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Graphene and its derivatives have been attracting the widespread interest of researchers because of their
capability to improve several properties (e.g. mechanical properties, durability, anti-corrosion) of cemen-
titious composites. This paper presents an experimental study on the influence of graphene sulfonate
nanosheets (GSNSs) on mechanical properties and ablation behaviour of ferro-siliceous sacrificial cement
paste and mortar, including flexural strength, compressive strength, microstructure, porosity, and ther-
mal properties. Based on the results of differential scanning calorimetry and decomposition tempera-
tures, the decomposition enthalpy of ferro-siliceous sacrificial cement paste and mortar was
determined. It was found that, (1) the flexural strength and compressive strength of ferro-siliceous sac-
rificial mortar were increased by 16.22% and 24.44% respectively with the addition of 0.1 wt% GSNSs; (2)
the decomposition enthalpy of ferro-siliceous sacrificial mortar was increased by 14.65%, 101.33%, and
135.15%, when adding 0.03 wt%, 0.1 wt%, and 0.3 wt% GSNSs, respectively; (3) the optimum GSNSs con-
tent was 0.1 wt% considering the mechanical strength, microstructure, and ablation rate of ferro-siliceous
sacrificial cement paste and mortar. These findings can guide the design of ferro-siliceous sacrificial com-
posites, e.g., cement paste, mortar, and even concrete containing GSNSs.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

At present, cement and concrete composites are the most
extensively building and construction materials. However, cemen-
titious composites are quasi-brittle materials and inclined to crack
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flexural strength, and poor strain capacity [1]. Therefore, how to
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prevent cracking and improve the tensile strength are the main
concerns in the field of cementitious composites [2-4]. Recent pro-
gress in nanotechnology provides opportunities to tremendously
enhance the performance of cement or concrete composites
through nano-sized particles or fibres, such as nano-SiO, [5-9],
carbon nanotubes [10-15], carbon nano-fibre [15,16], nano-
CaCOs; [17], and nano-TiO, [18-20]. Nano-sized materials in
cementitious composites are more effective than conventional
reinforcements that are usually at millimetre scale, because they
can control the formation and development of nano-size cracks
at the initial stage [21]. The nanomaterials used in modified
cementitious composites can be classified into zero-dimensional
(OD) particles (e.g., nano-SiO,, nano-TiO, and nano-CaCOs), one-
dimensional (1D) fibres (e.g., carbon nanotubes and carbon nano-
fibre), and two-dimensional (2D) sheets according to the shape of
nanomaterials.

Graphene and its derivatives, as new 2D nanomaterials, have
drawn the most attention in science and engineering in recent
years. Graphene has excellent electrical, optical, mechanical, and
thermal properties. The average Young’s modulus and tensile
strength of grapheme are 1100 GPa and125 GPa, respectively
[22,23]. The thermal conductivity of suspended graphene is
5300 W/mK [24]. The specific surface area of graphene can theoret-
ically reach 2.63 x 10° m?/kg [25], which offers more space for
physical and chemical interactions between graphene and matrix
material. Nevertheless, high production cost and difficulty in dis-
persing are the major obstacles that limit the application of gra-
phene. As new kinds of nano-sized carbon materials, graphene
derivatives (e.g. graphene nanosheets and graphene oxide
nanosheets) also contain graphene sheets [26-34], both of which
display a 2D sheet-like structure, and the thickness of them is gen-
erally less than 10 nm, that is, still at nano scale. Graphene oxide
nanosheets (GONSs) are oxides of graphene nanosheets (GNSs),
and thus the GONSs have oxygen functional groups that scattered
in the 2D sheet-like structure of GONSs. The interaction force
between GONSs, namely, van der Waals force can be significantly
modified due to the oxygen functional groups, hence the dispersive
capacity of GONSs in water can be improved [35]. Shamsaei et al.
[36] has summarized the excellent performance of graphene and
graphene-based nanosheets, and they point out that graphene
and graphene-based nanosheets possess extraordinary mencanical,
chemical, thermal and electrical properties, enabling attractive
applications, ranging from structural strength/durability improve-
ment, anti-corrosion, to self-cleaning surfaces and energy saving.
In addition, the GNSs and GONSs are cheaper to produce than that
of graphene.

So far, much research has been done on the effects of GNSs and
GONSs on properties of cementitious composites. Ranjbar et al.
[37] found that the compressive strength of geopolymer increased
by 44%, and that the flexural strength of geopolymer was raised by
116%, respectively, if 1% (mass fraction) GNSs were added. Sun
et al. [38] reported that both the flexural and compressive
strengths of oil well cement paste were improved because of the
addition of GNSs. Du et al. [39] pointed out that the chloride diffu-
sion of concrete was reduced by 80%, when 1.5% of graphene nano-
platelet was added. Mokhtar et al. [40] found that the tensile
strength of cementitious composites was enhanced by about 41%
due to the addition of 0.03% GONSs. Lv et al. [41] reported that
the tensile, flexural and compressive strengths of cementitious
composite were increased by 78.6%, 60.7% and 38.9%, respectively,
when 0.03 wt% (with respect to weight of cement) GONSs were
added. The previous research also indicated that GONSs could reg-
ulate the cement hydration process, and further improve the
microstructure of cementitious composite [42]. GNSs and GONSs
could bring certain self-sensing capability to cementitious compos-
ites [30], which was similar to the function of carbon fibre [43]. In

addition, Sha et al. [44,45] suggested that understanding the failure
behaviour and failure mechanism of graphene is also important so
as to promote its structural and functional applications.

The safety problem of nuclear power is becoming increasingly
acute on a global scale. Sacrificial concrete is the hotspot but also
a difficulty in the modern nuclear technology. Sacrificial concrete,
as a key component of core catcher in nuclear power plant, is
designed to prevent leakage of radioactive materials from reactor
containment in severe nuclear accident [46]. The corium tempera-
ture can be reduced via the interaction between sacrificial concrete
and corium. In addition, the physical and chemical properties of
the corium can also be modified. Accordingly, the reliability of
the core catcher can be improved. As one kind of sacrificial con-
crete, ferro-siliceous sacrificial concrete is mainly used in the third
generation nuclear technology that is the most advanced technique
at present. Thermal performance of ferro-siliceous sacrificial con-
crete, particularly its ablation (erosion of material due to high tem-
perature) behaviour plays a critical role in severe nuclear accident
mitigation. Therefore, the ablation behaviour of ferro-siliceous sac-
rificial concrete should be studied urgently due to the increasing
application of ferro-siliceous sacrificial concrete in nuclear power
plant. Although graphene and its derivatives have been extensively
investigated currently, there is still no available information con-
cerning the effects of graphene sulfonate nanosheets (GSNSs) on
microstructure, mechanical properties and ablation behaviour of
cementitious composites. The —SOsH contained in GSNSs plays a
similar role of —OH in GONSs, so the GSNSs may also find their
applications in cementitious composites [47]. Furthermore, the
total cost of production for GSNSs is about 11% lower than that
of GONSs.

The main purpose of the work is to experimentally study the
effects of GSNSs on mechanical properties and ablation behaviour
of ferro-siliceous sacrificial cement paste and mortar. The flexural
strength, compressive strength, thermal analysis, microstructure,
porosity, and thermal conductivity of ferro-siliceous sacrificial
cement paste and mortar with different contents of GSNSs were
comprehensively explored. Based on the experimental results of
differential scanning calorimetry and decomposition temperatures,
the decomposition enthalpy of ferro-siliceous sacrificial cement
paste and mortar was determined. Finally, the ablation behaviour
of ferro-siliceous sacrificial cement paste and mortar was investi-
gated in a quantitative manner.

2. Experimental program

2.1. Materials

P-II 52.5 cement, silica fume, and fly ash (Class I) were utilized
in the paper. The chemical composition and physical properties of

Table 1

Chemical composition and physical properties of cement, silica fume, and fly ash.
Materials Cement Silica fume Fly ash
Chemical composition (wt.%)
Ca0 64.70 0.77 8.38
Si0, 20.40 96.18 47.96
Al,03 4.70 0.96 30.46
Fe,04 3.38 0.85 5.91
MgO 0.87 0.74 2.60
SO3 1.88 0.50 1.32
K,0 0.83 1.61
Na,O 1.76
Loss 3.24
Physical properties
Specific gravity 3.15 222
Specific surface (m?/kg) 362.20 2.79x10%
28d Compressive strength (MPa) 62.8
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cement, silica fume, and fly ash are presented in Table 1. Silica sand
used in the paper was obtained from a Chinese nuclear industry
mineral powders manufacturer, and the silica sand contained,
0.062 wt% MgCOs, 0.058% wt.% CaCOs, and 99.88 wt% SiO,, respec-
tively. Iron ore utilized in the work was provided by the Chinese
Nuclear Science and Technology Company, and the chemical con-
stituents of the iron ore were Fe,03, SiO,, and CaCOs, the mass frac-
tions of which were 92.22%, 7.61%, and 0.17%, respectively. The
reason for the utilization of silica sand and iron ore is that both
Si0; and Fe,03 can oxidize Zr in the corium (a molten mixture of
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Fig. 1. Grading curves of the silica sand and iron ore.

fuel material). The grading curves of the silica sand and iron ore
are shown in Fig. 1. A superplasticizer of polycarboxylate was used
to improve the workability of sacrificial cement paste and mortar,
and the water-reducing rate of the superplasticizer was 33.9%.

Graphene sulfonate solution was produced and provided by
Chinese Graphene Technology Company, and the solid content of
the graphene sulfonate solution was 10.5 wt%. In addition, the
GSNSs were made as 50-100 pm in diameter and 1-2 nm in thick-
ness. The GSNSs were characterized by SEM, TEM, and FTIR tech-
niques, the results of which are shown in Fig. 2. The elemental
composition of GSNSs is presented in Table 2. Note that the ele-
mental composition of GSNSs was analysed by energy dispersive
spectrometer (EDS) during SEM experiment, and the result of sub-
strate (Cu) was removed.

2.2. Specimen preparation

The mix proportions of ferro-siliceous sacrificial cement paste
and mortar used in this work were carefully designed according
to our previous research findings, as indicated in literature
[48,49]. Based on these results, the mixtures of ferro-siliceous

Table 2
Elemental composition of GSNSs.
Elements Weight (wt.%) Atom (%) Intensity
C 45.8 59.1 346
(0] 30.2 29.3 445
S 9.7 4.7 631
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Fig. 2. Material characterization of GSNSs: (a) SEM, (b) TEM, and (c) FTIR.
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Table 3
Mix proportions of ferro-siliceous sacrificial cement paste and mortar (g).
Cement Fly ash Silica fume Silica sand Iron ore Water Superplasticizer GSNSs

FP 388 135 20 0 0 181 3.8 0
FP1 388 135 20 0 0 181 3.9 0.163
FP2 388 135 20 0 0 181 4.2 0.543
FP3 388 135 20 0 0 181 4.7 1.629
FM 388 135 20 712 917 181 8.0 0
FM1 388 135 20 712 917 181 8.1 0.163
FM2 388 135 20 712 917 181 8.3 0.543
FM3 388 135 20 712 917 181 8.6 1.629

sacrificial cement paste and mortar were further improved through
the addition of GSNSs, as presented in Table 3. For convenience, the
mixtures of sacrificial cement paste were marked as FP, FP1, FP2,
and FP3, and the mixtures of sacrificial mortar were labelled as
FM, FM1, FM2, and FM3, which denote different weight fractions
of GSNSs 0 wt%, 0.03 wt%, 0.1 wt%, and 0.3 wt%, respectively. It
should be noted that the content of GSNSs in the mixtures was cal-
culated by weight of binders (cement, silica fume, and fly ash), and
the workability of ferro-siliceous sacrificial cement paste and mor-
tar was kept consistent during their respective preparation process
by adding different content of superplasticizer.

According to the aforementioned mix proportions, the speci-
mens (shape: prismatic; size: 40 x 40 x 160 mm) of ferro-
siliceous sacrificial cement paste and mortar were cast. The speci-
mens were covered with plastic film after casting. The specimens
were cured about 24 h at natural conditions before they were
demolded. And then the specimens were cured in a standard cur-
ing room for 28 days, and the temperature and relative humidity
of the curing room were 21 + 1 °C and above 95%, respectively.
20 prismatic samples were made for each mix proportion. It should
be highlighted that, in order to obtain a homogeneous mixture, the
cement, supplementary cementitious materials (silica fume and fly
ash), and aggregates (silica sand and iron ore) were firstly mixed
for 5 min. Meanwhile, the GSNSs solution was mixed with super-
plasticizer, stirring evenly, and poured in part of the water, stirring
evenly once again. After that the mixed solution was added to
these dry materials and mixed in the mixer for another 5 min. Note
that the rest of water was firstly used to flush the mixed solution
container, before it was added to the mixer.

2.3. Testing methods

2.3.1. Mechanical properties

To study the influence of GSNSs on mechanical performance of
ferro-siliceous sacrificial cement paste and mortar, both flexural
and compressive strength of ferro-siliceous sacrificial cement paste
and mortar with different contents of GSNSs were tested according
to GB/T 17617-2007 [50].

2.3.2. Microstructure

A 3D environmental scanning electronic microscopy (ESEM)
was used to detect the microstructural evolution in ferro-
siliceous sacrificial mortar with different contents of GSNSs.

2.3.3. Porosity

The AutoPore IV mercury intrusion porosimetry (MIP) produced
by Micromeritics was undertaken to identify the porosity and pore
size distribution of ferro-siliceous sacrificial mortar with different
contents of GSNSs so as to investigate the effect of GSNSs on poros-
ity and pore size distribution of ferro-siliceous sacrificial cement
paste and mortar in a quantitative manner.

2.3.4. Thermal conductivity

According to the standard ASTM E 1461-13, the thermal con-
ductivity of ferro-siliceous sacrificial mortar with different con-
tents of GSNSs was measured by a laser constant analyser
(NETZSCH LFA457).

2.3.5. Thermal analysis

The mass and enthalpy evolution of ferro-siliceous sacrificial
cement paste and mortar during elevated temperature exposure
were characterized by TGA and DSC techniques, respectively. The
specimens were heated from ambient temperature to 1300 °C with
the heating rate of 10 °C/min in nitrogen atmosphere.

2.3.6. Ablation rate
Based on heat transfer theory, the relationship between abla-

tion rate v, and heat flux H of ferro-siliceous sacrificial cement
paste and mortar is expressed as follows,
H

b= S A W

where p is the density; S is the ablating area; AE is the decomposi-
tion enthalpy.

The enthalpy of ferro-siliceous sacrificial cement paste and
mortar was obtained from the integration of their DSC curves
[51], and the starting point of the integration was 25 °C in this
work. The decomposition temperature of ferro-siliceous sacrificial
cement paste and mortar was determined by a furnace at the heat-
ing rate of 5 °C/min, and then the decomposition enthalpy of ferro-
siliceous sacrificial cement paste and mortar could be determined.
Consequently, a quantitative analysis of the ablation rate of ferro-
siliceous sacrificial cement paste and mortar was carried out.

It should be highlighted that at least three repeated experi-
ments were tested on the flexural strength, porosity, TGA, DSC,
and thermal conductivity of ferro-siliceous sacrificial cement paste
and mortar so as to verify the experimental results. In addition, six
replicated experiments were carried for the compressive strength
of ferro-siliceous sacrificial cement paste and mortar. The data
reported herein were the average values of the experimental
results.

3. Results and discussion
3.1. Mechanical performance

3.1.1. Flexural strength

Fig. 3 shows the flexural strength of ferro-siliceous sacrificial
cement paste and mortar with different contents of GSNSs at var-
ious curing ages. As seen in Fig. 3a, the flexural strength of ferro-
siliceous sacrificial cement paste increased with the increase of
curing age. The flexural strength of FP1, FP2, and FP3 was lower
than that of FP at the curing age of 1 day, which indicates that
the addition of GSNSs led to the decrease in the flexural strength
of ferro-siliceous sacrificial cement paste at a very early age
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Fig. 3. Flexural strength of ferro-siliceous sacrificial cement paste and mortar at
different curing time: (a) ferro-siliceous sacrificial cement paste; and (b) ferro-
siliceous sacrificial mortar.

(1 day). The reduction caused by GSNSs was mainly due to the
adsorption of their molecules on nucleating hydrate particles,
which inhibited the early hydration and degree of cement. How-
ever, the flexural strength of FP1, FP2, and FP3 was always higher
than that of FP at curing ages of 7, 28, and 56 days, which suggests
that the flexural strength of ferro-siliceous sacrificial cement paste
was improved because of the incorporation of GSNSs. The flexural
strength of FP, FP1, FP2, and FP3 at the curing age of 28 days, was
9.17,10.01, 10.59, and 10.16 MPa, respectively, which followed the
sequence: FP2 > FP3 > FP1 > FP. This indicates the flexural strength
of ferro-siliceous sacrificial cement paste was increased by 9.16%,
15.49%, and 10.51%, when adding 0.03 wt%, 0.1 wt%, and 0.3 wt%
GSNSs, respectively.

As presented in Fig. 3b, the flexural strength of ferro-siliceous
sacrificial mortar also increased with increasing curing age, which
was similar to the flexural strength of ferro-siliceous sacrificial
cement paste. The flexural strength of FM1 and FM2 was higher
than that of FM, but the flexural strength of FM3 was lower than
that of FM at the curing age of 1 day. At curing ages of 7, 28, and
56 days, the flexural strength of FM1, FM2, and FM3 was invariably
higher than that of FM, following a sequence: FM2 >FM1 >
FM3 > FM. This indicates that the flexural strength of ferro-
siliceous sacrificial mortar could be enhanced owing to the incor-
poration of GSNSs. The 28-day flexural strength of FM, FM1, FM2,
and FM3, was 9.68, 11.01, 11.25, and 10.49 MPa, respectively,
which means the flexural strength of ferro-siliceous sacrificial
mortar was increased by 13.74%, 16.22%, and 8.37%, if 0.03 wt%,
0.1 wt%, and 0.3 wt% GSNSs were added, respectively.

To sum up, the flexural strength of ferro-siliceous sacrificial
cement paste and mortar at an early curing age (1day) was
decreased because of the incorporation of GSNSs, while the flexural
strength of ferro-siliceous sacrificial cement paste and mortar was
increased by 15.49% (FP2) and 16.22% (FM2) at the curing age of
28 days, respectively, when adding 0.1 wt% GSNSs. These findings
indicate that the GSNSs have the same function as the GNS and
GONSs, and can improve the flexural strength of cementitious
materials.

3.1.2. Compressive strength

Fig. 4 presents the compressive strength of ferro-siliceous sacri-
ficial cement paste and mortar with different contents of GSNSs at
various curing ages is shown in. Along with the increase of curing
age, the compressive strength of ferro-siliceous sacrificial cement
paste increased (see Fig. 4a). The compressive strength of FP1,
FP2, and FP3 was always higher than that of FP at each curing
age, which demonstrates that the compressive strength of ferro-
siliceous sacrificial cement paste was improved because of the
addition of GSNSs. The compressive strength of FP, FP1, FP2, and
FP3 at the curing age of 28 days, was 69.27, 70.75, 74.62, and
70.99 MPa, respectively, following a sequence: FP2>FP3>
FP1 > FP, which indicates that the compressive strength of ferro-
siliceous sacrificial cement paste rose by 2.14%, 7.72%, and 2.48%,
when adding 0.03 wt%, 0.1 wt%, and 0.3 wt% GSNSs, respectively.
It should be noted that the experimental result suggested that
the compressive strength of ferro-siliceous sacrificial cement paste
was slightly improved due to the addition of GSNSs.

The compressive strength of ferro-siliceous sacrificial mortar
also increased as curing age increased (see Fig. 4b), which is similar
to the compressive strength of ferro-siliceous sacrificial cement
paste. The compressive strength of FM1, FM2, and FM3 was
invariably lower than that of FM at the curing age of 1 day, which
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Fig. 4. Compressive strength of ferro-siliceous sacrificial cement paste and mortar
at different curing time: (a) ferro-siliceous sacrificial cement paste; and (b) ferro-
siliceous sacrificial mortar.
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indicates that the 1-day compressive strength of ferro-siliceous
sacrificial mortar was decreased because of the incorporation of
GSNSs. Nevertheless, at curing ages of 7, 28, and 56 days, the com-
pressive strength of FM1, FM2, and FM3 was always higher than
that of FM, which suggests that the compressive strength of sacri-
ficial mortar was improved due to the addition of GSNSs. The com-
pressive strength of FM, FM1, FM2, and FM3 at the curing age of
28 days, was 52.16, 56.49, 64.91, and 62.10 MPa, respectively,
which followed the sequence: FM2 > FM3 > FM1 > FM. This indi-
cates that the compressive strength of ferro-siliceous sacrificial
mortar was increased by 8.30%, 24.44%, and 19.06%, if 0.03 wt%,
0.1 wt%, and 0.3 wt% GSNSs were added, respectively.

Accordingly, Owing to the addition of GSNSs, the compressive
strength of ferro-siliceous sacrificial cement paste and mortar at
an early curing age (1 day) might be decreased, while the 28-day
compressive strength of ferro-siliceous sacrificial cement paste
and mortar was increased by 7.72% (FP2) and 24.44% (FM2),
respectively, when 0.1 wt% GSNSs were added. These experimental
results indicate that the GSNSs have the same function as the GNS
and GONSs, and can enhance the compressive strength of cementi-
tious materials.

In summary, the mechanical properties (e.g. flexural strength,
compressive strength) of ferro-siliceous sacrificial cement paste
and mortar was improved by adding GSNSs, and the optimal
amount of GSNSs was found to be 0.1 wt% for ferro-siliceous sacri-
ficial cement paste and mortar. Because of the incorporation of
0.1 wt% GSNSs, the flexural strength of ferro-siliceous sacrificial
cement paste and mortar was increased by 15.49% (FP2) and
16.22% (FM2), respectively, and the compressive strength of
ferro-siliceous sacrificial cement paste and mortar was increased
by 7.72% (FP2) and 24.44% (FM2), respectively.

3.2. Microstructure

Fig. 5 shows the ESEM images of FM, FM1, FM2, and FM3 at cur-
ing age of 28 days. It can be seen in Fig. 5a that there were some
holes, even small cracks, and loose structure in the matrix of FM.
However, the matrix of FM1 was more compact than that of FM
due to the addition of GSNSs. The matrix of FM2 exhibited a dense
microstructure, and some cluster crystals can be observed. Some
cumulate plate-shaped products were also detected, as shown in
the blue square in Fig. 5c. These cumulate plate-shaped products
might have enhancing effects on microstructure of ferro-siliceous
sacrificial mortar. The enlarged view of cumulate plate-shaped
products (see Fig. 5¢) was illustrated in Fig. 5e, and the EDS analy-
sis was carried out on the plate-shaped products. The main ele-
mental compositions of this area were C, O, Ca, and S, the mass
fractions of which were 49.27%, 30.45%, 9.74%, and 7.12%, respec-
tively. EDS experimental results suggest that the added GSNSs
resulted in the formation of cumulate plate-shaped products,
because the —SOsH in GSNSs reacted with cement hydration prod-
ucts [52]. It should be highlighted that the flower-like crystals was
observed in the micro crack of FM3, as presented in Fig. 5d, and
shown in detail in Fig. 5f, and the EDS analysis was also carried
out on the flower-like crystals. The main elemental compositions
of the flower-like crystals were also C, O, Ca, and S, and the mass
fractions of the elements were 51.36%, 28.93%, 10.52%, and 4.98%,
respectively, which indicated that the flower-like crystals were
correlated with the added GSNSs. The crack-arresting and bridging
effect of graphene oxide in cement paste has already been verified
by Gong et al. [53]. Therefore, it was expected that the GSNSs could
arrest and bridge cracks in the cement matrix like graphene oxide
does. Consequently, the microstructure of ferro-siliceous sacrificial
mortar was improved due to the incorporation of GSNSs, since the
added GSNSs have enhancing and crack-bridging effects on its

microstructure, which is similar to the effects of GONSs on
microstructure of cement paste [42]. As discussed above, the addi-
tion of GSNSs led to the increase in mechanical strengths (e.g. flex-
ural strength, compressive strength) of ferro-siliceous sacrificial
cement paste and mortar, which can be explained by the enhanc-
ing and crack-bridging effects of GSNSs.

3.3. Porosity and pore size distribution

The porosity of FM, FM1, FM2, and FM3 at the curing age of
28 days was 8.86%, 8.53%, 8.32%, and 8.21%, respectively, as shown
in Fig. 6a. The porosity of FM1, FM2, and FM3 was lower than that
of FM, as the incorporation of GSNSs into ferro-siliceous sacrificial
mortar had enhancing and crack-bridging effects on its microstruc-
ture (see Fig. 5e, Fig. 5f), which resulted in decreasing porosity of
ferro-siliceous sacrificial mortar. Fig. 6b shows the pore size distri-
bution of FM, FM1, FM2, and FM3 at the curing age of 28 days, in
which multiple peaks can be observed. The threshold pore diame-
ter of FM1, FM2, and FM3 was always lower than that of FM, which
implies that the porosity of FM1, FM2, and FM3 was lower than
that of FM. This also indicates that the pore structure of ferro-
siliceous sacrificial mortar can be improved due to the addition
of GSNSs. The improvement of pore structure can be ascribed to
the presence of GSNSs that have nano-filler effect, enhancing
effect, and crack-bridging effect.

3.4. Thermal conductivity

The thermal conductivity of ferro-siliceous sacrificial mortar is
presented in Fig. 7. The thermal conductivity of FM, FM1, FM2,
and FM3 at the curing age of 28 days was 1.06, 1.12, 1.21, and
1.25 [W/(meK)], respectively, as shown in Fig. 7. The thermal con-
ductivity of FM1, FM2, and FM3 was always higher than that of FM,
which indicates that the thermal conductivity of ferro-siliceous
sacrificial mortar was improved because of the addition of GSNSs.
Compared to FM, the thermal conductivity of FM1, FM2, and FM3
was increased by 5.66%, 14.15%, and 17.92%, when 0.03 wt%,
0.1wt%, and 0.3 wt% GSNSs were added, respectively. The
microstructure of ferro-siliceous sacrificial mortar was improved
due to the addition of GSNSs (see Fig. 5), which caused the decrease
of discontinuous crystal boundaries in matrix, and thus the ther-
mal conductivity of ferro-siliceous sacrificial mortar could be
increased based on heat transfer theory [54]. In addition, the heat
transmission resistance of ferro-siliceous sacrificial mortar with
evenly distributed GSNSs could be declined due to the excellent
heat conductivity of GSNSs itself, which could also improve the
thermal conductivity of ferro-siliceous sacrificial mortar.

3.5. Thermal analysis

3.5.1. Thermogravimetric analysis

The thermogravimetric analysis results of ferro-siliceous sacrifi-
cial cement paste and mortar are shown in Fig. 8. The weight evo-
lution of ferro-siliceous sacrificial cement paste and mortar was
similar, because their mix proportions were almost the same (see
Table 3). The weight of ferro-siliceous sacrificial cement paste
and mortar was falling quickly, when the temperature range was
25-150 °C, the result of which is in line with the findings of Ye
et al. [55]. The loss of evaporable water and partial physical bound-
ing water in ferro-siliceous sacrificial cement paste and mortar was
the main cause of this phenomenon. In the range of 105-700 °C,
the mass declined because of the loss of chemical bounding water
and the decomposition of hydration products [56]. The weight of
ferro-siliceous sacrificial cement paste and mortar was falling
rapidly at approximately 700 °C due to the decomposition of
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(e)

CaCO0s, and the curves of TGA varied slowly after this temperature.
The weight of ferro-siliceous sacrificial cement paste and mortar
was declining fast again at about 1200 °C, which resulted from
the melting of Portland cement. The total weight loss of ferro-
siliceous sacrificial cement paste up to 1300 °C was 25.50% (FP),
24.72% (FP1), 26.08% (FP2), and 25.35% (FP3), respectively. The
total weight loss of ferro-siliceous sacrificial mortar up to
1300°C was 7.36% (FM), 9.62% (FM1), 6.98% (FM2), and 9.00%
(FM3), respectively. Overall, the weight loss of ferro-siliceous sac-
rificial cement paste up to 1300 °C was higher than that of ferro-
siliceous sacrificial mortar.

®

Fig. 5. ESEM micrographs of FM, FM1, FM2, and FM3 at curing time of 28 days.

3.5.2. Differential scanning calorimetry

Fig. 9 depicts the differential scanning calorimetry results of
ferro-siliceous sacrificial cement paste and mortar. The DSC curves
of ferro-siliceous sacrificial cement paste and mortar were also
close, because their hydration products were roughly the same.
The dehydration process of ferro-siliceous sacrificial cement paste
and mortar occurred at about 100 °C, accompanied by loss of evap-
orable water and partial physical bounding water. This finding is in
accordance with the experimental results of other researchers [56].
When the temperature range was 400-600 °C, the CH begun to
decompose, which is consistent with that reported in literature



76 H.-y. Chu et al./Construction and Building Materials 191 (2018) 69-79

8.86

©
o
!

Porosity/(%)
o
N~

8.2

8.0~

FM FM1 FM2 FM3
Different kinds of sacrificial mortar

(@)

0.025

0.020

0.015

0.010 1

0.005

Log differential intrusion (mL/g)

0.000 T T T T T
1E-3  0.01 0.1 1 10 100 1000

Pore size diameter (um)

(d)

Fig. 6. Porosity and pore size distribution of FM, FM1, FM2, and FM3 at curing time
of 28 days: (a) porosity; and (b) pore size distribution.
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Fig. 7. Thermal conductivity of FM, FM1, FM2, and FM3 at curing time of 28 days.

[56]. The crystal phase transformation of quartz (- to o~ quartz)
went on at 580 °C or so, and this result is accordant with the pub-
lished paper by Chase [51]. The CaCO5; decomposed at about 700 °C
in the work, the result of which is consistent with the conclusion
drawn by Bazant and Kaplan [56]. The Portland cement melted at
about 1200 °C (see Fig. 9), which is also consistent with the exper-
imental result of Chase [51]. It should be highlighted that, in gen-
eral, the dehydration of hydration products was an ongoing
process between 100 and 850 °C.
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Fig. 8. Thermogravimetric analysis of ferro-siliceous sacrificial cement paste and
mortar: (a) ferro-siliceous sacrificial cement paste; and (b) ferro-siliceous sacrificial
mortar.

3.6. Ablation behaviour

The ferro-siliceous sacrificial cement paste and mortar decom-
posed at the temperature range of 1200-1250 °C, based on the ele-
vated temperature tests via the furnace. From the results plotted in
Fig. 9, the enthalpy of ferro-siliceous sacrificial cement paste and
mortar can be obtained and is presented in Fig. 10.

As shown in Fig. 10, the enthalpy of ferro-siliceous sacrificial
cement paste and mortar increased gradually before a sharp rise,
except for FP, FP2, and FP3. When the addition of GSNSs was
0 wt%, 0.03 wt%, 0.1 wt%, and 0.3 wt%, the decomposition enthalpy
of ferro-siliceous sacrificial cement paste was 785.24 kJ/kg (FP),
871.10KJ/kg (FP1), 903.42 k]/kg (FP2), and 1648.44 k]/kg (FP3),
respectively, which indicates that the decomposition enthalpy of
ferro-siliceous sacrificial cement paste increased with the increase
of GSNSs. The decomposition enthalpy of ferro-siliceous sacrificial
cement paste was increased by 10.93%, 15.05%, and 109.93%, when
the addition of GSNSs was 0.03 wt%, 0.1 wt%, and 0.3 wt%, respec-
tively. When adding GSNSs 0 wt%, 0.03 wt%, 0.1 wt%, and 0.3 wt%,
the decomposition enthalpy of ferro-siliceous sacrificial mortar
was 441.95k]/kg (FM), 506.69 kj/kg (FM1), 889.76 k]/kg(FM2),
and 1039.25 kJ/kg (FM3), respectively, which suggests that the
decomposition enthalpy of ferro-siliceous sacrificial mortar was
increased due to the incorporation of GSNSs. When the addition
of GSNSs was 0.03 wt%, 0.1 wt%, and 0.3 wt%, the decomposition
enthalpy of ferro-siliceous sacrificial mortar was increased by
14.65%, 101.33%, and 135.15%, respectively.

According to Eq. (1), the ablation rate is proportionate to the
heat flux, however it is inversely in proportion to its decomposition
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Fig. 9. Differential scanning calorimetry results of ferro-siliceous sacrificial cement
paste and mortar: (a) ferro-siliceous sacrificial cement paste; and (b) ferro-siliceous
sacrificial mortar.

enthalpy, when ablating area and density remains constant. Hence,
the ablation rate of ferro-siliceous sacrificial cement paste and
mortar was reduced due to the addition of GSNSs. The ablation rate
of ferro-siliceous sacrificial cement paste was reduced by 9.85%,
13.08%, and 52.37%, when the addition of GSNSs was 0.03 wt%,
0.1 wt%, and 0.3 wt%, respectively. The ablation rate of ferro-
siliceous sacrificial mortar decreased by 12.79%, 50.33%, and
57.47%, when adding GSNSs 0.03 wt%, 0.1 wt%, and 0.3 wt¥%,
respectively. Accordingly, the ablating time of basemat sacrificial
material can be extended, and then the security of nuclear power
plant can be greatly improved.

In summary, compared to ferro-siliceous sacrificial cement
paste and mortar without GSNSs, the sacrificial cement paste and
mortar containing GSNSs were found to have higher flexural
strength, higher compressive strength, more compact matrix,
lower porosity, higher decomposition enthalpy, and lower ablation
rate. GSNSs can improve the microstructure and properties of
ferro-siliceous sacrificial cement paste and mortar. Taking
microstructure, mechanical strength, ablation rate of siliceous sac-
rificial cement paste and mortar into consideration, the optimal
amount of GSNSs was 0.1 wt%. It is expected that these findings
can contribute to designing new kind of ferro-siliceous sacrificial
cement paste, mortar, and even concrete containing GSNSs.

4. Conclusions

In this paper, the influence of GSNSs on microstructure and
properties of ferro-siliceous sacrificial cement paste and mortar
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Fig. 10. Enthalpy and decomposition enthalpy of ferro-siliceous sacrificial cement
paste and mortar: (a) ferro-siliceous sacrificial cement paste; and (b) ferro-siliceous
sacrificial mortar.

with different contents of GSNSs were studied. On the basis of
experimental findings, the main conclusions of the research are
summarized as follows,

(1) The mechanical strengths (e.g. flexural strength, compres-
sive strength) of ferro-siliceous sacrificial cement paste
and mortar can be improved by adding GSNSs, and the opti-
mal amount of GSNSs is found to be 0.1 wt% in ferro-
siliceous sacrificial cement paste and mortar. When adding
0.1 wt% GSNSs, the flexural strength of ferro-siliceous sacri-
ficial cement paste and mortar is increased by 15.49% and
16.22%, respectively, and the compressive strength of
ferro-siliceous sacrificial cement paste and mortar is
increased by 7.72% and 24.44%, respectively.

(2) GSNSs have enhancing effects on microstructure of ferro-
siliceous sacrificial mortar, and can improve its microstruc-
ture. The porosity of ferro-siliceous sacrificial mortar is
reduced because of the incorporation of GSNSs, which can
be ascribed to the enhancing effect, nano-filler effect, and
cracking-bridging effect of GSNSs.

(3) The total weight loss of ferro-siliceous sacrificial cement
paste up to 1300 °C is 25.50%, 24.72%, 26.08%, and 25.35%,
respectively, and the total weight loss of ferro-siliceous sac-
rificial mortar up to 1300 °C is 7.36%, 9.62%, 6.98%, and
9.00%, respectively, when the addition of GSNSs is 0 wt%,
0.03 wt%, 0.1 wt%, and 0.3 wt%, respectively. Overall, the
weight loss of ferro-siliceous sacrificial cement paste up to
1300 °C is higher than that of sacrificial mortar.
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(4) The differential scanning calorimetry patterns of ferro-
siliceous sacrificial cement paste and mortar are also close,
because their hydration products are roughly the same.

(5) The thermal conductivity of ferro-siliceous sacrificial mortar
is improved because of the addition of GSNSs. When the
addition of GSNSs is 0.03 wt%, 0.1 wt%, and 0.3 wt%, the ther-
mal conductivity of ferro-siliceous sacrificial mortar is
increased by 5.66%, 14.15%, and 17.92%, respectively.

(6) The decomposition enthalpy of ferro-siliceous sacrificial
cement paste and mortar is increased with increasing GSNSs
content. When the addition of GSNSs is 0.03 wt%, 0.1 wt%,
and 0.3 wt%, the decomposition enthalpy of ferro-siliceous
sacrificial cement paste is increased by 10.93%, 15.05%, and
109.93%, respectively, and the decomposition enthalpy of
ferro-siliceous sacrificial mortar is increased by 14.65%,
101.33%, and 135.15%, respectively.

(7) The ablation rate of ferro-siliceous sacrificial cement paste
and mortar can be reduced, due to addition of GSNSs. When
the addition of GSNSs is 0.03 wt%, 0.1 wt%, and 0.3 wt%, the
ablation rate of ferro-siliceous sacrificial cement paste is
reduced by 9.85%, 13.08%, and 52.37%, respectively, and
the ablation rate of ferro-siliceous sacrificial mortar reduces
by 12.79%, 50.33%, and 57.47%, respectively.
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