments [4]. The branched poly-
acrylic acid (PAA) was introduced to modify the cement mortar, which
improved the compressive strength [5]. Incorporating polyacrylamide
into cementitious materials significantly enhanced flexural strength
while maintaining comparable compressive strength [6,7]. Some studies
found that adding styrene-butadiene rubber latex improved the me-
chanical performance, permeability, and freeze-thaw resistance of
cementitious materials [8-12]. However, the conventional method of
introducing polymers leads to a low ratio of flexural strength to
compressive strength, easy entwinement of polymer chains, and weak
interplay of cement and polymer. Recently, a burgeoning approach of in
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situ polymerization of monomers has been used to enhance the me-
chanical strength and crack resistance of cementitious materials. This
approach increases the ratio of flexural strength to compressive
strength, ensures the uniform distribution of polymer chains, and
strengthens the interplay between cement and polymer. AM was intro-
duced to cementitious materials by in situ polymerization, which
significantly improved mechanical strength and durability [13-16].
Cement paste was modified by in situ polymerization of AA, and the
results showed that both the compressive and flexural strength was
enhanced [17,18]. Calcium carbonate cement was improved by in situ
polymerization of 2-hydroxyethylmethacrylate (HEMA) with a sharp
reduction of brittleness [19]. Methyl methacrylate was incorporated
into the concrete via in situ polymerization, which obtained polymer
concrete with outstanding mechanical performances at a temperature of
—20 °C [20].

Metals or metal alloys that are liquid at or near room temperature are
known as liquid metals [21]. A self-limiting native-oxide ‘skin’ forms
easily on the surface of liquid metals, facilitating sticking to different
materials. Hence, low melting liquid metal alloys, such as Ga-based alloy
EGaln and the In-Bi-Sn alloy (Field’s metal), have been extensively
applied in flexible electronics [22,23], energy storage and conversion
devices [24,25], catalysis [26], phase-change materials [27], and
microstructure characterization of cementitious materials [28-30]. As
an innoxious liquid metal, Field’s metal was used to enhance the flexural
strength and crack resistance of cement paste [31]. Nevertheless, the
application of Field’s metal and in situ polymerization of monomers in
improving the performance of cementitious materials has not been re-
ported. Herein, we combine the Field’s metal with in situ polymerization
of AA and AM to fabricate a cement composite with low hydration
temperature and strengthened mechanical strength. Incorporating AA-
AM copolymer by in situ polymerization not only increases the tough-
ness of the cement matrix but also ameliorates the bonding between
Field’s metal and cement matrix, resulting in enhanced mechanical
strength.

This work mainly focuses on fabricating a mechanically strong
cement composite by adding Field’s metal and in situ polymerization of
AA and AM. The fluidity of the cement composite was measured by a
mini corn test. Real-time monitoring was conducted to determine the
effect of Field’s metal and in situ polymerization of AA and AM on the
hydration temperature of cement. The interface between the cement
matrix and Field’s metal was characterized by contact angle and scan-
ning electron microscopy (SEM) tests. TGA and MIP were employed to
characterize the microstructure of the cement composite. The
compressive and flexural strength were measured to assess the effect of
Field’s metal and AA-AM copolymer on the mechanical performance of
cement composites. Our results demonstrate the potential of this novel
approach in addressing the challenges associated with the use of con-
crete as a building material.

2. Materials and methods
2.1. Materials

A commercially Portland cement P-I 52.5, provided by Macau
Cement Manufacturing CO., LTD, was employed to prepare the cement
composites with a water-cement ratio of 0.4. Table 1 presented the
chemical compositions of this cement that were measured by an X-ray
fluorescence spectrometer. Table 2 listed the basic properties of the
Field’s metal provided by the Shenyang Jiabie Trading Company, China.
Acrylic acid (AA), acrylamide (AM), sodium hydroxide, ammonium

Table 1
Chemical compositions of cement.

Composition (Wt%) Ca0O SiOy SO3 Al,03 Fes03 MgO K>0

Cement 65.52  20.19 4.46 4.32 3.07 1.85 0.58
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Table 2
Properties of Field’s metal.
Item Field’s metal
Elements In (51%), Bi (32.5%), Sn (16.5%)
Density 7.88 g/cm®
Melting Point 60 °C
CTE, linear 22.0 mm/m °C
Hardness 11
Tensile strength 33.4 MPa

persulfate (APS), and N, N, N/, N'-tetramethyl-ethylenediamine
(TEMED), tributyl phosphate are all analytical grade provided by
Sinopharm Chemical Reagent Co., Ltd. Deionized water was used to
prepare the cement composites.

2.2. Preparation of the cement composites

The process of fabricating Field’s metal particles was the same as our
previous work [31], and the morphology and particle size distribution of
Field’s metal particles were shown in Fig. 1. To prepare the monomer
solution, AA was dissolved in the deionized water firstly, and hereafter
sodium hydroxide was added to neutralize the AA solution. After the
solution cooled down to room temperature, AM was added and stirred
until dissolution. The initiator APS was then dissolved into the AA-AM
solution, followed by adding catalyst TEMED and stirring for 5 min to
obtain the monomer solution. The mole ratio of AM/AA was 10%, and
the dosage of APS and TEMED was 1% molar of AA and AM monomers.

1%, 3%, and 5% AA and AM monomers based on the mass of cement
were added to determine the optimal dosage of AA-AM copolymer. The
Field’s metal particles (5% wt. of cement, according to [31]) were mixed
evenly with cement powder before adding the monomer solution. Then,
the prepared monomer solution was added and mixed for 3 min, during
which tributyl phosphate was added to eliminate the air bubbles
released from the polymerization of AA and AM. The mix proportion of
the cement composites was listed in Table 3. F5 and A3 denoted that the
dosages of Field’s metal and AA-AM copolymer were 5% and 3%,
respectively. A3F5 denoted the cement composite with 5% Field’s metal
and 3% AA-AM copolymer. The water-to-cement ratio was 0.4 for all the
cement composites. The fresh cement composites were poured into
plastic molds with a size of 10 mm x 40 mm x 160 mm and 40 mm cubes
and placed in a vibration table for 1 min. After 48 h, the samples were
demoulded and put in a curing room (temperature 20 + 1 °C and rela-
tive humidity > 95%) for 7 and 28 days. Subsequently, samples were
taken out and put in a 60 °C water bath for 12 h, followed by placing the
heated specimens in a vacuum oven for 2 h to accelerate the flow of the
melted Field’s metal in the cement matrix. After that, the samples were
conducted with the mechanical strength test.

2.3. Methods

2.3.1. Fluidity

A truncated cone (mini cone) mold with a bottom diameter of 60
mm, a top diameter of 36 mm, and a height of 60 mm was used to
measure the fluidity of fresh cement composites based on GB/T
8077-2012. The fresh cement composites were poured into the trun-
cated cone placed on a glass plate and then lifted slowly. The fluidity of
the sample was defined as the average value of the maximum spread
diameter and its perpendicular diameter.

2.3.2. Hydration temperature

The hydration temperature of cement composites was detected by a
data logger equipped with a type K thermal couple [32]. 1 kg of fresh
cement composites was poured into a container with the thermal couple
in the center. The data were recorded from 0 to 72 h with an interval of
10s.
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Fig. 1. (a) Morphology of Field’s metal particles; (b) Particle size distribution.

Table 3
Mix proportion of cement composites.
MIX ID Cement/g Water/g Field’s metal/g AA-AM monomers/g
RF 100 40 - -
F5 100 40 5 -
A3 100 40 - 3
A3F5 100 40 5 3

2.3.3. Contact angle

The contact angle of Field’s metal was measured by a Contact Angle
Meter (SDC-200SS). The Field’s metal was melted and cast into a petri
dish (diameter: 35 mm; height: 12 mm) to fabricate the disk. After
demoulded, one of the disks was immersed into an AA-AM copolymer
solution and then taken out to evaporate the water. After that, the disk
with and without AA-AM copolymer was conducted to the contact angle
measurement using deionized water as a medium. The contact angle was
tested at three different locations for each disk to get the average value.

2.3.4. Scanning electron microscopy and optical microscopy

Fragments of samples subjected to compressive strength were
collected and immersed in isopropanol to stop the cement hydration.
Fragments of samples with AA-AM copolymer and Field’s metal were
immersed in a 5% HCI solution for 5 min, followed by washing using
deionized water, and then the washed samples were dried and stored in
a vacuum desiccator. Scanning electron microscopy (SEM) was tested
using a Zeiss Zigma FESEM equipped with an energy dispersive spec-
troscopy. Samples were coated with a thin layer of Pt to increase the
conductivity. The accelerating voltage was 5 kV, and the working dis-
tance was 4.9 mm.

For the optical microscopy investigations, slices were cut from the
cement composite after curing for 28 days and soaked in isopropanol for
1 day. The slices were dried in a vacuum oven and placed in a vacuum
desiccator with silica gel to remove the isopropanol. After that, the discs
were impregnated with an epoxy resin under vacuum and polished from
10 pm to 0.25 pm with a diamond polishing spray.

2.3.5. Thermalgravimetric analyses

Thermalgravimetric analyses (TGA) were conducted on an instru-
ment SDT-Q600 at a heating rate of 10 °C/min in a nitrogen atmosphere
with a temperature range of 30-800 °C.

2.3.6. X-ray diffraction

An X-ray diffractometer (Rigaku Smartlab 9000 W) with CuKa ra-
diation was used to measure the X-ray diffraction (XRD) pattern. The
scan range was 5° to 60° with a scan rate of 10°/min under a working
voltage of 20 kV and a current of 20 mA.

2.3.7. Mechanical strength test

The compressive strength of samples with a size of 40 mm was
measured using a Universal Testing Machine (Instron, 250 kN) with a
loading rate of 1 mm/min. Three samples were tested for each mix. The
flexural strength of samples (10 mm x 40 mm 160 mm) was measured
using an MTS (Exceed E44, 30 kN) with a loading rate of 0.01 mm/s and
a span length of 100 mm. Four samples were tested for each mix.

2.3.8. Mercury intrusion porosimetry

The pore structure for each mix was measured using a mercury
intrusion porosimetry (MIP) PoreMaster 33 GT with a contact angle of
140°. For MIP, samples subjected to compressive strength were crushed
and placed in a plastic bottle filled with isopropanol to terminate the
hydration. After 7 days, these samples were taken out and dried in a
vacuum oven at 60 °C until reaching constant weight. The dried samples
were stored in a vacuum desiccator with silica gel before the MIP test.

3. Results and conclusion
3.1. Optimization of AA-AM copolymer content
The flexural strength of cement pastes with various dosages of AA-

AM copolymer is shown in Fig. 2. Increasing the dosage of AA-AM
copolymer corresponds to an improvement in flexural strength
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Fig. 2. The flexural strength of cement pastes with different dosages of AA-AM
copolymer. Al, A3, and A5 denote that the dosage of AA-AM copolymer is
respectively 1%, 3%, and 5%.
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regardless of curing time, except for samples with 1% AA-AM copol-
ymer. Samples with 3% AA-AM copolymer exhibit the highest 28-day
flexural strength of 22.34 MPa, approximately 107% higher than the
reference sample. The decreased flexural strength for samples with 1%
AA-AM copolymer is attributed to the poor polymerization of AA and
AM that becomes defects in the cement matrix, which has been proved in
[33,34]. The interpenetrating polymer network built by in situ poly-
merization of AA and AM in the cement matrix, accompanied by the
crosslinking of the polymer network and cement hydrates, is responsible
for improving flexural strength. However, further incorporating 5% AA-
AM copolymer decreases the flexural strength due to the inherent soft-
ness of the polymer, as shown in Fig. 2. Therefore, the optimal dosage of
AA-AM copolymer is 3% for the cement paste with a w/c of 0.4, which
will be used in the following experiment.

3.2. Fluidity of the cement composites

Fig. 3 depicts the effect of Field’s metal and AA-AM copolymer on the
fluidity of cement composites. The fluidity of the cement composites is
increased with the addition of AA-AM copolymer, while cement com-
posites with only Field’s metal are decreased. The increased fluidity for
A3 and A3F5 is attributed to the adsorption of AA-AM copolymer on the
surface of cement particles, which hinders the aggregation of cement
particles. Furthermore, the ball-bearing effect [35] offered by AA-AM
copolymer contributes to the increased fluidity. It is noteworthy that
A3FS5 has a fluidity of 17.75 cm, slightly higher than A3 (17.20 cm). AA-
AM copolymer anchors on the Field’s metal via a thin ‘oxide skin layer’
that is generated on its surface [36] or the hydrogen bond between
polyvinyl alcohol (PVA) left on the surface of Field’s metal particles and
AA-AM copolymer [37], which separates them from cement particles,
further increasing the fluidity. The Field’s metal can absorb water due to
the thin PVA film adhering around the particles and its intrinsic hy-
drophilic (see Fig. 7), decreasing the effective water-cement ratio of
cement paste, which is detrimental to the fluidity of the cement com-
posites. Thus, samples with 5% Field’s metal have slightly lower fluidity
than the reference mixture.

3.3. Temperature evolution of the cement hydration

The temperature evolution of the cement composites with and
without Field’s metal and AA-AM copolymer is illustrated in Fig. 4(a).
The peak temperature of cement hydration is decreased from 65.28 °C
for the reference sample to 57.92 °C for those with 5% Field’s metal
without altering the time to reach it, indicating that adding Field’s metal
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Fig. 3. Effect of Field’s metal and AA-AM copolymer on the fluidity of
cement composites.
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reduces the hydration heat without changing the hydration behavior of
cement. Because Field’s metal has high volumetric latent heat (315 MJ/
m?), when it transfers from a solid state into a liquid state, it needs to
absorb the heat released from cement hydration, resulting in a lower
peak temperature. In contrast, incorporating AA-AM copolymer not only
postpones the arrival time of peak temperature but also significantly
reduces the peak temperature. Although the peak temperature is
reduced, the total hydration heat is not changed, which is supported by
the finding that the area below the temperature evolution curves for A3
is at the same level as the reference mixture (Fig. 4(b)). This means the
cement hydration is retarded and proceeds slowly to restrain the peak
temperature. The absorption of AA-AM copolymer on the cement grains
limits the dissolution of calcium ions and the nucleation of cement hy-
drates [38] and thus retards cement hydration. Combining Field’s metal
and AA-AM copolymer further decreases the peak temperature to
44.41 °C and delays the corresponding time to reach it, resulting from
the retardation effect of AA-AM copolymer and the heat absorption of
Field’s metal. It is worth noting that a peak temperature appears be-
tween 0 and 3 h for A3 and A3F5, which is related to the polymerization
reaction of AA and AM. The appearance of this peak temperature con-
firms that the polymerization reaction occurs during the cement
hydration.

The area below the temperature evolution curves can be used to
describe the heat release of the cement composites. As shown in Fig. 4
(b), cement composites with Field’s metal exhibit a lower area in com-
parison to the reference sample, signifying that the heat release is
reduced. The area of A3 and A3F5 is slightly higher than that of RF and
F5, respectively, which is attributed to the polymerization of AA and AM
that releases heat. The heat release is reduced under the coupling effect
of Field’s metal and AA-AM copolymer, accompanied by a drastic
decrease in the peak temperature, decreasing the thermal stress from
cement hydration and thus mitigating the risk of forming thermal
cracks. Therefore, Field’s metal and in situ polymerization of AA and AM
can be applied to fabricate cementitious materials with low hydration
temperature and high crack resistance.

3.4. Hydration products

The TGA results of cement composites with Field’s metal and AA-AM
copolymer are presented in Fig. 5. The mass loss between 400 and
500 °C is related to the decomposition of calcium hydroxide (CH), and
its peak decomposition temperature shifts to the left, indicating that the
stability of the composites is reduced. The mass loss ranges from 50 °C to
200 °C is related to the decomposition of ettringite, monocarbonate, and
calcium-silicate-hydrate. It is apparent that only incorporating Field’s
metal has limited influence on the hydration products of cement.
However, samples with AA-AM copolymer have a higher mass loss of
carbonated phases (600-800 °C) than samples with and without Field’s
metal. This phenomenon is inconsistent with the result of [39] carbon-
ation is inhibited by the chelation of calcium ions and superplasticizers.
Here, we speculate that the in situ polymerized AA-AM copolymer in the
cement matrix owns a high capacity for water retention [40], which
maintains high humidity to facilitate the dissolution of CO, and there-
fore promotes the carbonation of cement hydrates. The tangential
method is employed to calculate the content of CH, and the result is
illustrated in Fig. 5(b). Introducing Field’s metal and AA-AM copolymer
decreases the CH content, with A3 showing the lowest CH content,
indicating the retardation effect on cement hydration. The slight
decrease of CH content in F5 is ascribed to the reaction of CH with
cement hydrates like ettringite [41] after heating. The content of
ettringite for A3F5 is lower than that of A3, which is in agreement with
previous studies [42,43]. The sharp reduction in CH content for samples
with 3% AA-AM copolymer results from the retardation effect of AA-AM
copolymer on cement hydration via the strong absorption of the cement
particles [44]. Samples with Field’s metal and AA-AM copolymer show
higher CH content than that with AA-AM copolymer because the
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Fig. 4. (a) Temperature evolution of the cement hydration; (b) The area and peak temperature of temperature evolution curves.
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Fig. 5. (a) TGA results of the cement composites after curing for 28 days; (b) Content of calcium hydroxide (CH).

unhydrated cement grains caused by the retardation effect of AA-AM
copolymer are accelerated to react under the heating curing and thus
produce more CH. Accelerated hydration after heating curing is
conducive to the improvement of mechanical strength, as discussed in
Section 3.6.

The phase assemblage of cement composites with the addition of
Field’s metal and AA-AM copolymer is presented in Fig. 6. After heating
curing, samples with Field’s metal (F5) show a lower intensity in CH in
comparison to the reference sample, which is consistent with the TGA
results. It is evident that the peak intensity of CH is significantly reduced
in the presence of AA-AM copolymer, indicating that cement hydration
is inhibited. The adsorption of AA-AM copolymer on the cement grains is
responsible for the delayed cement hydration. The delayed cement hy-
dration remains many unhydrated cement grains that are stimulated to
rehydration after being subjected to heating, which leads to the incre-
ment in the CH of samples with Field’s metal and AA-AM copolymer.

3.5. Microstructure

The microstructure of cement composites F5 and A3F5 is shown in
Fig. 7. There is a microcrack between the Field’s metal particle and
cement matrix in F5 (Fig. 7(a)), suggesting that the interfacial transition
zone (ITZ) between them is weak. The cracks produced by the external
load propagate along this zone quickly, impairing the mechanical
strength. For A3F5, the ITZ is dense without microcracks, and the
bonding between them is strong (Fig. 7(b)). From the enlarged image of
Fig. 7(c) and 7(d), it can be seen that the surface structure of Field’s
metal in F5 is porous, while that in A3F5 is compact. The dense inner
structure is attributed to the filling effect of AA-AM copolymer and the
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Fig. 6. XRD results of the cement composites after curing for 28 days.

reduction of a water film surrounding the Field’s metal caused by the
retarded flocculation of cement particles [45] with the assistance of AA-
AM copolymer. The contact angle of Field’s metal is reduced after being
coated with a thin layer of AA-AM copolymer (Fig. 8), suggesting that
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Fig. 7. SEM images of the cement composites. (a) F5; (b) A3F5; (c) and (d) are the zoomed image of yellow dotted rectangles in (a) and (b), respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. The contact angle of Field’s metal after being coated with a thin layer of
AA-AM copolymer. FM denotes Field’s metal, and FM-copolymer denotes that
Field’s metal is coated with a layer of AA-AM copolymer.

AA-AM copolymer improves its hydrophilic and helps cement hydrates
to adhere the Field’s metal and thus enhances the bonding strength.
Furthermore, the high water absorption of AA-AM copolymer restrains
the formation of the water film, improving the ITZ. This densified ITZ is
beneficial for the improvement of mechanical strength.

Fig. 9 depicts the microstructure of A3F5 after etching in a 5% HCl
solution. The polymer network is observed in the cement matrix (Fig. 9
(a)), indicating the occurrence of the polymerization reaction. This
polymer network crosslinks with cement hydrates to construct a cement
matrix with stiffness and flexibility, which enhances mechanical
strength. The connection between the AA-AM copolymer and Field’s
metal also plays a critical role in improving mechanical strength. As
shown in Fig. 9(b), after etching, the cement hydrates and Field’s metal
are connected by the AA-AM copolymer, which is supported by the EDS

result that the main composition of the bridge is the element C. This
polymer bridge enhances the bonding strength between cement hy-
drates and Field’s metal, contributing to high mechanical strength.
Moreover, AA-AM copolymer connects with cement hydrates via the
complexation of carboxyl groups and calcium ions to attach to the
Field’s metal particles, which constructs a polymer-Field’s metal-cement
network. This crosslinked network increases the integrity of the cement
matrix and provides flexibility to the stiff cement hydrates, improving
the mechanical strength by limiting the propagation of microcracks,
especially for flexural strength.

Fig. 10 exhibits the morphology of Field’s metal particles in the
cement matrix. The black circular particles are the Field’s metal which
distributes casually in the matrix. Molten Field’s metal is detected after
heating and flows to the adjacent microcracks or space, increasing the
contact area with cement hydrates and filling the microcracks. The
Field’s metal in microcracks imposes a barrier in the route of the load
transfer, effectively improving the mechanical strength. Although the
fluxion of the molten Field’s metal may leave pores on its original site,
its flow is constrained (Fig. 10(b)), which imposes little adverse influ-
ence on the performance of the cement composite. Field’s metal can be
used as a phase change material to adjust the indoor temperature due to
its low melting point, decreasing the emission of green gases.

3.6. Mechanical performance

The mechanical strength of the cement composites is presented in
Fig. 11. The compressive strength is improved with the incorporation of
Field’s metal and AA-AM copolymer (Fig. 11(a)). Samples with 5%
Field’s metal show the highest compressive strength of 73.96 MPa at 28
days, approximately 19.6% higher than the reference mixture. The
Field’s metal melts after heating curing and fills the adjacent micro-
cracks (Fig. 10), restraining the propagation of load along these
microcracks and thus enhancing the compressive strength. Additionally,
the Field’s metal may produce deformation when carrying out the
payload, absorbing energy and thus improving the compressive
strength. The heating regime also promotes the hydration of unhydrated
cement clinkers [46,47], contributing to increased strength. Although
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Fig. 10. Optical images of the cement composites with 5% Field’s metal after heating.

the compressive strength of samples with AA-AM copolymer (A3 and
A3F5) is lower than F5 due to the low stiffness of AA-AM copolymer and
its retarding effect on cement hydration, it is still higher than the control
mixture. AA-AM copolymer fills the pores in the cement matrix, as
presented in Fig. 13, which densifies the inner structure. Furthermore,
the improved ITZ between Field’s metal and cement matrix discussed in
Section 3.5 is conducive to increasing the compressive strength.
Flexural strength in all types of samples is higher than the control
mixture regardless of curing days, as illustrated in Fig. 11(b). Adding 5%
of Field’s metal increases the flexural strength slightly (~10%), result-
ing from the melting Field’s metal can fill microcracks in the cement
matrix, which is in agreement with [31]. It is noteworthy that adding 3%
AA-AM copolymer increases the flexural strength by 107.8% at 28 days

compared with the control mixture, and the 28-day flexural strength is
further increased by 174.2% with the coupling effect of Field’s metal
and AA-AM copolymer. The significant increase in flexural strength for
A3 is attributed to the formation of an interpenetrating polymer-cement
network via in situ polymerization of AA and AM and the filling effect of
the AA-AM copolymer. For samples modified with Field’s metal and AA-
AM copolymer, AA-AM copolymer enhances the ITZ between Field’s
metal and cement matrix (Fig. 7) and connects them by the polymer
chain to form a strong composite. During heating curing, the unhydrated
cement particles in A3F5 are stimulated to rehydrate, generating more
CH, as shown in Fig. 5(b). This increased CH content indicates that the
hydration degree is promoted under heating, contributing to the sharp
increase in flexural strength. In situ polymerization of AA and AM during
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cement hydration weaves a polymer-cement network with stiffness and
softness, and while Field’s metal fills the microcracks of the cement
matrix via melting, both of which cooperates and complements with
each other, leading to a sharp improvement in the flexural strength. In
addition, Field’s metal and AA-AM copolymer drastically decrease the
peak temperature of cement hydration (Fig. 4), reducing the crack
caused by thermal stress, which enhances flexural strength.

From the force-deflection curve (Fig. 11(c)), adding Field’s metal
increases the force that cement composites can bear, whereas Field’s
metal-modified samples show the same deflection as the reference
mixture, suggesting that Field’s metal has limited influence on the
toughness of cement matrix. Conversely, samples with AA-AM copol-
ymer or Field’s metal and AA-AM copolymer exhibit a higher force and
longer mid-span deflection, among which those with AA-AM copolymer
and Field’s metal have a deflection of more than 0.5 mm. This increased
force and deflection manifest that the toughness and crack resistance of
the cement composites are enhanced. The toughness of cementitious
materials can be evaluated from the area below their force-deflection
curves. As shown in Fig. 11(d), the area of F5 is slightly higher than the
reference mixture, which is in line with the flexural strength. For A3F5,
the area is sharply increased to 196 N-mm, roughly 9.3 times larger than
the control sample, signifying that this cement composite absorbs much
more energy and its toughness is strengthened. The strengthened
toughness is because the polymer network crosslinks with hydration
products and endows flexibility to the brittle cement matrix. The melting
Field’s metal fills the microcracks, decreasing the defect in the matrix,
which further increases the toughness.

A comparison of compressive and flexural strength for cementitious
materials enhanced by different materials is illustrated in Fig. 12. The
value that gets closer to the red line indicates that this material possesses
high compressive and flexural strength. It is apparent that most mate-
rials are below the red line, suggesting they own high compressive
strength but relatively low flexural strength. Fibers can significantly
improve mechanical strength via the bonding with cement matrix,
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Nanomaterials

g:\ A Polymer

25 - This work
E [43]
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Fig. 12. Comparison of compressive and flexural strength for cementitious
materials enhanced by different materials. Fibers [48-52]; Nanomaterials
[53-571; Polymers [6,58-61].

which belongs to physical enhancement. Our work realizes the signifi-
cant increase in flexural strength by enhancing the toughness of the
cement matrix and gains high compressive strength simultaneously,
manifesting that the coupling effect of Field’s metal and in situ poly-
merization of monomers is more effective than traditional polymer and
nanomaterials in improving the mechanical strength, especially for
flexural strength. It is believed that combing our method with fibers can
achieve multi-scale enhancement for cement-based materials.
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3.7. Pore structure

Fig. 13 depicts the pore structure of the cement composites after
curing for 28 days. The pore size is shifted toward the finer area with the
addition of the AA-AM copolymer, accompanied by a decrease in the
cumulative pore volume. This refined pore structure is mainly due to the
filling effect of the AA-AM copolymer formed during cement hydration,
conducing to enhance the mechanical strength of the cement compos-
ites. However, only adding Field’s metal shifts the pore size to the coarse
area slightly without influencing the cumulative pore volume, which
probably is because the flow of melting Field’s metal leaves a cavity on
its original site. The cumulative pore volume against pore size diameter
is presented in Fig. 13(b). Samples modified by AA-AM copolymer and
Field’s metal show a slightly higher for pores less than 50 nm compared
to the reference mixture, which agrees with the study by Ballester et al.
[62]. The fast hydration remains the cement hydrates around the cement
particles under high temperatures and leaves an open interstitial space
[63], which increases the finer pores.

The pores below 10 nm, 10-50 nm, 50-1000 nm, and above 1000 nm
are assigned to gel pores, mesopores, capillary pores, and large pores,
respectively. Adding Field’s metal and AA-AM copolymer (A3F5) de-
creases the gel pores by 25.4%, whereas the mesopores increase with the
addition of Field’s metal or AA-AM copolymer (Fig. 13(c)). Pores larger
than 50 nm were regarded as harmful pores [64], which have an adverse
impact on the durability of cementitious materials. The harmful pores
are reduced for samples with Field’s metal or AA-AM copolymer due to
their filling effect that transforms these pores into mesopores. The
densified pore structure is conducive to improving the mechanical
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strength and durability of the cement composites.
4. Conclusions

This work mainly developed a mechanically strong cement com-
posite by combining Field’s metal with in situ polymerization of AA and
AM. We investigated the effects of Field’s metal and AA-AM copolymer
on fluidity, hydration temperature, microstructure, and mechanical
strength of cement composites. Based on the results, some conclusions
can be drawn.

1. Adding Field’s metal decreases the fluidity of the cement composite,
while AA-AM copolymer increases the fluidity by absorption on the
surface of the cement particles.

2. The peak temperature of cement hydration is dramatically reduced
in the presence of Field’s metal due to its low melting point, which
decreases the risk of thermal crack. Coupling the Field’s metal and
AA-AM copolymer retards the cement hydration and reduces the
peak temperature further.

3. Field’s metal has limited influence on the amount of CH, whereas
AA-AM copolymer sharply decreases its content. Heating curing
promotes the hydration of unreacted cement particles in samples
with Field’s metal and AA-AM copolymer.

4. AA-AM copolymer densifies the ITZ between Field’s metal and
cement matrix and connects them, resulting in the enhancement of
mechanical strength. The in situ polymerized polymer network pro-
vides flexibility to the cement hydrates and improves the toughness
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Fig. 13. The pore structure of the cementitious materials at 28 days. (a) Cumulative pore volume; (b) Pore size distribution; (c) The proportion of pores with

different diameters.
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of the cement composite. The flow of the Field’s metal is achieved by
heating curing, which fills the microcracks.

5. The mechanical strength is increased with the addition of Field’s
metal or AA-AM copolymer, among which A3F5 exhibits the highest
flexural strength, approximately 174.2 % higher than the reference
mixture, and maintains high compressive strength.

6. The pore volume is decreased for samples with Field’s metal and AA-
AM copolymer. This phenomenon is more pronounced in AA-AM
copolymer-modified cement composites, arising from the filling ef-
fect of AA-AM copolymer.

This study offers a new way to improve mechanical strength, from
inhibiting the thermal crack to reducing the brittleness of the cement
matrix. It is necessary to pay attention to the retarding effect of AA-AM
copolymer on cement hydration for future applications. Based on the
low melting point of Field’s metal, this material can be used as a new
phase change material (PCM), which not only decreases the indoor
temperature variations but also avoids the leakage of traditional PCMs
and improves the mechanical strength of the material.
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