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ARTICLE INFO ABSTRACT

Keywords: Micro- and nano-sized SiO3 particles, i.e., silica fume (SF) and nanosilica (NS) have been extensively documented
CsA of improving the durability of concrete, but rare investigation on their specific effects on tri-calcium aluminate
S}ﬂ‘fate attack (3Ca0-Al,03, C3A) reactions/performances in harsh environment has been reported. This work determined the
18\11:11:253;26 effects of SF and NS on the hydration and hardening properties of C3A-gypsum systems, and their performances
under sulfate attack. Results showed that NS and SF can effectively improve the sulfate attack resistivity of the
C3A-gypsum systems due to the filling effect and the reduction of crystal size/morphology-induced expansion: a
significant reduction of the aspect ratio (length/diameter) can be observed in the NS-added sample comparing
the pure C3A-gypsum system. Comparatively, SF can hardly change the morphology of ettringite (AFt), which
could be due to that its bigger particle size cannot effectively block the ion migration. It is expected that these
findings could contribute to the utilization of fine/ultra-fine SCMs in cementitious materials systems, especially

those with high amount of aluminate phases.

1. Introduction

Regulation of the hydration and hardening properties of cement
concrete with micro-/nano-particles has been regarded as one of the
most prominent techniques of improving the performances of concrete
structures during the last decades, especially for those served in harsh
environments [1-5]. Silica-based particles are widely used for regula-
tion properties of cementitious materials since the use of micro-sized
silica fume (SF) for off-shore high performance concrete casting in
Norway [6]. More recent investigations have been conducted to explore
the effectiveness of nano-sized silica particles on the regulation of
cement hydration [1,7-10]. It has generally been concluded that the
reaction kinetics of cement [9,10], the chemical compositions/miner-
alogy [1,11], and the microstructure can be effectively regulated/
improved [12-14] due to the seeding effect, the filling effect, and the
pozzolanic reactivity of these particles.

As the most corrosive-prone constituent, aluminate phase in cements
(including tricalcium aluminate (C3A), calcium sulphoaluminate (CSA),
aluminate phases in supplementary cementitious materials (SCMs), etc.)
have attracted much more attention due to the thermodynamic

* Corresponding authors.

instability of aluminate hydrates under the variations of the out envi-
ronments (temperature [15], humidity [16]) and the inner conditions
(pH [17], ion-type/concentration [18]). Meanwhile, due to the univer-
sality of aluminate phases in cement, the regulation of corresponding
stages of their hydration/hardening process in cement has gained sig-
nificant attention for exploring cement of superior performances (higher
compactness [19], higher mineralogical/volume stability [20], higher
corrosion resistivity [21], etc.). Some innovative cementitious materials,
like limestone calcined clay cement (LC3) of stabilizing ettringite (AFt)
with carbonaluminates [22], calcium sulfosilicate-modified CSA [23],
etc. have been developed by taking advantages of the regulation of the
hydration of the aluminate-phases.

Regarding the influences of SCMs on the hydration and hardening
properties of aluminate phases, most researches were conducted on the
CO3-Al;03 systems by using limestone [3]. Scrivener et al. [24] inves-
tigated the seeding effect of various sized SCMs on the hydration regu-
lation of aluminate phases, and they believed that the aluminate phase
hydration could be governed by the size of the additives. Hinted by the
electrokinetic hindrance effect of Ca-S complex on the hydration retar-
dation effect of gypsum on C3A [25], Hou et al. revealed the influences
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Table 1
Physicochemical properties of raw materials.
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Sample CaO SiOy Al,O3 SO3

Fe,03 MgO LOI Specific surface area (m?/kg)

NS - 99.8 - -
SF 0.12 98.08 0.34 0.42

3,000,000

0.04 0.34 0.66 27,300
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Fig. 1. Particle size distribution of raw materials.

of the surface electrical charge characteristics of micro/nanoparticles on
the regulation of the hydration of C3A [26,27]. It has been suggested
that the negatively-charged silica particles can be attracted to the
positively-charged aluminate phases, blocking the active dissolution
front of C3A, i.e., retarding its hydration. Maier [28], Cui [29], and Singh
[30] verified the blocking effects of silica nanoparticles on aluminate
phase hydration in their recent work. Moreover, this effect seems to be
effective in other high aluminate-cement, calcium aluminate cement, for
example, Son et al. [31] researched and proofed the hydration/hard-
ening retardation effect of silica nanoparticles on calcium aluminate
cement.

The blocking effect of silica micro/nanoparticles on aluminate pha-
ses in cement would contribute to unique influences of the behavior of
cementitious materials and can be explored for better regulation of the
property gain, but, to the best knowledge of the authors, this has not
been researched and reported. To fill this gap, this work investigated the
regulation effects of micro-/nano-sized silica particles, i.e., silica fume
(SF) and nano silica (NS), on the hydration and hardening properties of
the C3A phase. Regulation on the sulfate attack resistivity was also
determined with the hope of exploring hints for improving the durability
of cement, especially those with high amount of aluminate phases.

2. Experimental
2.1. Materials

In this study, commercial tricalcium aluminate (C3A, cubic, 3862
mz/kg), obtained from DMT Materials Technology Co., Ltd, was used, in
which the amount of free-CaO was less than 1 wt% (quantitative Riet-
veld analysis). Nanosilica (NS) and gypsum purchased from the Macklin
company were of chemical grade. The chemical compositions (X-ray
fluorescence), particle size distribution, and morphology of silica fume
(SF) are listed in Table 1, Figs. 1 and 2, respectively. Comparison of the
SEM image with the particle size distribution curve shows the

agglomeration of NS during particle size measurement. Sieved fine sand
(smaller than 2 mm) was used to prepare mortar in this experiment.

2.2. Mix proportions and sample preparation

Gypsum-to-C3A mass ratios of 10 wt%, 30 wt% and 86 wt% were
determined according to a statistics study of the sulfur-aluminum ratio
of binders of different originality for simulating different sulfation de-
grees [18,32,33].

2.2.1. Preparation of cement paste and mortar

Paste and mortar specimens of C3A-gypsum system were prepared to
investigate the effects of NS and SF on its resistance to sulfate attack. To
ensure a homogeneous mixing of C3A and gypsum before casting, the
powder was placed in 50 mL of anhydrous ethanol, stirred at 6000 rpm
for 30 min, and vacuum dried at 45 °C before been stored in a N3 glove
box. NS and SF were sonication-dispersed (30 min) in mixing water, and
subsequently mixed with abovementioned powder to get a homoge-
neous paste by using an electric cantilever stirrer (300 rpm for 1 min and
600 rpm for 3 min).

Mortar specimens of cylinder shape (#10 mm x H20 mm) was casted
for sulfate attack resistance observation. The mass ratio of sand-to-
binder was 3. Powder was first drying-mixed with fine sand at 300 r/
min for 1 min, and after adding the mixing water containing sonication-
dispersed NS/SF, the slurry was further mixed at 600 r/min for 3 min.
After casting, the mortar was covered with plastic film and moved to the
curing chamber (25 °C, RH > 99%) before been demolded 24 h later.
The mortar samples of certain ages were moved into the 5 wt% NaySO4
solution (500 mL) for sulfate attack resistivity testing.

2.2.2. Synthesis of ettringite

Ettringite, the main product of sulfate attack of the aluminate phase,
was chemically synthesized using C3A and gypsum for the investigation
of the effects of NS and SF on the formation and evolution of ettringite.
Stoichiometrically prepared CsA and gypsum were prepared and mixed
with deionized water (water-to-binder ratio of 1.0), and stirred thor-
oughly, followed by transferring the suspension to a centrifuge tube
cured in Ny glove box at 25 °C. After curing for 28 days, the sample was
fractured and ground passing through a 74 pm sieve. The purity of the
synthesized ettringite was 98% as determined by the Rietveld refine-
ment method.

2.2.3. Sulfate attack simulation using dialysis tubing

It is considered that during the sulfate attack of hardened cement,
external sulfate ions diffuse to the surface of the hydration product
through pores and generate expansion. To exclusively study the intrinsic
sulfate attack resistivity of the hydration products (i.e., excluding the
influence of pore characteristics (porosity, tortuosity, threshold value of
the ink-bottle neck, etc.) on ion diffusion), cement paste at certain curing
age was ground to powder passing 200-mesh sieve (74 pm) before
adding into the dialysis tube (Fig. 3). The dialysis tubing used in this
experiment had a molecular weight cutoff of 10 kDa. The working
principle of the dialysis tubing is comparable to the ion transport process
in cement: ions transport from the location of high ion concentration to a
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Fig. 3. Schematic diagram of the sulfate attack process of C3A paste in dialysis tubing.

low value of ion concentration. Molecules smaller than 10 kDa (SO42')
diffuse across the dialysis membrane under its concentration gradient
between the two sides of the dialysis membrane. The whole process is
schematically shown in Fig. 3.

At certain age, the powder sample was taken out from the dialysis
tubing and centrifuged at 8000 rpm for 2 min. Then, the supernatant was
filtered off, and anhydrous ethanol was added and centrifuged twice for
another 2 min. The final precipitate was moved into anhydrous ethanol

for 3 days to terminate hydration, followed by vacuum drying and sealed
storage for following characterizations.

2.3. Characterization

2.3.1. Quantitative X-ray diffraction (QXRD)
D8-Advance X-ray Powder Diffraction using Cu-Ka radiation
(1.541874A, 40 kV, 40 mA) with a scanning step size of 0.02° was used
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Table 2
Structure information of compounds.
Compounds ICDCS Space group a b c Reference
C3A, cubic 1841 Pa-3 15.263 15.263 15.263 [34]
Gypsum 409,581 C12/cl 6.284 15.200 6.5230 [35]
AFt-(ettringite) 155,395 P31c 11.229 11.229 21.478 [36]
AFm-(monosulphate) 100,138 R-3h 5.7586 5.7586 26.7946 [371
Monocarbonate 59,327 P1 5.7747 8.4689 9.923 [38]
Hemicarbonate 59,327 R-3c 5.7757 5.7757 48.812 [39]
Hydrated- garnet 94,630 Ta-3d 12.5731 12.5731 12.5731 [40]
a-Al;03 77,810 R-3cH 4.7598 4.7598 12.9924 [41]
10 specimens under the 5 wt% NaySO4 solution, making the mass loss
- A— Control suitable for assessing the degree of sulfate attack. Fig. 4 shows the results
b - Nano Silica of mass loss of C3A-30% gypsum mortar specimens during sulfate attack
[ —— .
103 =— Silica Fume (three tests averaged). It can be seen that at 3 days, the contrc?l specimen
1 ; was completely destroyed, while the mass loss of the specimens with
20 ] NS/SF was only ca. 10%. The comparison showed that the addition of NS
-30 and SF significantly decreased the rate of mass loss of the specimens and
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Fig. 4. The mass loss of C3A-30 wt% gypsum control mortar under the sul-
fate attack.

to characterize cement paste. To quantitatively evaluate the amorphous
phase, the standard internal method (a-Al;O3) was used. Rietveld re-
finements were accomplished by using TOPAS 4.2 software. The refined
parameters were cell parameters, zero-shift error, phase scale, and peak
shape parameters using the fundamental parameters approach. Com-
pounds considered during refinements were listed in Table 2.

2.3.2. Scanning electron microscopy (SEM)

JSM-710F field emission scanning electron microscope (Japan)
equipped with an Oxford X-MaxN EDS was employed to study
morphology and elemental composition of corrosion products. The
length of ettringite was analyzed by Image J software. The average of
100 length data of ettringite taken from 5 different SEM images was used
to determine the final result.

2.3.3. Zeta potential

The effect of NS/SF on the zeta potential of ettringite was evaluated
by Malvern ZS90. Pre-dispersed NS and SF in mixed water were mixed
with synthesized ettringite for 2 min, the water-to-powder ratio was
100. Supernatant after centrifuging was used for testing.

3. Results and discussion

3.1. Deterioration of C3A-gypsum mortar containing NS/SF under sulfate
attack

Unlike the sulfate attack of Portland cement, corrosion products
would be rapidly generated and fall off from the surface of C3A mortar

slowed down the destruction generated by sulfate attack at early ages,
which may be partially related to the denser matrix that could block the
ingression of aggressive ions owing to the pore filling effect of NS and SF
[5]. It may also be associated with their effects on the mineralogy
evolution, which will be discussed later.

The results also showed that the rate of mass loss of NS specimens
gradually increased with time, and the specimens were completely
destroyed at 16 days. While for the SF specimens, the mass stabilized at
7 days and did not show a significant decrease thereafter. It can be seen
that the addition of NS would accelerate the sulfate corrosion rate of
C3A-30 wt% mortar at late ages. Compared with micro-sized SF parti-
cles, the pore volume of the matrix was smaller after NS modification,
which means that less space would be available for the growth of
corrosion products, and the resulting larger crystalline expansion pres-
sure was more likely leading to internal structural cracking, which in
turn accelerated sulfate erosion [42].

Fig. 5 presents the images of C3A-86 wt% gypsum mortar damaged
by sulfate attack. It can be seen that at this gypsum dosage, the sulfate
corrosion rate of C3A mortar specimen was significantly increased. After
5 min, obvious cracks appeared on the surface of the control and SF
specimens, which expanded rapidly with the increase of time, and the
specimens were completely destroyed within 20 min. According to the
XRD results, the corrosion product was ettringite; its generation amount
and rate appeared to be significantly higher than that of the 30 wt%
gypsum system, which will be discussed in the section on mineralogy
evolution of erosion products. Results showed that the NS-modified
specimens performed better compared with the control and SF speci-
mens, and their structures were not significantly damaged until 2 h. This
was consistent with the results of C3A-30 wt% gypsum specimens, i.e.,
NS made the structure denser, which would hinder the migration of
sulfate ions. These results showed that the content of gypsum played a
vital role in the sulfate attack of C3A specimens. Moreover, the addition
of NS and SF improved the sulfate resistance of C3A specimens could be
due to their filling effect and their effects on the evolution of the
corrosion product.

3.2. Mineralogy evolutions of corrosion products during sulfate attack

The quantitative mineralogy evolution of C3A-gypsum pastes under
sulfate attack calculated by QXRD is presented in Fig. 6. It can be seen
that when the content of gypsum was 30 wt%, unreacted C3A, AFm-
(monosulphate, Ms) and monocarbonate (Mc) were the main hydrates
after 1 day, and this result is consistent with the theoretical chemical
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Fig. 5. Images of C3A-86 wt% gypsum control mortar damaged by sulfate attack and XRD pattern of corrosion products.
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Fig. 6. Phase evolution of C3A-30 wt% gypsum paste under sulfate attack ((a) C3A; (b) monosulfoaluminate; (c) ettringite; (d) monocarbonaluminate, all the phase

content was normalized to the absolute mass change (mass/100 g)).

reaction calculation of the C3A-gypsum system (Eq. (1)-(2)). As for the
C3A- 30 wt% gypsum system, if we assume the gypsum dosage was 3 mol
and the C3A content should be 6.3 mol. According to the theoretical
chemical equilibrium shown in Eq. (1)-(2), the whole reaction would
consume all the gypsum and ettringite, whereas there was still 3.3 mol
C3A remaining and forming 3 mol Ms, which might further be carbon-
ated to Mc as shown in Eq. (3). Unavoidable formation of mono-
carbonaluminate (Mc) was observed in both 30 wt% and 86 wt%
gypsum-added C3A samples. It was due to the carbonation of mono-
sulfoaluminate (Ms) that have been introduced from the deionized water
or the air atmosphere during the mixing process [43].

With the incorporation of NS and SF, an increase in the remaining
C3A content and a decrease of Ms can be clearly seen, and this hydration
inhibition phenomenon is consistent with the results of previous studies,
i.e., micro-/nano-SiO, will hinder the hydration of C3A through the
electrostatic adsorption effect and thus reduce the production of hy-
dration products [26,27].

C3A +3CSH, + 26H,0—CsA S Hyy €))
3
2C3A + C4A § Hy, + 4H,0—3C,ASH,, )
3
C4ASH\; + CO¥ —C4ACH,, + SO 3

The dialysis tubing samples were then immersed in 5 wt% NaySO4
solution for sulfate attack testing. It can be seen that after one day of
immersion, AFt content increased significantly, which can be stemmed

from the re-hydration of the remaining C3A or the transfer of mono-
sulfoalumiante (Ms) [18]. In the case of high SO42' solution, mono-
carbonate (Mc) turned into monosulfoaluminate (Ms) following Eq. (4).
It can also be seen that AFt content decreased with the incorporation of
NS. Combining with the mass loss result of the mortar sample shown in
Fig. 4, it can be deduced that the improvement of the sulfate attack
resistivity after NS addition could be due to both the compaction of the
microstructure and the reduction of the amount of the corrosion phase.
However, it can also be seen that the addition of SF did not significantly
change the evolution of the phases of the C3A sample. At 28 days, AFt
content in the SF-added sample decreased sharply, which can be closely
related to the consumption of sulfate ions as depicted in the C3A-86 wt%
gypsum system, and this needs more investigation.

C4ACH,; + SO —C4ASH , + COT™ (@)

At the practically-sulfated OPC system (86 wt% gypsum), the phase
evolution of C3A paste is shown in Fig. 7. It can be seen that C3A has
depleted after 3 days of hydration with the remaining AFt. It can also be
seen that the addition of NS and SF reduced the amount of AFt, Ms, i.e.,
retarding CsA hydration. At 5 days sulfate attack, a fast increase of AFt
happen in all the samples, to 50% of the total amount. This fast for-
mation of expansive phases leads to the instant cracking of the sample,
as shown in Fig. 5.

Comparing to the relatively slow deterioration rate of the C3A-30 wt
% gypsum system, a higher amount of AFt remained in the 86 wt%
gypsum system (Fig. 7), leading to a more porous microstructure due to
the overlapping of the needle-like AFt crystals, simplifying the transport
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content was normalized to the absolute mass change (mass/100 g)).

of aggressive sulfate ions. However, the rate of this process could be
lowered down at a lower gypsum content system due to the plate
morphology of the hydrate of Ms favored the dense packing of the
microstructure, leading to the improved sulfate attack resistivity [44].

The results also showed that the AFt content in the NS-added C3A
sample was much less than the control sample, which is comparable to
the 30 wt% gypsum system. However, a slight reduction of AFt in the SF-
added sample can be observed, and this can be due to the pore filling
effect of SF. It thus can be deduced that both the early age C3A hydration
and later age sulfate attack resistivity of the C3A sample can be influ-
enced by NS and SF, which will be more theoretically studied in the
following section.

3.3. Morphology

SEM images of C3A samples after 28 days of sulfate attack are shown
in Fig. 8. It can be seen that great variation on the AFt morphology can
be achieved within samples of different sulfation degrees, NS-/SF-added
samples. A statistic study of the length of AFt in the 28-day samples were
conducted and compared in Fig. 9.

It can be seen in Figs. 8 and 9 that an average AFt length of 16 pm can
be seen in the 30 wt% gypsum added sample. There is no obvious
morphology change in the sample with SF addition. However, a signif-
icant variation of AFt morphology can be seen in the NS-added sample, a
reduction of the aspect ratio (length/diameter) can be observed, and an
average AFt length of 8 ym can be resulted. When gypsum dosage
increased to 86%, the AFt length decreased to about 2 pm of short rods.

It has been reported that the morphology of AFt would potentially
influence its mechanical performance: the needle-like morphology
contributes to a high early-age strength, and when reduced to 2 pm, AFt
will contribute no effect to mechanical strength, but to the swelling due
to the adsorption of water, leading to the cracking [45].

When studying the influence of different polycarboxylate (PC)
superplasticizers on the AFt morphology, Plank and the coworkers [46]
proposed the selective adsorption of PC molecular on AFt leading to the
change of the aspect ratio. Comparable selective adsorption of nega-
tively charged particles (including Ca-S complex [25], nano-silica [26],
and silica fume [27]) can be resulted, leading to the variant crystal
length. This assumption will be more detailly investigated through the
zeta potential testing, as shown in the next section.

3.4. Further discussion on adsorption

It has been well recognized that the adsorption of polymer on cement
particles will potentially influence the hydration process of the latter as
well as the hydration products [47]. The specific electrokinetic feature
of micro/nanoparticles significantly alters its adsorption characteristics
in cement, which, however, has rarely been taken into consideration
during the exploration of its effectiveness. The ultra-fine particle size of
nanoparticles, as well as the vast variety of the surface electrical char-
acteristics, is of much higher importance of taking this feature into
consideration of the dispersion [48], the influences on hydration/
hardening properties. It has been demonstrated in the previous sections
that NS’ specific negatively-charged surface not only verified the



P. Hou et al. Construction and Building Materials 324 (2022) 126388

C - 86 wt.% Gypsum

SF - 86 wt.% Gypsum

30 wt.% gypsum 86 wt.% gypsum

Fig. 8. AFt morphology in C3A-gypsum systems at 28 days.
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morphology of the hydration products of C3A but also affected the
macro-property.

The adsorption behavior of NS and SF on the C3A surface can be more
specifically studied through analyzing the surface charge feature, i.e.,
the zeta potential. It can be seen in Fig. 10 that zeta potential of + 1.9
mV can be observed in the pure AFt sample, same to study by Plank [31].
Zeta potential is greatly reduced when NS or SF has been added. It can be
deduced that the negatively charged NS and SF will squeeze the Stern
layer of AFt, reducing its thickness (i.e., the zeta potential) according to
the electrical double layer theory (EDL). Due to the bigger size of SF to
NS, the former will result in thicker adsorption on the AFt surface,
leading to a greater reduction of the zeta potential as shown in Fig. 10.

The cases in cement pore solution were simulated by saturated lime
solution (pH = 12.0), and the results were also shown in Fig. 10. An
increase of zeta potential can be seen in all samples due to the increase of
Ca?" ions. At the same time, a comparable trend can be seen after the
addition of NS and SF.

4. Conclusions

This paper explored the surface adsorption characteristics of nano
silica (NS) and silica fume (SF) on C3A-gypsum systems, with the aim of
investigating how will these adsorption features will influence the sul-
fate attack resistivity. The following conclusions can be drawn:

1) NS and SF can effectively improve the sulfate attack resistivity of the
Cs3A-gypsum systems due to both the compactness of the micro-
structure introduced by the filling effect and the reduction of the
expansion potential exerted by AFt of varying size features.
Comparatively, rare influence on the morphology of AFt can be
resulted in SF-added samples;

2) The sulfation degree of the C3A will potentially influence the sulfate
attack resistivity. At a poorly sulfated system (30 wt% gypsum), AFm
will be majorly formed. While AFt and AFm will jointly be formed in
practically sulfated cement (86 wt% gypsum). A relatively loose
microstructure can form due to the needle-like AFt rather than the
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plate AFm. Moreover, AFt of short rod form in 86 wt% gypsum
sample tending to swell when meeting water could also contribute to
the cracking or deterioration;

Zeta potential results showed that NS and SF could be adsorbed onto
the AFt phase. The NS can more potentially alter the morphology of
AFt than SF due to its much smaller size. Moreover, the AFt
morphology can rarely be modified by SF due to its bigger size that
probably cannot effectively block the ion migration.

3

—

It is expected that these finding could contribute to the utilization of
fine/ultra-fine SCMs utilization in cementitious materials, especially
those with high amount of aluminate phases.
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