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ABSTRACT

Early-age hydration kinetics of Portland cement with nano-additives such as
nano-silica (NS) was examined using quasielastic neutron scattering (QENS).
Cement pastes with different ratios of Portland cement to NS were prepared.
The concentration of the NS played a major role in controlling the free and
bound water during the hydration of the cement paste. Additionally, the effects
of metakaolin (MK) with NS in Portland cements revealed that MK acts as a
retarder by decreasing the bounding water capacity during the early age of
hydration. An increase in the concentration of NS affected the degree of
hydration by reducing the amount of free and mobile water in the gel pores
when compared to Portland cement paste. Here, we show that the concentration
of NS governs the early-age hydration process in Portland cements.
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supplementary cementitious material (SCM) or as an
additive with Portland cements [2, 6-10]. Under-

Introduction

The use of nano-additives like NS is becoming
increasingly popular for developing durable, high-
strength concretes and for repair applications [1-5].
However, limited research is available on under-
standing the early-age behavior when NS is used as a

standing the early-age behavior by using next-gen-
eration experimental capabilities is necessary to
decipher the hydration mechanism in terms of water
dynamics developed during the course of hydration
[11]. By studying water dynamics during hydration,
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we can indirectly use this parameter to engineer
nano-additives for specific applications in the cement
and ceramics industry.

QENS is a powerful technique for accurately
tracking the free and bound water during hydration
to examine the effect of additives during the early
course of cement hydration [12-15]. In comparison
with NMR, the QENS and inelastic neutron scattering
(INS) have superior measurement of timescales. The
NMR data provide data in millisecond (107%) range,
whereas QENS/INS reflect times in picosecond
(107" to femtosecond (10™'°) ranges [16]. These
faster timescale measurements are necessary when
SCMs are added to Portland cement for accelerating
or retarding the rate of hydration reaction. Thus,
QENS is effective in tracking the water dynamics in
cement paste by accurately tracking the conversion of
free to bound water during the course of hydration.
The bulk water present during the early period of
cement paste hydration is associated with the “free
water,” while “restricted water” is attributed to the
constrained water where the movement of the water
is limited, as it is present inside the gel pores
[12, 13, 16, 171].

To the best of our knowledge, the present work is
the first to examine water dynamics using QENS on
hydrating Portland cement with NS as the nano-ad-
ditive. An initial understanding of the early age of
hydration mechanism in Portland cement paste with
60-nm-sized NS was investigated using the parame-
ters of bound water index (BWI) and by modeling
QENS data for examining the freely diffusing and
constrained water.

Materials and methods
Raw material characterization

The NS was prepared by implementing the sol-gel
process [18] in the presence of polyoxyethylene
monododecyl ether (Brij®35, Sigma-Aldrich). For the
preparation of NS, 10.0 g of Brij®35 + ethanol solu-
tion (in 1:9 weight ratio) was added to 180 ml of
ethanol and 20 ml of distilled water. Next, 3 ml of
30% solution of ammonia was added to this homo-
geneous mixture to catalyze the reaction followed by
dropwise addition of 5.6 ml of tetraethyl orthosilicate
(TEOS) with 1-h stirring. The resulting by-product
was filtered, washed with ethanol, and separated
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from the solution by centrifuging. The resultants
were then heat-treated at 600 °C for 1 h. The average
size of silica nanoparticles was found to be
60 £ 5 nm. Morphological features of silica NS along
with detailed chemical composition can be found in
Jamsheer et al. [2]. The final NS product was in a
powder form and was mixed with Type I ordinary
Portland cement (OPC). Furthermore, MK was used
for one combination in addition to NS and Portland
cement. MK is a common SCM used in the cement/
ceramic industry and is a rich source of alumina and
silica. Here, we examined the involvement of MK in
NS during early age of hydration in Portland cement-
based systems. The chemical composition was mea-
sured via X-ray fluorescence (XRF) for OPC and MK
as shown in Table 1.

Mixing

Initial dry mixing of the NS/OPC and NS/MK/OPC
was performed using a Daigger Vortex Genie 2 mixer
(model no. G560) at 335rad/s (3200 rpm). This
mixing helped ensure that NS was uniformly mixed
with the Portland cement prior to exposure to
deionized water. For convention, we labeled each
sample based on the binder and additive types.
Therefore, a sample with 0.25%NS with 99.75 OPC is
referred to as 0.25%NS, while the similar combination
prepared with 2%NS, 8%MK, and 90% OPC is
labeled as 2%NS8%MK (see Table 2). All samples
were mixed with a constant water-to-cement ratio of
0.55 by mass. The samples were mixed near the
experiment station and exposed to the neutron beam
within 2 min of mixing.

Neutron scattering experiments

Experiments on cement pastes with NS and MK were
conducted at room temperature on the disk chopper
spectrometer (DCS) at the National Institute of Stan-
dards and Technology (NIST) Center for Neutron
Research (NCNR) [19]. The incident monochromatic
neutron wavelength was 6.0 A, which results in an
energy resolution of full width half maximum of
about 64 peV. The detectors were grouped to obtain a
set of five spectra in the Q range from 0.42 to 1.47
A~ An aluminum annular sample can of inner
diameter of 17.8 mm and height of 110 mm were
used. The pre-weighed cement paste (determined to
provide 10% scattering and minimize effects of
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Table 1 Chemical

J Mater Sci (2019) 54:4710-4718

composition of OPC and MK Binder type ~ Mass % as oxide
SlOz A1203 NaZO F€203 T102 K20 SO3 CaO MgO
OPC 16.73 3.63 0.34 3.28 0.24 0.62 3.92 62.27 1.22
MK 51 44 <005 <220 <3.0 <04 < 0.5 <0.2 < 0.1

OPC ordinary Portland cement, MK metakaolin

Table 2 Composition of NS and MK additives

Weight percent (%)

Sample OPC NS MK
OPC 100 0 0
0.25%NS 99.75 0.25 0
2%NS 98 2 0
2%NS8%MK 90 2 8

multiple scattering) was sandwiched in a thin alu-
minum foil, which was then rolled into an annulus
having the same inner circumference of the cylin-
drical aluminum sample holder (diameter 17.5 mm).
Sample height was about 90 mm (foil), with a beam
mask of 80 mm x 17.5 mm. All the experiments were
performed at an ambient temperature of 23 £ 0.2 °C
as monitored using a Lakeshore temperature con-
troller (accuracy 0.1 K).

The data reduction and modeling of the data were
performed in the DAVE software environment [20].
The QENS spectrum, S(Q, w), as a function of
momentum transfer, Q, and energy transfer, o, as
measured by DCS were modeled using four compo-
nents as shown in Eq. 1 [12, 14], comprising of a
background term C, which is the fixed baseline
intensity, and the terms of A and B. A is the scattered
elastic intensity within the instrumental resolution
that is associated with the chemically bound (CB)
hydrogen atoms or also commonly known as
“structural water” [12], By is the number density of
free hydrogen atoms as in the bulk water, I'; is the
Lorentzian half width at half maximum (HWHM) for
the bulk water component, B, is the number density
of hydrogen atoms in pseudo-bound or constrained
form, I'; is the second Lorentzian with the variable
HWHM fitting parameter, and R(Q,w) is the instru-
ment resolution for which a vanadium standard was
used.

@ Springer

S$(Qw) =Co + (Aé(w=0) +Bi [ﬁ]

B [ﬁ]) BR(Q0)
(1)

From the above model, the bound water index
(BWI) can be calculated which is the relative amount
of immobile hydrogens and is determined by,

(2)

where A + B, gives the total bound water in the
hydrating paste. This three-component model allows
three population of hydrogen [immobile hydrogen in
cement paste (A), freely diffusing water (I';), and
constrained water (I';)] in the cement paste to be
tracked over the course of hydration as a function of
time. The completely bound (CB) water is calculated
by,
A

CB=——+—— 3
A+B1+B; ®)

where A represents the immobile hydrogen or the
number density of completely bound H atoms.

A sample fit using the three-component model of
QENS data at Q = 0.49 A~ obtained on 0.25%NS via
DCS after 3 h of hydration is shown in Fig. 1. The
data were averaged over each hour. The dotted gray
line represents the elastic contribution by the Gaus-
sian intensity, while the solid black line represents
the total fit and the dashed lines represent the Lor-
entzian functions for modeling the data. We would
like to clarify that even though two Lorentzians (free
and pseudo-bound) are used to model the data and to
calculate bound water index for the sake of discus-
sion, in this study we are primarily concerned with
free water Lorentzian which relates to the diffusion
motion of the water molecules.
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Figure 1 Typical fit of the QENS data after 1 h of hydration for
cement paste prepared with NS and OPC. Details of instrument
resolution (elastic line), double Lorentzian profile as dotted lines
(black: constrained water; blue: free water).

Results and discussion
QENS

A three-dimensional plot of QENS data for 0.25%NS
over 24 h is shown in Fig. 2a. Every hour data were
summed over Q values centered at 0.421&*1, 0.50 Afl,
0.60A7", 0.70A7", 0.80 A", 0.90 A", 1.00 A", 1.10
A1,120A7,1.30 A7, 1.40 A~ and 1.47 A", Effect
of hydration with time on the observed broadening is
shown in Fig. 2b. Once the water interacts with the
cementitious binder, the hydration reaction com-
mences allowing the free water to convert to chemi-
cally bound water that represents the immobile state
of water. A characteristic feature observed is the
noticeable increase in the elastic intensity while
simultaneously reducing the broadening of free
water with the increase in hydration time. Previous
studies have attributed the increase in elastic inten-
sity to the formation of C-S-H phase along with
crystalline phases of portlandite and ettringite
[21-24]. Furthermore, once the cement paste starts to
harden, then the minimal increase in elastic intensity
is detected. However, the subtle mobility of water
inside the cement paste is observed even among
mature cement pastes; therefore, stabilization of
elastic intensity cannot be used as a measure for
determining the final setting time of cement paste
[25].

BWI is a common measure used for detecting the
conversion of free to bound water in hydrating
cement paste [12]. BWI values for all specimens over
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24 h of hydration were extracted for all samples
(OPC, 0.25%NS, 2.0%NS, and 2%NS8%MK) as shown
in Fig. 3. The 24-h BWI plot is shown in Fig. 3a, and
the magnified values for the first 4 h is shown in
Fig. 3b. For each data point, 4 fifteen-minute scans
were merged to obtain one BWI value. At all times of
hydration, the 2%NS8%MK sample showed the least
BWI as compared to the rest of the combinations. The
2%NS sample that exhibited a clear rise in BWI index
from 0.71 to 0.76 was observed between the 3rd and
4th hour of hydration (refer to Fig. 3b). The BWI
value for the 2%NS sample gradually increased to 0.9
after 24 h, while the rest of the samples stabilized to a
BWI value of 0.75 as shown in Fig. 3a. This trend
clearly indicates that the inclusion of 2%NS helps to
increase the BWI by facilitating C-5-H and other
related phases that may have contributed to the
densification of the cement-based matrix.

As shown in Fig. 3a, most changes in BWI values
were observed during the first 4 h of hydration as
shown in Fig. 3b. A trend indicating the involvement
of additives (SCMs) with Portland cement can clearly
be observed after 1 h of hydration. The BWI data
suggest that MK in combination with NS helps to
retard the BWI values, while using only 2%NS can
enhance the BWI value almost by a factor of ~ 1.5.
After 1 h of hydration, BWI values of 0.22, 0.28, 0.30,
and 0.29 were calculated for 0.25%NS, 2%NS, OPC,
and 2%NS8%MK, respectively.

As we decreased the dosage from 2.0 to 0.25% NS,
the BWI value decreased from 0.77 to 0.72 at the 4th
hour, implying the release of free water (refer to
Fig. 3b). Here, a decrease in BWI indicates a higher
availability of free water in the hydration process. In
order to examine the immobile-hydrogen component,
we evaluate the CB using Eq. 3. The CB values are
calculated using Eq. 3 as shown in Fig. 3c. Here, CB
signifies the consumption of free water in which C-5-
H and calcium hydroxide product formation are
overlaid on each other [14]. The BWI is comprised of
the pseudo-bound component, which is associated
with the available surface area governed by the for-
mation of C-S-H gel [14]. By comparing BWI with
CB, the BWI values are much higher than CB since
BWI includes the pseudo-bound component that is
associated with the available surface area dominated
by C-5-H formation. Moreover, the elastic peak
associated in the CB is readily discernible from the
two Lorentzian components. The decrease in BWI
and CB values for 0.25%NS was detected, while for
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Figure 2 a Three-
dimensional plot of QENS
spectra for hydrating cement
paste for 24 h at 0.55 water-to-
cement ratio. The data were
averaged over all Q values
042 A7', 050 A™!, 0.60
A71,0.70 A71,0.80 A7, 0.90
A7, 1.00A7L 11047 1.20
A 130 A7, 1.40 A, and
1.47 A" and b two-
dimensional plot exhibiting
reduced broadening with the
hydration time.
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2%NS sample increased BWI and CB indicates a

possibility of a “seeding effect,” which is commonly
observed among cement pastes prepared with NS
additives. The seeding effect is clearly influenced by
the water dynamics, and it was observed as early as
3 h of hydration.

The BWI is affected by the formation of C-S5-H
gels, where during the initial course of hydration the
free water is getting converted to bound water. Thus,
examining the NS and MK dose effect by analyzing
the HWHM obtained from the two Lorentzians is of

essential value (see Fig. 4a, b). HWHM versus Q” for
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freely diffusing and constrained water is shown in
Fig. 4. In Fig. 4a, the free water Lorentzian (I'1)
shows that the involvement of MK has the largest
HWHM value in 2%NS8%MK as compared to the
rest of the samples. Also, 2%NS sample had the
smaller HWHM value for the freely diffusing water
Lorentzian in contrast to the rest of the samples.

Moreover, 0.25%NS had a slightly larger HWHM
than OPC, while 2% NS had lower values than OPC.
This result suggests that NS dosage is of importance

and can be used for tailoring Portland cement pastes
for controlling the free water dynamics.
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Figure 3 a Bound water index (BWI) over 24 h of hydration
with Portland cement with NS and MK, b BWI for the first 4 h
showing increase in BWI for 2%NS and decrease in 0.25%NS,
¢ completely bound (CB) versus 4 h of hydration time.

The findings from this research show that cement
paste prepared with 2%NS and OPC results in higher
bound water and less free water when compared to
Portland cement and 0.25%NS. In comparison with
other combinations, inclusion of MK to OPC and
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2%NS showed the presence of highest free water and
less bound water. Thus, it is seen that careful con-
sideration needs to be given when using SCMs or
additives along with Portland cement. Specifically,
water dynamics provides a direct measure of early
strength gain, which is an essential requirement for
structure-based concretes. For oil-well cementing
under borehole conditions, retarders are used to
inhibit the pozzolanic reaction to prevent setting and
strength formation of cement pastes. In both cases,
insight into motion of water is required to engineer
the SCMs for specific applications. Therefore, early-
age water dynamics in hydrating cement paste needs
to be monitored carefully when using NS and MK,
both of which are commonly used as accelerators/
retarders for specific cement-based applications.

The current work was primarily focused on
understanding the water dynamics in hydrating
cement paste using QENS. Further studies using
NMR would be beneficial for analyzing the mean
chain lengths, while isothermal calorimetry will
provide a direct insight into heat of hydration of the
cement paste, respectively. Moreover, structural
material analysis using neutron/X-ray pair distribu-
tion function (PDF), small-angle X-ray/neutron scat-
tering (SAXS/SANS), synchrotron XRD, and wide-
angle X-ray scattering (WAXS) would be valuable for
deciphering the structural details related to
microstructure development during hydration. Since
we are dealing with disordered amorphous materials,
neutron/X-ray PDF will provide access to the local
structure of the material as opposed to long-range
structure [26]. The primary advantage of the PDF
technique is that it probes up to much higher real
space ranges and detects all types of atoms. SAXS/
SANS are useful techniques because they decipher
the colloidal morphology of the cement paste by
analyzing the size of the particles that occur in
globules and fractals in irregular or fragmented
shape during the hydration process [27]. The range of
size by SANS-related techniques varies from nm to
microns. WAXS is essential for detecting the phases
during the hydration of cement pastes [27]. Thus,
combining QENS with WAXS will provide both the
water dynamics and the resulting micro-/nano-
structural phases that evolves during the cement
hydration process.

@ Springer
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Figure 4 Half width half maximum (HWHM) from the Lorentzian on (a), freely diffusing water (I';), (b) and constrained water (I",) after

1 h of hydration.
Conclusions

This work shows that QENS can be used as a pow-
erful tool for examining the influence and involve-
ment of nano- and micro-sized additives for
developing engineered cement pastes. To our
knowledge, the current work is the first kind of study
to use QENS technique to examine the effect of NS
and MK in Portland cement pastes. The cement paste
mixtures prepared with the combination of MK and
NS showed a higher quantity of free water, while
only NS with Portland cement paste had less free
water and a higher bounding capacity to form con-
stricted water. This work clearly shows that NS is a
beneficial additive for accelerating early-age hydra-
tion, while careful consideration needs to be given to
the dosage of NS as it can influence bounding
capacity of water while possibly controlling the
seeding effect in Portland cement-based systems.
QENS technique can clearly detect the efficiency of

@ Springer

involvement of SCMs even at an early age of hydra-
tion. Thus, QENS can be an effective method for
engineering retarders and accelerators for specific
cement- and ceramic-based applications.
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