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Abstract
Characterization of Calcium (Alumino)Silicate Hydrate Phases with Synchrotron-Based
Techniques
by
Jiaqi Li
Doctor of Philosophy in Civil and Environmental Engineering
University of California, Berkeley

Professor Paulo J.M. Monteiro, Chair

Concrete is the most consumed manufactured commodity by mass in the world. The
manufacturing of Portland cement, the binder of modern concrete, is responsible for 8-9% of
global anthropogenic carbon dioxide (CO.) emission, and 2-3% of primary energy consumption.
Study of green cement and concrete can provide efficient solutions to reduce the environmental
burden of this commodity in the construction industry.

Most concrete is produced using calcium silicate hydrate (C-S-H)-based binder. Understanding
the structure of C-S-H based phases is essential to designing a more sustainable cement and
concrete. Dicalcium silicate (C2S) is a common clinker compound in both Portland cement and
belite-ye’elimite-ferrite cement. The formation of CsS is less energy intensive and yields less
COz. C-S-H is the primary hydration product in hydrated CsS. Incorporation of aluminum-rich
industrial by-product is a common method to reduce the environmental impact of concrete
production, the principal binding phase of this blended cement-based concrete is calcium
aluminosilicate hydrate (C-A-S-H). Sodium hydroxide and sodium silicate activated ground
granulated blast-furnace slag are promising cementitious materials alternative to Portland cement
due to their lower COz emission, the principal binding phase in these alkali-activated materials is
sodium incorporated calcium aluminosilicate hydrate (C-N-A-S-H).

This thesis aims to understand different calcium (alumino)silicate hydrates at multi-scale. The
characterization of C-S-H and its derivatives, C-A-S-H and sodium incorporated calcium
(alumino) silicate hydrate (C-N-(A-)S-H), is reported. There are three main gaps in the current
state-of-the art that need to be investigated: (1) B-CaS is the most common C;S polymorph in
cement, yet the hydration of other polymorphs (e.g., a’u-CoS ) has rarely been studied, the
molecular structure of C-S-H in hydrated o’u-C2S has not been reported; (2) the structure of
synthetic C-S-H has extensively studied, however the influences of aluminum incorporation on
the coordination environment of Ca and Si in C-A-S-H have not been well understood; (3) the
influences of calcium to silicate molar ratio and aluminum induced cross-linking sites on the
nanomechanical properties C-S-H have been understood. However, the molecular structure and
influence of sodium incorporation of nanomechanical properties of C-N-(A-)S-H have not been
resolved.

The studies described in this thesis uses synchrotron radiation-based X-ray techniques to provide
new information of the above-mentioned questions. X-ray spectromicroscopy coupled with soft



X-ray ptychographic imaging is used to compare the hydration of two polymorphs of dicalcium
silicate (B-C2S and o’y-C2S) and to determine the structure of hydration product C-S-H at atomic
to microscale. The coordination environments of Ca and Si of C-S-H in the hydrated C,S are
studied. Wide-angle X-ray scattering, X-ray spectromicroscopy, and soft X-ray ptychographic
imaging are utilized to investigate the atomic to micro-structure of C-S-H and C-A-S-H. The
influences of Ca/Si and Al/Si ratios on the coordination chemistry and morphology of C-A-S-H
are investigated. High-pressure X-ray diffraction is used to investigate the anisotropic
mechanical properties of sodium incorporate C-S-H and C-A-S-H.

The experimental results indicated that C-S-H formed in hydrated B-C.S and a’u-C>S exhibited
similar coordination symmetry of Ca. The silicate chains of C-S-H formed in hydrated a’u-C2S
polymerize faster than those in hydrated B-C>S. The aluminum incorporation has no significant
influences on the coordination symmetry of Ca of synthetic C-S-Hs, while aluminum
incorporation increases their silicate polymerization. The morphology of synthetic C-(A-)S-Hs at
the nanoscale is independent of the aluminum incorporation and their Ca/Si ratio at temperature
of 7-50 °C. The foil of C-A-S-H is significantly coarser at synthesis temperature of 80 °C. Under
hydrostatic pressure up to ~10 GPa, the sodium incorporated C-A-S-H exhibit significantly
higher incompressibility along the c-axis than sodium incorporated C-S-H and alkali-free C-A-S-
H along the c-axis. The experimental results in this thesis improve the understanding of the
chemistry of C-S-H and its derivatives (C-A-S-H and C-N-(A-)S-H). The work is important for
providing evidence to design high-performance C-S-H based concrete using a bottom-up
approach.
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1.Introduction

1.1 Challenges in cement industry

Concrete is the second most consumed material in the world by mass after water [1]. Portland
cement (PC) is the main binder of concrete, the annual production of PC was about 4.1 billion
metric tonnes in 2017 according to United States Geological Survey [2]. Considering typical
material constituents in PC-based modern concrete [3], the yearly consumption of concrete is at
least 26 billion metric tonnes, which is also attributed to yearly consumption of about 19 billion
metric tonnes of aggregate and about 2-3 billion metric tonnes of fresh water. The considerable
consumption of raw materials and associated massive production result in significant
environmental impacts globally.

PC manufacturing dominates the environmental impact (e.g., COz emission) and primary energy
use among all process in concrete production [4]. The CO emission of PC manufacturing per
metric tonne amounts to about 0.8 metric tonne due to its high calcination temperature

(~1450 °C) and decomposition of limestone (mainly calcium carbonate) in the raw materials [5].
Due to the massive production of PC, the manufacture of PC approximately contributes to 8-9%
anthropogenic CO; emission and 2-3% primary energy consumption [6]. Thus, the construction
community is under increasing pressure to lower the environmental impact of PC and PC-based
concrete productions.

To tackle this environmental challenge from concrete production, both the industry and scientific
communities currently look for solutions to lowering the environmental impact of the binder
used in concrete. Calcium silicate hydrate (C-S-H), the principal binding phase, in PC concrete is
a reaction production between water and calcium silicate compounds (tricalcium silicate
(CasSi0:s, also termed CsS, following the cement chemistry notation where C=CaO, S=SiO»,
A=Al,03, H=H,0, N=NayO, and K=K,0) and dicalcium silicate (Ca>SiO4, also termed C,S; or
belite as stoichiometric impure C,S)) [7]. Although the hydration of C3S and C»S both yield C-S-
H, the formation of C3S generates more CO» than that of C>S (579 kg/tonne for C3S versus 512
kg/tonne for C,S) [8]. Production of C,S-rich PC at the expense of C3S is an approach to
reducing the environmental impact of PC manufacturing since the formation of C»S yields less
COg: than that of C3S [9]. In addition, belite-ye’elimite-ferrite (BYF) cement is a promising
alternative to PC since the manufacturing of BYF lowers 30% of CO» emission and 20% of
primary energy consumption relative to those of PC [10]. The roles of belite in designing green
PC-based cementitious materials and BYF cement-based materials are both significant [11].
However, the hydration of belite, particularly the more reactive polymorph a'u-CaS is not well
understood. The lack of understanding of belite hydration limits the development of belite-rich
cements.

Partial replacement of PC clinker by supplementary cementitious materials (SCMs) is the most
common strategy to reduce the environmental impact of the manufacture of concrete [12]. These
SCMs are mainly human-made (industrial by-products) or naturally-occurring amorphous
(alumino)silicates [13]. The most widely used SCMs are ground granulated blast-furnace slag
(GGBFY) and fly ash (FA) [14] [15]. The principal binding phase in GGBFS and/or FA



incorporated PC-based concrete is calcium (alumino) silicate hydrate (C-(A-)S-H) [16], a poorly
crystalline phase with variable chemical compositions [17, 18]. Despite that many atomic
simulations and bulk characterizations of C-A-S-H have been reported [19-23], its chemistry and
structure were rarely investigated at the nano-scale. The lack of chemical and structural
information of C-A-S-H at the nano-scale restricts the understanding and designing of C-A-S-H-
based cementitious materials and limits the substitution level of SCMs in PC-based concrete.

Unlike the above-mentioned conventional clinker-based cementitious materials, which requires
high calcination temperature (i.e., above 1200 °C) during clinker manufacturing, alkali-activated
materials (AAMs) are mainly made of mixing alkali activator solutions or solid with (calcium)
aluminosilicate solid precursors (e.g., GGBFS and FA), typically at evaluated temperature (e.g.,
50-80 °C) [24, 25]. Moreover, the solid precursor in AAM can be completely waste-stream
materials [26]. The COz emission during the production of AAMs-based concrete is
approximately 80% lower compared to that of PC concrete [10]. Alkali incorporated calcium
alumino silicate hydrate (e.g., sodium incorporated calcium (alumino) silicate hydrate, termed as
C-N-(A-)S-H) is one of the main binding phases of AAMs, in addition to sodium alumino
silicate (hydrate) gel [27]. There is a burgeoning interest in the characterization and development
of AAMs since the mechanical properties and durability of AAMs are both comparable to or
higher than those of PC-based cementitious materials [28]. The reported superior mechanical
properties of porous AAMs have been experimentally determined at the micro-to-macro scales
and simulated at molecular scale [29-31]. The mechanical properties of pore-free alkali
incorporated C-A-S-H has not been experimentally validated yet. The lack of experimental
evidence at molecular-to-nano scale restricts the design and understanding of AAMs. Such
missing gap should be filled before modelling more realistic molecular structures of alkali
incorporated C-A-S-H.

The issues stated above are representative challenges that limit the understanding and design of
modern green cementitious materials at a fundamental level. Despite their significance in the
development of green C-S-H-based cementitious materials [32], the insight in chemistry,
structure, and mechanical properties of calcium (sodium) (alumino)silicate hydrate (C-
(N-)(A-)S-H) phase is needed to be investigated at nano and atomistic scale. Therefore, to tackle
the current environmental challenges of the cement industry, synchrotron radiation-based X-ray
techniques are applied to solve the above-mentioned issues, which are difficult to be addressed
using conventional experimental techniques. The success in the use of these state-of-the-art
techniques can advance a deeper understanding of the structure and performance of C-S-H based
construction materials and contributes to the development of green cementitious materials.

1.2 Structure of this thesis

This thesis aims to develop a more fundamental understanding of the chemistry of green
construction materials, with a particular focus on C-S-Hs based cementitious materials. The
understanding of the chemistry and nanostructure of the C-S-H based materials is achieved by
the use of synchrotron-based X-ray techniques. The new insights of the chemistry and
nanostructure of C-S-H and its derivatives unveiled in this work may inspire the prospective
studies on the advances in cement chemistry as well as the development of green cementitious



materials. This work is presented in three chapters in addition to the literature review
summarized in Chapter 2.

Chapter 3 presents an overview of the materials and experimental methodologies used in this
thesis. Detailed descriptions of the samples used in the thesis, C2S and laboratory-synthesized C-
S-H, C-A-S-H, and C-N-(A-)S-H products, are presented.

Chapter 4 describes the hydration of two C2S polymorphs using X-ray scanning transmission x-
ray microscopy (STXM) coupled with soft X-ray ptychographic imaging. The work aims to
understand the Ca coordination of C-S-H in two hydrated C»S polymorphs and their local change
in the coordination environment of Si in C-S-H (inner and outer products).

Chapter 5 presents the structure of C-(A-)S-H at the atomic, nano-, and micro scales also mainly
using STXM and with soft X-ray ptychographic imaging. The experimental study aims to
understand the influences of Ca/Si molar ratio, aluminum incorporation, and equilibrium
temperature on the structure of C-S-H. The potential speciation of the third aluminate hydrate in
C-A-S-H is discussed.

Chapter 6 presents the HP-XRD results that are used to determine the influence of alkali
incorporation on the mechanical properties of C-(A-)S-H. The strains along each lattice direction
of sodium incorporated C-(A-)S-H are investigated as functions of hydrostatic pressure, which
yields the bulk modulus at ambient pressure and anisotropic incompressibility along each
direction. The role of sodium incorporation and Al-induced crosslinking in reinforcing the
nanomechanical properties of C-S-H is discussed.

Chapter 7 highlights the major concluding remarks in this thesis. Potential future studies are also
discussed.

Chapter 8 lists an appendix of additional images and data of samples studied in this thesis and
schemes for data analysis.
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2. A Brief literature review

2.1 Portland cement

The binder of most modern cementitious materials, including concrete, is Portland cement (PC)-
based [1] [2]. The PC mainly consists of tricalcium silicate (Ca3SiOs, also termed CsS in cement
chemistry notation, or alite as foreign-ion doped C3S), dicalcium silicate (CazSiOs, also termed
C»S; or belite as foreign-ion doped C»S), tricalcium aluminate (C3A, Ca3Al>Og), tetracalcium
aluminoferrite (C4AF, Ca;AlFeOs, also termed ferrite or brownmillerite), and calcium sulfates
(CaSO0s) [3]. The reactions between C3A and calcium sulfates (alternatively, calcium sulfate
hemihydrate and calcium sulfate dihydrate) and between C4AF and calcium sulfates
(alternatively, calcium sulfate hemihydrate and calcium sulfate dihydrate) both yields needle-like
ettringite crystallites, contributing to the setting and hardening of concrete, but barely
contributing to the strength development of concrete. The hydration of C3S and CaS (the reaction
between water and these calcium silicates) at ambient temperature both yields portlandite
(Ca(OH)) micro crystallites and calcium silicate hydrate (C-S-H), the latter is the principal
binding phase in hardened PC concrete [4]. The C-S-H is highly porous at mesoscale. This C-S-
H phase is poorly crystalline in the hydration system of plain PC and CsS, and typically X-ray
amorphous [5], often known as C-S-H gel. The building blocks of this C-S-H phase in a well-
known CM-II colloidal model are nano globules with particle size of ~3.5 nm [6] [7]. The
building blocks pack together in two different packing densities, named as low-density C-S-H
and high density C-S-H. The low-density C-S-H often refers to the outer product C-S-H in the
originally water-filled spaces, and high density C-S-H refers to the inter product C-S-H within
the spaces originally occupied by Cs3S or CS grains [5]. These globules have an internal layered
structure with voids and defects [7].

The well-accepted molecular model of C-S-H (Figure 2.1) in the hydration system of plain PC is
created by modifying a non-cross-linked tobermorite (CasSisO16(OH)24(H20) or
CasH>Si6013°6(H20)) structure [8] with defected dreierketten-type silicate tetrahedron chains,
which consist of bridging (Q?s) and paired tetrahedra (Q?p), flanked on Ca-O sheets to form
negative-charged calcium silicate basal layers [9]. The adjacent basal layers are charge-balanced
by hydrated Ca species ([Ca(H20)6]*>" and/or [Ca(OH)(H20)s]") [10]. At high Ca/Si ratios, more
bridging silicate tetrahedra are replaced by Ca atom, leading to a shorter chain of silicate
tetrahedra. The large amount of interlayer Ca acts as a barrier to long- range ordering of the
stacked layers of C-S-H. During the hydration of C3S and C»S, the Ca-to-Si molar ratio (Ca/Si)
of C-S-H ranges from 1.2 to 2.1[10], and the mean Ca/Si molar ratio of C-S-H is relatively
constant over curing age of concrete with a mean value of ~1.7 [11]. However, the mean chain
length (MCL) of silicate tetrahedra in C-S-H during the hydration of PC systematically increases
from ~2 to ~5 over time [12].

When PC or CsS is blended with high volume of amorphous siliceous materials (e.g, silica fume,
mainly SiOz), the amorphous siliceous phases reacts with lime-rich pore solution of the blends,
reducing the concentration of Ca in the pore solution, the quantity of portlandite and Ca/Si ratio
of C-S-H. A reduced Ca/Si ratio favors the formation of C-S-H with long-range ordering of
stacked layers along the c-axis. These nanocrystalline C-S-H is known as C-S-H(I) [13]. The
bulk Ca/Si molar ratio of these nanocrystalline C-S-H(I) typically varies from 0.8 to 1.5. Ca/Si



ratio below 0.8 favors the precipitation of amorphous silica as a secondary product while Ca/Si
ratio above 1.5 favors the formation of portlandite as a secondary product. At high Ca/Si ratios,
Ca atoms occupy the bridging sites in C-S-H(I), results in discontinuous dimers on the calcium
silicate basal layer. Such positive-charge bridging Ca species attract the negative-charge calcium
silicate basal layer, leading to a smaller interlayer spacing of C-S-H(I) at a high Ca/Si ratio. At
low Ca/Si ratios, the structure of C-S-H(I) is more similar to tobermorite, with more bridging
sites occupied by silicate tetrahedra instead of Ca, leading to a longer continuous chain of the
silicate tetrahedron [14]. Such long silicate chains can be constituted by tens of silicate tetrahedra
at Ca/Si ratio of ~0.8 [13]. The inversion correlation between mean silicate chain length and the
bulk Ca/Si ratio of C-S-H(I) was also evidenced by X-ray absorption near-edge structure
(XANES) spectroscopy [15]. The coordination symmetry of the Si-O in C-S-H(I) is independent
of Ca/Si molar ratio, and the Si-O is always highly tetrahedrally symmetric. Besides, the
coordination symmetry of Ca-O in C-S-H(I) seems independent of its Ca/Si ratio, always a
distorted octahedral-like structure. The symmetry status of Ca in C-S-H(I) is similar to that of Ca
in C-S-H in hydrated plain PC [15].
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Figure 2.1. Schematic of the molecular structure of C-S-H based on non-cross-linked
tobermorite. The brown circles are Ca species in the CaO7 sheet, and blue triangles represent
silicate tetrahedra at paired sites and bridging sites. The grey diamonds and yellow squares
represent sites which can be occupied by cations that charge-balance the structure as a whole
(e.g., Ca?" and CaOH") [14].



The hydration of C»S yields more C-S-H and less portlandite relative to that of C3S due to the
lower Ca content in C>S. The formation of C,S requires less energy and generates less CO-
relative to that of C3S due to lower kilning temperature and lower Ca content of C2S [16] [17].
Thus, many belite-rich cements (e.g., high belite cement and belite-ye’elimite-ferrite cement)
have been developed and are expected to contribute lower environmental impacts from their
manufacture [16]. However, C,S generally exhibits lower hydraulic reactivity compared to C3S
[18]. Therefore, the hydration of these belite-rich cements typically exhibits lower compressive
strength relative to ordinary Portland cement [19].

The most common CaS in PC is B type C2S, and the hydraulic reactivity and hydration of B-C»S
have been intensively studied. The higher reactivity of monoclinic C3S relative to monoclinic -
C2S can be explained by the abundant ionic oxygen atoms in C3S and the absence of such ionic
oxygen atoms in -C>S. These ionic oxygen atoms are loosely bond with Ca atom with bond
lengths of 2.38-2.46 A [20]. Thus, the ionic oxygen atoms can easily form oxide with
electrophile cations (e.g., H and Ca?"). It is also important to investigate the hydraulic reactivity
of other C»S polymorphs, a, o’n, o', and v types [21]. The polymorphic transformation of C>S
are shown in Figure 2.2. a-C>S is thermodynamically unfavorable at ambient temperature, this
polymorph normally transforms into B type during cooling process and is not observed in the
final product of cement [22]. y-CaS scarcely reacts with water at ambient temperature [23]. -C2S
is also metastable at ambient temperature with certain degree of hydraulic reactivity [24]. To
stabilize the formation of B-C>S at ambient temperature, dopants such as Na and K are often
introduced to induce strains and dislocation of the lattice structure of B-C2S [25]. a’u- CaS is
more hydraulically reactive than B-C2S and is reasonably easy to stabilize by the addition of
dopants, e.g., B¥*, K, P>*, and Na* [26]. Particularly, boron has been proved as a successful
stabilizer, and boron-doped B-C»S exhibits the highest hydration rate [19] [27]. However, boron
is relatively expensive so it is unrealistic to produce belite-rich cement with boron-doped o’s-
C»S for general construction purpose. The investigation of inexpensive dopants, e.g.,
phosphorus, in C,S is needed to develop a reactive belite-rich cement.
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Figure 2.2 Polymorphic transformations of stoichiometric C»S at different calcination
temperatures. [ 18]

Recent advances in synchrotron-based X-ray techniques have significantly improved the ability
to directly obtain morphological and chemical information of hydrated triclinic C3S systems:
coupling state-of-the-art soft X-ray ptychographic imaging and scanning transmission X-ray



microscopy (STXM) with X-ray absorption near-edge fine structure (XANES) spectroscopy now
enables transmission imaging at spatial resolution of about 10 nm and chemical information at
spatial resolution of about 60 nm, respectively [28] [29] [30]. This method is promising to the
understanding of the micro-chemistry and morphology of the hydration of different CoS
polymorphs at a fine scale.

2.2 Calcium aluminosilicate hydrate- a binding phase in hardened blended
Portland cement concrete

Portland cement is often partially substituted by supplementary cementitious materials (SCMs),
e.g., fly ash, ground granulated blast furnace slag (GGBFS), and calcined clay [31] [32] [33].

The partial substitution of cement by SCMs exhibits many advantages, the primary purposes of
the partial substitution include: (1) improve the long term mechanical properties and durability of
hardened concrete by refined its microstructure; (2) decrease the temperature rise during
adiabatic process of concrete; (3) decrease the CO, emission and primary energy consumption
during the manufacture of concrete; (4) reduce the cost of concrete manufacture if these SCMs
are locally available [34] [35] [36] [37].

Pozzolanic reaction [38] between the aluminosilicate-bearing SCMs and calcium hydroxide,
which is generated during cement hydration, yields more calcium aluminosilicate hydrate (C-A-
S-H), and possible generates other secondary products (e.g., katoite (CazAlo(OH)12 and
stratlingite (Ca;Al,05.8H20)) [2]. The mean Ca/Si molar ratio of calcium silicate hydrate
decreases from ~1.7 in plain Portland cement to below 1.5 in blended Portland cement
containing fly ash, GGBFS, or calcined clay (e.g., mainly metakaolin) [39]. As mentioned
earlier, unlike the nanostructure of C-S-H in hydrated plain Portland cement, where lacks the
layer stacking ordering along the c-axis and is X-ray amorphous [40], the C-A-S-H in hydrated
blended Portland cement is often more ordered along the c-axis with the appearance of a basal
peak at d-spacing of 9-14 A [41]. The C-A-S-H phase is structurally similar to tobermorite and is
also analogous to synthetic C-A-S-H [42], which can be readily obtained by mixing lime or
calcium hydroxide and amorphous aluminosilicate with water [43]. The molecular structures of
C-A-S-H are shown in Figure 2.3.
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Figure 2.3 Schematic of the molecular structure of C-A-S-H based on (left) non-cross-linked
tobermorite; (right) cross-linked tobermorite. The brown circles are Ca species in the CaO7 sheet,
and blue triangles represent silicate tetrahedra at paired sites and bridging sites. The red triangles
represent aluminate tetrahedra at bridging sites and cross-linking sites. The grey diamonds and
yellow squares represent sites which can be occupied by cations that charge-balance the structure
as a whole (e.g., Ca** and CaOH").

At curing temperature below 80 °C, the widely proposed molecular structure of C-S-H is similar
to that of 14A tobermorite [8]. The molecular structure of non cross-linked C-A-S-H is similar to
non cross-linked C-S-H, but the aluminate tetrahedron (four-fold coordinated aluminum, Al4) is
incorporated in the “dreierketten” silicate chain of C-S-H at bridging sites, since the
incorporation of aluminate at paired sites is thermodynamically unfavorable [44]. The partial
substitution of silicate tetrahedra by aluminate tetrahedra yields a more negative charged basal
layer, which requires more cations to charge-balance the entire structure compared to C-S-H
[45]. Such substitution induces a longer aluminosilicate chain of C-A-S-H relative to C-S-H [46].
At curing temperature of 80 °C or higher, the molecular structure of C-A-S-H is similar to 11A
Al-tobermorite [47] [48], where two bridging sites are cross-linked, forming double chains of
aluminosilicate tetrahedra in cross-linked C-A-S-H [49]. Due to the formation of cross-linking
sites (Q? and Q*(1Al), see Figure 2.3), the basal spacing of cross-linked C-A-S-H is often fixed
at about 11.3 A [50].

In addition to four-fold coordinated Al, five-fold (Al5) and six-fold (Al6) coordinated Al are also
present in the C-A-S-H products [51]. Also, the higher aluminum and calcium concentrations
favor the precipitation of katoite (C3AHs), and strétlingite (CoASHzg) as secondary products [52].
Previous 2’Al nuclear magnetic resonance (NMR) spectroscopy studies have shown two distinct
environments of six-fold coordinated Al, which are positioned at different chemical shifts in 2’ Al
NMR spectra [46] [43] [53]. The Al6 positioned at a more positive chemical shift (Al6-a) is
assigned to six-fold coordinated Al which occurs in the interlayer of C-A-S-H, while at higher
Ca/Si molar ratio (i.e., Ca/Si>1.2) or higher Al/Si molar ratio (i.e., Al/Si>0.1), Al6 is also
positioned at a less positive chemical shift (Al6-b), which is assigned to an amorphous aluminate
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hydrate [54]. This phase is named as third aluminate hydrate (TAH, the first and second
aluminate hydrates in hydrated cements are ettringite and monosulfoaluminate hydrate,
respectively) [55]. No consensus exists with respect to the location of TAH in C-A-S-H products
and its Al chemical environment. Andersen et al. [54] proposed that the TAH forms as separate
phase(s) or on the external surface of C-A-S-H, and its Al coordination is similar to AFm phases
(hydrocalumite-like structure) or ettringite. L’Hopital et al. [51] [56] [57] reported the
precipitation of abundant aluminum hydroxide gel-like complex or phase in C-A-S-H products.
Renaudin et al. [58] [59] proposed that the presence of TAH in the interlayer of C-A-S-H leads
to an increase of basal spacing. This increase in basal spacing in C-A-S-H was also confirmed by
L’ Hopital et al. particularly at high Ca/Si molar ratios (i.e., Ca/Si>1.0) (see Figure 2.4). Further
study is clearly needed to clarify the speciation and location of TAH in C-A-S-H products. In
addition, limited existing results described the effect of synthesis temperature on the local
environment of Al, which also needs further investigation.
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Figure 2.4 Variation of the basal spacing (doo2) as a function of the initial bulk Ca/(Si + Al) ratio
in synthetic C-S-H and C-A-S-H (initial bulk Al/Si = 0.05) synthesized at 20C. The basal
spacing was determined by lab-XRD with the use of anatase as an internal standard. Dot lines are
intended as eye guides only [56].

One major debate in existing C-S-H models [60] [61] [62] [63] is the coordination environment
of Ca when C-S-H is synthesized with various Ca/Si ratios and under different synthesis
conditions. Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy study showed that
Ca is octahedrally coordinated in C-S-H at Ca/Si of 0.7-1.4, 11A tobermorite, and 14A
tobermorite [60]. Kirkpatrick et al. [61] reported distinct values of the coordination number of
Ca-O: 5.5-6.2 for synthetic C-S-H, 6.1 for 11A tobermorite, and 6.9 for 14A tobermorite. Pair
distribution function (PDF) study showed that the coordination number of Ca-O in synthetic C-
S-H systematically decreases from 7.1 to 6.0 as Ca/Si ratio increases [62]. The coordination
number of Ca-O in 35 crystalline calcium silicate hydrate minerals and related minerals is mainly
either six or seven, with a small number of eight-fold coordinated Ca atoms [64].
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Transmission electron microscopy (TEM) studies have shown that the outer product C-S-H
(formed in spaces where were originally filled with water) is fibrillar in hardened plain PC paste,
while the outer product C-S-H is foil-like when GGBFS is blended with Portland cement [65]
[10]. The morphology of C-S-H with various Ca/Si molar ratios and synthesis conditions varies
from foil to fiber-like [66] at the microscale. However, the effects of chemical compositions and
synthesis temperatures on the morphology of synthetic C-A-S-H have not been extensively
studied. C-(A-)S-H is very vulnerable to high vacuum condition and electron beam. The sample
preparation and high accelerating voltage of TEM may alter the nature of C-(A-)S-H samples
[22]. Degradation of C-(A-)S-H is often observed in TEM studies, particularly when the
magnification level is high.

The existing studies mainly concentrated on the structure of C-S-H at atomic-to-micro scale, the
unclear influences of Al incorporation and synthesis temperature on the structure of C-S-H at
atomic to micro scale remain to be investigated. Ptychographic imaging using synchrotron-
radiation soft X-ray has been recently reported in the morphological study of cement-based
systems [67] [68]. It generates the least amount of radiation damage since the incident beam
energy is much lower (~800 eV). Such soft X-ray allows the penetration of hydrate samples with
thickness of a few micron, which is significantly higher than the capacity of TEM (tens to
hundreds of nanometers). Coupled with scanning transmission X-ray microscopy (STXM), it
enables a nanometer-resolved spectroscopic investigation. This method is promising to
understand the atomic-to-micro structure of C-A-S-H systematically. Preliminary studies have
presented a strong correlation between degree of polymerization of silicate chain of both
synthetic and hydration product C-S-Hs and X-ray absorption near edge fine structure (XANES)
around Si K-edge [13] [29], yet more experimental studies are needed to provide XANES spectra
of C-(A-)S-H covering the full range of chemical compositions and synthesis temperatures.
Moreover, the experimental setup also provides the capacity to understand the influences of
aluminum incorporation and synthesis temperature on the coordination environment of Ca in C-
(A-)S-H.

2.3 Alkali incorporated calcium (alumino) silicate hydrate- a binding phase in
hardened concrete

As outlined in the previous chapters, the main binding phase in hydrated plain PC-based
cementitious materials is calcium silicate hydrate (C-S-H), a complex gel or nanocrystalline
phase, which governs the physical, mechanical and durability properties of concrete [69] [70].
Plain PC typically contains up to ~1wt.% alkali (Na;O and K>O), thus a large number of charge-
balanced sites of C-S-H is capable of incorporating Na* and/or K* [71]. Most of common SCMs,
e.g., fly ash, contains at least 1wt.% alkali. Bio-mass and agriculture byproducts (e.g., rice husk
ash), which are also incorporated in concrete, contain even higher amounts of alkali [72] [73].
Thus, Na and/or K are incorporated in C-S-H when PC is blended with these SCMs. In addition,
alkali activators (e.g., sodium hydroxide, potassium hydroxide, and sodium metasilicate) used for
alkali-activated materials (e.g., alkali-activated GGBFS and alkali activated fly ash) are also Na-
or K- rich [74]. Thus, the principal binding phase in PC-based cementitious materials and alkali-
activated materials is essentially alkali-incorporated calcium (alumino) silicate hydrate, which is
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also termed C-N,K-(A-)S-H [75]. The Na and K ions are very likely adsorbed on the surface of
C-(A-)S-H nano grains, and also charge-balanced in the interlayer of C-(A-)S-H. The presence of
such alkali species facilitates the formation of cross-linking in the presence of Al, lowering the
equilibrium temperature for cross-linking from >80 °C in alkali-free C-A-S-H to ~50 °C in the
presence of alkalis [76]. Thus, alkali incorporated C-A-S-H is the key phase in hardened PC-
based concrete as well as alkali activated GGBFS. Such alkaline C-A-S-H (C-N,K-A-S-H) is
also the major binding phase in ~2000-year-old ancient Roman concrete, an important geological
material [77] [78]. Moreover, the alkali content in the binder provides a highly alkaline
environment (pH >13) to stabilize the passive film of steel rebars in reinforced concrete and to
provide higher sensitivity to carbonation from atmospheric CO; [2]. Thus, the incorporation of
alkali in C-S-H and C-A-S-H is critical to the physical and mechanical properties and long-term
performance of concrete structures.

The relationship between structure and micromechanical properties of C-S-H and C-A-S-H has
been extensively studied using nanoindentation; however, the reliability of experimental results
using nanoindentation is often influenced by the defects and pores near sample surface [79] [70].
The uncertainty of the phases underneath the nano-indents also makes the results of mechanical
properties using nano-indentation questionable [80]. Using high-pressure X-ray diffraction (HP-
XRD), the influence of defects and pores at nano-to-macro scale on the nanomechanical
properties of mesoporous phases can be avoided since the all pore can be filled with a pressure-
transmitting medium (e.g., methanol-ethanol solution and silicone oil) [81]. Thus, HP-XRD is
ideal for determining the mechanical properties of crystalline or nanocrystalline phases, such as
nanocrystalline C-S-H(I) and C-A-S-H, at the lowest hierarchical level. Geng et al. demonstrated
that the densification of the interlayer of C-S-H, instead of the defects at silicate chains (i.e., the
mean length of the silicate chains), governs the mechanical properties of C-S-H synthesized at
20 °C at the bulk Ca/Si ratio of 0.8-1.4 under hydrostatic pressure [82]. Namely, the
densification of interlayer of C-S-H governs its bulk modulus, and bulk modulus decreases with
an increased basal spacing of C-S-H. Interestingly, the incompressibility along the c-axis of C-S-
H increases with a decreased interlayer spacing, while the incompressibility along the a- and b-
axes is independent of Ca/Si molar ratio. Another study by Geng et al. demonstrated that Al-
induced cross-linking sites in C-A-S-H synthesized at 80 °C increase its incompressibility along
the c-axis and bulk modulus, but the influences of Al-induced cross-linking sites on the
incompressibility along the a and b- axes were negligible [83]. The cross-linking sites act as
supporting columns for resisting the deformation along the c-axis. Recent molecular dynamics
studies of the nanomechanical properties of C-S-H and C-A-S-H agreed with the experimental
work using HP-XRD [49]. The nanomechanical properties of tobermorite have also been
determined using HP-XRD. The bulk moduli of tobermorite systematically decreased with an
increased basal spacing (from 9, 11, to 14 A) [84], which can be also expalined by the
densification of their interlayer. The same trend between nanomechanical properties and basal
spacing was reported in a first-principle study [85].

The HP-XRD technique has been successfully applied to study the nanomechanical properties of
many phases in cementitious materials (e.g., stratlingite, katoite, C3A, ye’elimite, and zeolite)
[86-90]. However, the mechanical properties of Na or K incorporated C-S-H and C-A-S-H at
molecular-to-nano scale, have rarely been investigated in experimental studies. Oh et al. found
that the bulk modulus of Na-incorporated C-A-S-H (C-N-A-S-H) from NaOH activated GGBFS
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is comparable to that of water-cured C-S-H [86], despite that the Al/Si ratio and Na content of C-
N-A-S-H was not reported. Puertas et al. suggested that Al incorporation enhanced the
mechanical properties of Na-based activated GGBFS using nanoindentation and molecular
dynamics simulation with different tobermorite models [91]. However, the influence of
nanopores in alkali-activated slag on the mechanical properties of C-N-S-H and C-N-A-S-H was
omitted. The investigation of alkali incorporated C-S-H and C-A-S-H using HP-XRD can
provide more reliable experimental evidence on their nanomechanical properties, which will be
critical in designing high performance (e.g., high-strength) blended PC-based concrete and
alkali-activated materials using a bottom-up approach.
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3. Materials and methods

3.1 Materials

Preparation of belite and its hydration system. Reagent grade SiO», CaCOs3, and K2CO3
powders were stoichiometrically mixed according to the composition of 1.8Ca0-0.1K>0-SiO> to
prepare monoclinic B-CzS [1]. The mixed powder was sintered at about 1500 °C for three hours
in a furnace and followed by air cooling. For the preparation of o’u-CzS, reagent grade Ca2SiO4
and Ca3(PO4)2 powders were mixed according to stoichiometric composition of 1.946CaO-
0.892510,-0.054P,0s5 [2]. The mixed powder was calcined at about 1450 °C for six hours, then
cooled in air. Note that, the calcination temperature used in this laboratory synthesis was much
higher than the typical calcination temperature for belite-rich cement (e.g., 1250 °C for belite-
ye’elimite-ferrite cement), because the higher calcination temperature favors the fast formation
of phase-pure - and o’u- types of C>S. The cooled CsS pellets were then grounded into fine
powders.

For ptychographic imaging and scanning transmission X-ray microscopy (STXM) study,
anhydrous C>S powders were mixed with deionized water (18.2 MQ-cm) at a water-to-solid
mass ratio (w/s) of 10. Such a high w/s ratio leads to the dispersion of anhydrous particles so that
the thickness of the sample after drop-casting satisfied the saturation limit in the STXM [3]. The
hydrated samples were sealed in polyethylene vials filled with N> gas (99.99%) at 25+1 °C to
minimize carbonation. The a’y-C2S samples were cured at 25°C for 10 days and 40 days; while
B-CaS samples were cured at 25°C for 17 days and 51 days. The suspension of ~0.5 uL. was
dropped onto the center of a silicon frame (5 mm x 5 mm, 100 um thick), where a 100-nm-thick
SiN membrane window (1 mm x 1 mm) is in the center. The suspension was carefully and
immediately absorbed using a tip of clean KimWipes™ on the edge of the Si wafer frame. The
suspension removal procedure was monitored under an optical microscope to ensure that the
particles remain on the SiN window. For the anhydrous C,S, the powder was re-ground down to
1-5 pm by hand and then directly dusted on the SiN membrane windows. These windows were
then placed on a stainless-steel sample stage for STXM inside a vacuum chamber.

Preparation of nanocrystalline C-(A-)S-H. C-(A-)S-H samples were synthesized with initial
bulk molar Ca/Si ratios (Ca/Si*) of 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6, initial bulk molar Al/Si ratios
(A1/Si*) of 0 and 0.05. The stoichiometric amounts of nano silica fume (SiO», Aerosil 200,
Evonik), CaO (prepared by calcining calcite (Merck Millipore) at 1000 °C for 12 h) and
Ca0-Al>,O3 were mixed with Millipore water with w/s of 45 in a N»-filled glove box [4] [5].
These sample were equilibrated at 20 °C for 182 days. Additional samples with Ca/Si* = 1 and
Al/Si* of 0, 0.05 and 0.1 were water bathed at 7 °C for one year, and at 50 °C and 80 °C for 56
days. Except 80 °C samples which were cured in Teflon bottles, all other samples were cured in
high-density polyethylene (HDPE) bottles. The solids were vacuum filtered in a N»-filled glove
box using 0.45 um nylon filters, rinsed with a 50% v/v ethanol / Millipore water solution, then
with 94 vol.% ethanol solution, and freeze-dried for seven days. The dry solids were then stored
in N»-filled desiccators in the presence of saturated CaCl, solutions at relative humidity (RH) of
about 30%.
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For ptychographic and STXM studies, the C-(A-)S-H solid samples were mixed and dispersed
with isopropanol (>99.5%, Fisher Chemical) at a liquid-to-solid mass ratio of 10 in polystyrene
weighing boats (Fisherbrand). The suspension of 0.5 pL was also dropped in onto a silicon frame
and sandwiched by another frame on top. The edge of two silicon frames were sealed with
epoxy. The protocol was used to stabilize the samples on the windows and reserve their
morphology.

Preparation of nanocrystalline C-N-(A-)S-H. Similar to the preparation of C-(A-)S-H,
nanocrystalline C-N-(A-)S-H samples were synthesized at an initial bulk molar Ca/Si ratio of 1
and initial bulk molar Al/Si ratios of 0 to 0.1 using 0.5 M NaOH solution (Merck Millipore). The
solid precursors CaO, SiO» (Aerosil 200, Evonik), and CaO-Al,O3 were stoichiometrically mixed
with NaOH solution in a N»-filled glovebox at a liquid-to-solid mass ratio of 45 [6]. The samples
were equilibrated at 50 °C in polyethylene vials for 56 days and shaken twice per week. Then the
samples were vacuum filtered in a Na-filled glovebox using 0.45 pm nylon filters and freeze-
dried for seven days. Subsequently, the dry solids were stored in N»-filled desiccators in the
presence of saturated CaClz solutions at ~30% RH. The degree of superficial carbonation of the
samples was measured to be less than 2 wt.%. The mean silicate chain lengths of the C-N-S-H
and C-N-A-S-H samples were measured to be ~3 and ~7, respectively, by 2°Si NMR.

3.2 Experimental methods

Scanning Transmission X-ray Microscopy. The STXM experiments were conducted at the
bending magnet beamlines 5.3.2.2 (Ca L2 3-edge) and 5.3.2.1 (Si K-edge) at the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). The STXM beamlines use
brilliant synchrotron X-ray radiation as the incident beam (~500 mA current). The
monochromatic X-ray is focused using a zone plate onto the samples that are mounted on a
multi-motor stage inside a vacuum chamber (base pressure of 200 mTorr) [7] [8]. In the range of
Ca Ly 3-edge, the X-ray beam was scanned from 342 eV to 360 eV with an energy step of 0.1 eV
to obtain X-ray absorption near edge structure (XANES) spectra; around Si K-edge, the beam
was scanned from 1830 to 1880 eV with an energy step size of 0.1 eV from 1842 to 1870 eV and
step size of 0.3 eV in the other energy ranges. The dwell time was 3-4 ms used in area-
unidirectional mode, 4 ms for line scan unidirectional mode, and 30-50 ms for line scan point-
by-point mode.

Image contrast maps were achieved by differential measurements at two energies, below and on
the edge at a spatial resolution down to 25 nm. Image stacks were collected by scanning the same
sample area at each point of the pre-defined energy ranges depending on expected feature
sharpness [9]. Image stack can provide a XANES spectrum of each pixel on the whole region of
interest (ROI). Each data point on a XANES spectrum represents an averaged normalized optical
density (OD) at a specific photon energy value of all pixels contained in a ROI. Brightness, or
OD, is governed by the composition, density, and thickness of the samples. It is calculated at
each pixel via the Beer-Lambert law, as a linear log of the ratio between the averaged transmitted
photon intensity of background and the transmitted X-ray photon intensity [10]. Axis 2000
program was used to align image stacks, to compute element maps, and to process XANES
spectra. The RGB overlay maps which visualize and quantify phases containing various
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chemical compositions were drawn by using singular value decomposition (SVD) based on the
reference spectra [11].

X-ray Ptychography. Soft X-ray ptychographic images were collected at ~800 eV at bending
magnet beamline 5.3.2.1 at ALS, using the same STXM setup mentioned above but a fast CCD
camera was used [12]. The scanning step size 40 nm was smaller than the beam spot size 60 nm,
leading to greatly overlapped areas among the adjacent illuminated spots. The ptychographic
images were pre-processed and reconstructed using cluster-based codes for both the real and
imaginary parts of the transmitted beam. Magnitude images were yielded with pixel size of ~5
nm. The estimated effective spatial resolution of the images was ~10 nm [13].

For the quantification of the morphological information obtained from X-ray ptychographic
magnitude images, small angle scattering (SAS) pattern was calculated using an ImagelJ plugin
code [14]. A Guinier—Porod lamellar model was used to fit the SAS patterns, which provide the
sizes of the synthetic C-(A-)S-H nano-globule [15]. More details are available in the appendix
(Chapter 8).

Image]J was also used to obtain the width and length of C-S-H fiber/foil in ptychographic images
(magnitude mode) by measuring the number of pixels of each morphological feature (fibers or
foils).

Wide Angle X-ray Scattering. Wide Angle X-ray Scattering (WAXS) experiment was carried
out at the Beamline 1.3W at Synchrotron Light Research Institute (SLRI), Thailand. The X-ray
beam energy was 9 keV (wavelength of ~ 1.378 A), with a current of ~100 mA. Two pieces of
Kapton film was glued between a stainless-steel sample holder (1 cm by 1 cm aperture with
thickness of ~0.5 mm.), and dry C-A-S-H samples were evenly sandwiched between the Kapton
films. A blank sample holder with two pieces of Kapton films was measured for the subtraction
of the background scattering from Kapton film. The sample-to-detector distance of WAXS
experiment was 0.094 m with effective Q-range of 4.38-32.12 nm'!.

High-pressure X-ray diffraction. High-pressure X-ray diffraction (HP-XRD) experiment was
conducted at superbend beamline 12.2.2 at ALS. A synchrotron-source X-ray beam with energy
of 25 keV (wavelength of 0.4959 A) was used. The sample-to-detector distance and beam
wavelength was calibrated with CeO> powder standard. Two-dimensional diffraction patterns
were recorded on a MAR345 high-resolution CCD detector, with an exposure time of 480 s to
960 s under laboratory conditions. Each C-N-(A-)S-H powder sample was compressed using two
tungsten carbide cubes by hand, and then loaded into a chamber (150 pm diameter and 80 um
thickness) in a stainless-steel gasket [16]. 1-3 ruby (a-Al>O3 doped with 0.05 wt.% Cr*") fine
spheres as a gauge of hydrostatic pressure were then placed on the diamond culet. The chamber
was then immersed by a drop of pressure-transmitting medium (4:1 v/v methanol/ethanol
solution) in the chamber before the closure of two diamond anvils [17]. The hydrostatic pressure
ranged from 0 GPa to ~10 GPa with an increment of 1-2 GPa. The hydrostatic pressure of
sample at each pressure point was determined using ruby fluorescence method. A BX90 diamond
anvil cell was used in this study for pressurized samples. At ambient pressure (~0 GPa), samples
were loaded in borosilicate glass capillaries (0.3-0.7 mm diameter). The two-dimensional
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diffraction data were first integrated using Dioptas. Then diffraction patterns were processed
using XFIT, Celref, and MAUD [18, 19].

Both the third-order (Equation 3.1) and the second-order (Equation 3.2) Birch—-Murnaghan
equations of state (BM-EoS), can be used to fit the correlation between the applied hydrostatic
pressure and the volume of unit cell of the samples. The second-order BM-EoS is more often
used to calculate the initial bulk moduli (Ko) of cementitious materials in the HP-XRD studies
because 1) the pressure derivative K’o for many materials often approaches four; 2) the use of the
third-order BM-EoS for low-pressure range (typically below 10 GPa) often yields unrealistic
calculated K’y (e.g., too high, too low, or even negative values) [20].

7 5 2
P=2Ko[(1—ev)5 — (1 - &) 5] [145 (Ko — (v > — 1] Equation3.1

7 5
pP= ZKO[(l —ey) 3 — (1 —ey) 73] Equation 3.2

where P is the hydrostatic pressure applied to a sample (GPa), v is the volumetric strain of a unit
cell (A3/A3, unitless), Ky is the initial bulk modulus at ambient pressure (GPa), K’y is the pressure

derivative of bulk modulus at ambient pressure (unitless), and K’o is fixed at four in the second-
order BM-EoS (Equation 3.2).
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4. Hydration of belite polymorphs

Belite (C2S) is a clinker mineral in both Portland cement and belite-ye’elimite-ferrite (BYF)
cement [1] [2]. BYF mainly contains belite (C>S), ye’elimite (CasAlsO12S03), ferrialuminate
(CasAl2Fe2010), and gypsum or calcium sulfate. The reactions between gypsum and ye’elimite
and between gypsum and ferrialuminate in the BYF cement both yield ettringite needles and
aluminate hydroxide gel, forming an Al-rich pore solution. The hydraulic reactivity of CaS is
lower than that of hydration of ye’elimite. The hydration of C»S in such Al-rich environment
may not generate C-S-H, but the reaction contributes to the precipitation of stratlingite
(Ca2Al205.8H20) plate-like crystallites. The reactions in the multiphase cement hydration system
is very complicate, thus understanding the reaction of CoS can be the first step to study the
hydration of BYF cement.

The hydraulic reactivity of f-CaS (the most common polymorph of C2S) is significantly lower
than that of C3S [3]. The low reactivity of B-C>S limits the development of high-belite Portland
cement and BYF cement. a’y-CsS is a more hydraulically reactive polymorph relative to B-CaS,
but the stabilization and formation of a’n-C2S during and after calcination rely on foreign ions
(e.g., boron and phosphorus) [4]. Existing literature mainly focuses on the stability and hydraulic
relativity of anhydrous C>S polymorphs [5] [6]. There is a lack of studies on the morphology and
chemistry of their hydration products, particularly for those of a’u-C2S. In this chapter, the
chemical environments of Ca and Si of C-S-H in hydration system of B-C>S and a’g-CsS are
studied. The morphological difference between the two hydration systems is compared.

4.1 Ca coordination of anhydrous B-C:S and hydrated B-C:S at 17 days

Figure 4.1 shows the Ca L3-edge XANES spectra, which consist of two major peaks, L3 2P3»
(a2) and L 2P12 (b2) measured at beamline 5.3.2.2 at ALS. The major peaks are attributed to the
degeneracy loss of 2p orbitals of Ca by spin-orbital interactions, along with three minor leading
peaks, ao, a1, and b1, in order of an increased photon energy [7]. The energy difference between
major and minor peaks (az2-a1 (AL3) and bz-b1 (AL»), also termed splitting energy) and the
intensity of the minor peaks are controlled by the symmetry of Ca in the first coordination shell
and its structural ordering at atomic scale [8] [9] [10].

26



c '?

14 A
Tobermorite

4—_‘m

Absorption intensity (a.u.)

342 346 350 354 358
Beam energy (eV)

Figure 4.1. Hydrated B-C»S cured at 25 °C for 17 days: (A) Transmission image of the ROI taken

at 349 eV; (B) Ca element mapping with the selected areas for the XANES spectra; (C) Ca L2 3-

edge XANES spectra extracted from different areas specified in (B).

The Ca Ly 3-edge XANES spectrum of anhydrous monoclinic B-CsS is shown in Figure 4.1 (C).
The Ca atoms in anhydrous B-C:S results in a tiny peak a1, located between a; and az, and the
peak energy differences of az-a; and bz-b; are 1.54 and 1.2 eV, respectively. These large energy
differences and the existence of ai, peak in B-C2S suggest a typical cubic-like symmetry of Ca
[11]. B-C2S contains seven-fold and eight-fold coordinated Ca, which are denoted as Cal and
Ca2 in Figure 4.2. The equatorial plane of Cal is parallel to (101) plane and Ca-O bond lengths
of Cal ranges from 2.273 to 2.892 A with an average value of 2.528 A [12]. The five equatorial
O atoms (O1, 02, O3, and O4) are not exactly coplanar. The Ca2 has a distorted cubic
symmetry, where the two trapezoids formed of the top four O atoms (O1, O2, O3, and O4) and
bottom four O atoms (O1, O2, O3, and O4) are misaligned along the diagonal direction of each
other by ~55 °. The Ca-O bond length of Ca2 shell ranges from 2.40 to 2.676 A with an average
value of 2.503 A. The superposition of the complex coordination of Cal and Ca2 atoms in
anhydrous B-C>S contributes to a weak cubic-like crystal field splitting effect [7].
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Figure 4.2 Coordination environment of Ca in anhydrous B-C>S. Bond length of Ca-O pairs is
given in angstrom.

Ca Ly3-edge at ~349 eV only allows a low transmission depth, thus, to avoid X-ray absorption
saturation, only particles with grain size below 1 um (see Figure 4.1B) were measured for the Ca
L>3-edge. The Ca Lo 3-edge XANES spectra of all hydrated B-C»S particles cured at 25 °C for 17
days exhibited mostly identical peak positions and an equivalent splitting energy. The similar
spectroscopic features indicated that the bulk Ca in all particles exhibits a comparable atomic
structure. a; and by peaks in the selected areas are ~0.1 eV lower than those of anhydrous B-CsS,
suggesting that the oxidation degree of Ca in C-S-H in hydrated -C,S is lower than that of
hydrous B-C»S, namely coordination number of Ca-O of C-S-H is lower that of anhydrous B-CaS.
The splitting energies of hydrated B-C»S at 17 days are 1.05-1.1 eV, suggesting a distorted
octahedral-like symmetry of Ca in hydrated B-C>S [9]. The X-ray absorption features (i.e., peak
positions and splitting energy) resemble those of 14A tobermorite (CasSicO16(OH), - 7H,0) [13],
suggesting that Ca environment in C-S-H precipitated in B-C2S hydration system is similar to
that of 14A tobermorite.

The ratios of relative intensity of peak ai-to-a (I(a1)/I(a2)) and bi-to-bz (I(b1)/I(b2)) of hydrated
B-CaS are 0.021-0.041 and 0.050-0.077, respectively, which are lower than those of synthetic C-
S-H equilibrated at 20 °C (0.05-0.15 for I(a1)/I(a2) and 0.07-0.15 for I(b1)/I(b2)) [14]. The details
in the calculation of relative intensity of these peaks are shown in Figure S1 (Appendix).
Synthetic C-S-Hs typically possess a much longer range of ordering than hydration product C-S-
H in the B-CsS hydration along the c-axis [15]. The lower relative intensity ratio suggests a
shorter range of ordering for Ca in B-C»S hydration system relative to synthetic C-S-H. Besides,
the contribution of portlandite was not observed in the XANES spectra, suggesting that C-S-H
does not intermix with portlandite at the 25 nm-scale, and the interlayer six-fold coordinated Ca
of hydration product C-S-H is also highly distorted. Otherwise, the splitting energy of the
selected areas would be much higher. Thus, the Ca environment of C-S-H in -C2S hydration
system is short-range-ordered and tobermorite-like. Portlandite micro crystallites were clearly
observed in this dilute hydration system in Figure 4.3.
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Figure 4.3 Transmission images taken at 349 eV, (A) hydrated B-C2S at 17 days, the right dark
area is the edge of SizN4 membrane; (B) hydrated a’u-C2S at 10 days. Portlandite crystallites are
indicated by yellow arrows.

Previous study of hydrated C3S at 17 days also exhibited similar energy positions of peaks,
splitting energies, and peak intensity ratios at Ca L3-edge in XANES spectra [16], suggesting
that the Ca environment of C-S-H in C3S hydration system is comparable to hydrated f-C,S. An
extended X-ray absorption fine structure study indicated that the Ca coordination of hydrated f3-
C»S is similar to 11A tobermorite, while the coordination number of Ca and Ca-O bond length of
C-S-H could not be fitted due to the Ca contribution from intermixed portlandite [17]. An 17O
nuclear magnetic resonance study suggested that Ca-OH sites exist in C-S-H in B-C>S hydration
system [18]. Richardson [19] proposed that the C-S-H molecular structure contains six- and
seven-fold coordinated Ca in the interlayer and calcium silicate basal layer, respectively. Gartner
et al. [20] suggested that the interlayer Ca of C-S-H in both hydration systems of -C>S and C3S
are six-fold coordinated. The highly distorted six-fold coordinated Ca in the interlayer of C-S-H
in B-C2S hydration system fits both above-mentioned models.

4.2. Ca coordination of anhydrous a’u-C2S and hydrated o’u-C2S at 10 days

Figure 4.4 shows the XANES spectrum of anhydrous orthorhombic a’u-C2S Ca L2 3-edge. The
spectrum with splitting energy a>-a; of 1.57 eV and by-b; of 1.25 eV and aj, peak suggested a
cubic-like symmetry of Ca in anhydrous o’y-CS [9]. Anhydrous a’u-CsS has two Ca sites with
nine- and eight-fold coordination, which are denoted as Cal and Ca2 in Figure 4.4 [5]. The Ca-O
bond lengths of Cal range from 2.214 to 3.175 A with an average value of 2.708 A, and Ca-O
bond lengths of Ca2 range from 2.292 to 2.927 A with an average value of 2.545 A. The
superposition of complex coordination of a’u-C2S yields a cubic-like crystal field splitting. The
splitting energy of anhydrous a’u-C2S was slightly higher relative to anhydrous -C.S, indicating
that Ca-O complexes in o’y-CoS are more similar to cubic-like symmetry (less distorted) than in
those in B-CsS. This is because Cal in B-CsS is coordinated with seven O atoms, which are
incapable of allowing an ideal cubic symmetry for anhydrous -C,S.
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Figure 4.4 Hydrated a’u-C2S cured at 25 °C for 10 days: (A) Transmission image of the ROI
taken at 349 eV; (B) Ca element mapping with the selected areas for the XANES spectra; (C) Ca
L, 3-edge XANES spectra extracted from different areas specified in (B).
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Figure 4.5 Coordination environment of Ca in anhydrous a’g-C>S. Bond length of Ca-O pairs are
all in angstrom.
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Portlandite was not observed in this ROI for hydrated a’u-C>S cured at 25 °C for 10 days at 25
nm scale. The Ca L, 3-edge XANES spectra of all hydrated o’u-C»S particles at 10 days exhibited
mostly identical peak positions and an equivalent splitting energy. Peaks a> and b in the selected
areas are ~ 0.1 eV lower than those of hydrous a’u-C.S, and the peak positions are 0.05 eV
higher than for hydrated B-C,S. The splitting energies of hydrated o’y-CaS are ~0.1 eV lower
than those of a’y-Ca2S but ~0.05 eV higher than hydrated B-C»S. This fact suggested that the Ca-
O bond strength of C-S-H in hydrated a’u-C>S is slightly higher than C-S-H in hydrated B-C-S;
namely, more six-fold coordinated Ca is present in the a’y-C2S hydration system. The lower
content of interlayer Ca in hydrated B-C»S relative to that of hydrated o’u-Ca2S can be explained
by the incorporation of K (from the dissolution of dopant K in anhydrous -C>S) in the interlayer
of hydration product C-S-H in hydration of B-C>S. The relative intensity ratios of peaks in
hydrated a’y-CaS are 0.018-0.038 and 0.037-0.067, which are also lower than those of anhydrous
o’1-C2S but similar to or slightly lower than C-S-H in hydrated -C.S. These absorption features
suggested that the coordination symmetry of Ca of C-S-H in hydrated o’u-C>S system is also
tobermorite-like, but its ordering of Ca is slightly weaker than that in hydrated B-C»S at 17 days.

4.3 Si environment of anhydrous B-C:S and hydrated B-C.S at 17 days

Figure 4.6C shows the XANES spectra around the Si K-edge of anhydrous -C,S and hydrated
B-CaS at 17 days. The Si K-edge of B-C-S is attributed to the electronic excitation from 1s to the
antibonding 3p-like state orbital (t2) of four-fold coordinated Si [21] [22]. Pre-edge peak ao is
assigned to the dipole-forbidden transition of Is orbital to the antibonding 3s-like states [23].
This forbidden peak appears due to the mixing of s- and p- states when the tetrahedral
coordination of Si is highly distorted. Thus, the intense ap peak of anhydrous B-C>S suggested a
strong distortion of silicate tetrahedron. The minor peak of a; is assigned to the multiple-
scattering effect from more distant coordination shells through a photoelectron interaction; az
peak position is governed by the structural complexity and interatomic distance [24].
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Figure 4.6 Hydrated B-C»S cured at 25 °C for 17 days: (A) Transmission image of the ROI taken
at 1849 eV; (B) selected areas in the Si element mapping from the XANES spectra; (C) Si K-
edge XANES spectra extracted from different areas specified in (B); (D) RGB overlay map using
XANES spectra obtained from the C-S-H (Area 4, green) marked in (B) and reference spectrum
of anhydrous B-C.S (red). More RGB over maps can be found in Appendix.
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At 17 days, the interface between anhydrous B-CaS core and the hydration product layer is well
distinguished (Figure 4.6A), indicating changes in the optical density. The OD of the hydration
product layer slightly decreases with an increased distance from the interface, which is
associated with several small brighter regions. Compared to C3S hydration system [16], the C-S-
H of hydrated B-C>S is more dispersed, and C-S-H fibrils are not present at this age and at this
resolution (Figure 4.6A).

Peak a; is not shown at ~1851.1 eV in areas 3, 4, 6 but a single a; peak is observed at 1848.8 eV
in these areas (Figure 4.6C), suggesting that C-S-H is the only siliceous phase in these areas. The
absorption features of C-S-H in hydrated B-C.S resemble those of C-S-H in hydration system of
C3S [16] [25] [26]. The Si K-edge (a1 peak) at 1848.8 eV of C-S-H is ~2.2 eV lower than that of
B-C2S due to the longer Si-O bond of the C-S-H relative to anhydrous -C»S [27] [28]. Li et al.
[21] concluded that although there is significant overlapping for silicate minerals with different
polymerization types, the Si K-edge generally shifts to higher energy with an increased degree of
silicate polymerization. Thus, in this case, the Si-O bond length, instead of the polymerization
degree, dominates the energy shift of Si K-edge.

The energy difference between a; and a>, Aaz-ai, is often used to evaluate the degree of silicate
polymerization of C-S-H [14] [26] [16] [25]. The values of Aas-a; for areas 3 and 4 are
equivalent, suggesting that the degree of silicate polymerization of the C-S-H here is
comparable. The energy positions of multiple scattering peaks (i.e., a2) are affected by the Si
interatomic distances, while the intensity and number of resonances are heavily dependent on the
bond angle, site symmetry, and number of nearest neighboring oxygen atoms (Si species in most
cement phases are four-fold coordinated, expect thaumasite (Ca3Si(OH)s(CO3)(SO4) - 12H20),
where Si atoms are six-fold coordinated) [29]. Two a; peaks are distinguished in the XANES
spectra in areas 2 and 5. In these areas, a peak at 1848.8 eV and a broad hump/shoulder at
~1851.1 eV were observed, the peak is assigned to the a; peak of C-S-H, and the hump/shoulder
is assigned to the contribution of a; peak (at 1851.0 eV) of anhydrous B-C»S. These absorption
features suggest that areas 2 and 5 are mixtures of C-S-H and anhydrous -C.S, and the
hydration here is not complete. Similarly, areas 7 and 8 are mixtures of C-S-H and anhydrous -
C2S, indicating that fine B-C2S grains exist in these areas. This fact is consistent with the original
granulometry result of B-C2S, ~10% of B-C,S was below 1 pm. Note that a weak contribution of
C-S-H to the spectrum at ~1848.8 eV is observed in area 1 since C-S-H layer surrounds the
entire grain. Aaz-a; of area 6 is 0.9 eV lower than those of areas 3 and 4 (~15.7 eV), suggesting a
lower degree of silicate polymerization of C-S-H in area 6. The difference in local
polymerization degree can be explained by the different dissolution rates on the crystal faces and
by different numbers of surface defects of foreign ion (in this case K) doped B-C»S [30]; multiple
crystal faces with low hydraulic reactivity occur in area 6. Note that, hydraulic reactivity of all
faces of pure anhydrous B-CaS is similar; the dopant changes the local reactivity of f-CaS
crystals [31]. Similarly, the value of Aaz-a; of C-S-H in area 9 is 0.7 eV lower than for C-S-H in
the unconstrained space. The RGB overlay map (Figure 4.6D) shows that the C-S-H surrounds
the unreacted core, which is consistent with the analysis above. The values of Aaz-a; for C-S-H
among different grains (Areas A- D) are 15.6-16.1 eV, indicating a distinction in degree of
silicate polymerization due to the interference of other grains and the hydration rate. In addition,
the contribution of cross-linking sites to the spectra is not observed in the typical range at 1853-
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1854 eV [32] since the calcium silicate basal layers of C-S-H are separated by interlayer
[Ca(H20)6]*" or [Ca(OH)(H20)s]* [20]. 2°Si NMR studies showed that the mean silicate chain
lengths of C-S-H of hydrated B-C»S for 7-12 months are still lower than 3.5 [33]. This suggests
that the proportion of long silicate chains (octamer or even longer) in this C-S-H is relatively
low. Therefore, the C-S-H of hydrated B-CaS at 17 days is mainly a mixture of dimer and
pentamer C-S-Hs.

It is well known that the degree of silicate polymerization of synthetic C-S-H increases as mean
Ca/Si ratio decreases [34] [35]. Although the degree of silicate polymerization of hydrated B-C>S
progressively increases over time [18] [6], there is no significant variation in the mean Ca/Si
molar ratio of Op (excluding intermixed portlandite) with age [36]. Thus, it is difficult to
estimate the local degree of silicate polymerization merely based on Ca/Si ratio. STXM is a more
reliable technique to locally probe the variation in silicate polymerization of the heterogenous C-
S-H without considering intermixed microcrystalline portlandite in the hydrous regions [33] and
unreacted B-CaS.

4.4 Si environment of hydrated B-C:S for 51 days

Two distinct optical densities were observed in hydrated B-C»S cured at 25 °C for 51 days
(Figure 4.7A). Double ai peaks are not observed in Figure 4.6B, and only a single a; peak at
1848.9-1849.1 eV occurs. The peak energy difference Aas-a; for areas 5, 6, 7, 8,9, and B is 16.7-
17.0 eV, and 15.8-16.2 eV for areas 1, 2, 3, and 4; two distinct ranges of Aay-a; were observed.
Thus, the two distinct ODs indicate the existence of Ip (dark region) and Op (light region) in
Figure 4.6A. Areas 5, 6, 7, 8, and 9 are Ip dominant, while the areas 1, 2, 3, and 4 are Op
dominant. The energies of Si K-edge (ai) and Aaz-a; of Ip are both lower compared to those of
Op, indicating a lower degree of silicate polymerization and a slightly longer Si-O bond length
for Ip. The value of Aaz-a; and Si K-edge energy for Op at 51 days are slightly both higher than
at 17 days, suggesting that the Op polymerizes over time. The lower Aaz-a; value for area 10 and
area A may be explained by an impingement from adjacent grains. Similarly, contribution of
cross-linking sites to the spectra was also not observed due to the abundant interlayer Ca
between calcium silicate basal layers of C-S-H [20]. Thus, both Op and Ip are very likely
mixtures of dimer and pentamer C-S-Hs with very limited amounts of octamer and longer chains.
The values of Aaz-a; for Op and Ip are higher compared to those of synthetic C-S-H with a bulk
Ca/Si molar ratio of 1.4 [14], suggesting that the electron shielding from cations on Si from in
hydration product C-S-H is weaker. This fact can be explained by the highly distorted Ca atom in
[Ca(OH)(H20)s]" in the interlayer of C-S-Hs; and the partial replacement of divalent Ca by
monovalent K from the dopant [37]. Moreover, peak ap at 1847.9 eV was not observed,
suggesting a fully hydrated grain (see Figure 4.8).
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Figure 4.7 Hydrated

B-CaS cured at 25 °C for 51 days: (A) Transmission image of the ROI at

1849 eV; (B) selected areas in the Si element mapping for the XANES spectra; (C) Si K-edge
XANES spectra extracted from different areas specified in (C); (D) ptychographic image of
another area at the same age. Op is indicated by blue arrows, Ip is indicated by red arrows, and
portlandite is indicated by yellow arrows.
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Figure 4.8 RGB overlay map of hydrated B-C-S cured at 25 °C for 51 days in Figure 4.7 Green
area is obtained based on Si K-edge XANES spectrum of C-S-H (area 2), and reference spectrum
of anhydrous B-C:S is used to obtain red area. The absence of red area suggests a fully hydrated
particle.

The ptychographic image shown in Figure 4.7D presents the fibrillar Op of another hydrated -
C»S particle at 51 days; the width of fibers presents a distribution of 11-25 nm, which is thinner
than the Op of in triclinic C3S hydration system [38]. The Ip of hydrated B-C.S exhibits a dense
aggregated structure, while the Ip of hydrated triclinic C3S at the same water-to-solid ratio
exhibits a less dense nanostructure with aggregated globules. The morphological difference
between the Ips in B-C2S and CsS hydration systems can be explained by the lower hydraulic
reactivity of B-C2S. Geng et al. [25] reported that Ip and Op in CsS hydration system exhibit an
identical Si K-edge but with a higher energy for the a> peaks of Op, indicating that Ip of hydrated
CsS has a lower degree of silicate polymerization. Portlandite micro-crystallites that intermix
with Op is observed, which is consistent with the transmission electron microscopy (TEM) study
by Richardson [39].

4.5 Si environment of anhydrous and hydrated a’u-C2S for 10 days

Similar to anhydrous B-C»S, pre-edge peak ag was also observed in anhydrous a’g-CoS as shown
in Figure 4.9, suggesting a slight distortion of the silicate tetrahedron of anhydrous a’u-C2S. The
Si K-edge energy of anhydrous o’y-C2S is 0.2 €V higher than that of anhydrous 3-C:S,
suggesting a slightly shorter Si-O bond length of a’u-CaS relative to B-CzS, which is consistent
with results of Rietveld refinement of anhydrous o’y-C»S and B-C»S [27].

36



C a
=
% 4
Area 8 * i
ﬂea 7 // / v N
S| Area6 / | i
S »
©
>| Area 5 w
2
2| Area 4 /‘/+ - § R
=
2
o
5| Area3 ++ =5
Area 2 'v+ I B e
AN
Area1 | a o T
-3 a.a
Apj1 2%
' Ty
o' ~C,S
1830 1840 1850 1860 1870 1880

Beam energy (eV)

Figure 4.9 Hydrated a’u-C2S cured at 25 °C at 10 days: (A) Transmission image of the ROI
taken at 1849 eV; (B) selected areas in the Si element map for the XANES spectra; (C) Si K-
edge XANES spectra extracted from different areas specified in (B); (D) RGB overlay map using
XANES spectra obtained from the C-S-H (area 7, green) marked in (B) and reference spectrum
of anhydrous a’y-C>S (red).
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Similar to B-C»S hydration, the interface between non-fibrillar Op and o’u-C2S was observed at
10 days with this spatial resolution (~60 nm). The Si K-edge and Aa-a; of hydrated a’u-CsS at
10 days are equivalent to or 0.2-0.3 eV higher than those in hydrated B-C>S at 17 days. Thus, the
chemical environment of Si in hydrated a’u-CaS is similar to that in $-C>S hydration at 17 days
with a comparable degree of silicate polymerization but at an earlier age. The polymerization
degree of the Op is more homogeneous since the Aay-a; values of all C-S-Hs here are ~15.9 eV.
Again, cross-linking sites are not present in Op area, suggesting that the Op is still mainly a
mixture of dimer and pentamer units [40]. Thus, a’u-CaS exhibits a higher hydraulic reactivity
relative to B-C2S. This work is consistent with experimental and simulation studies on the
reactivity [4] [41] [42] but provides new details on the rate of silicate polymerization of o’u-C2S
hydration.

4.6 Si environment of hydrated a’u-C:S for 40 days

The C-S-H of a’u-C:>S curd at 25 °C for 40 days is fibrillar, as shown in Figure 4.10. There is no
interface between its Ip and Op in the fully hydrated particle (see Figure 4.11) observed. The
values of Aaz-a for all the areas range from 16.7 to 17.0 eV, suggesting a relatively uniform
degree of silicate polymerization. This is a primary difference compared to the Si environment in
B-C2S hydration system. The Si K-edge (a1) of all areas is comparable, suggesting similar Si
coordination in these areas. The comparable degree of silicate polymerization of the interfaces
between different particles suggests that the silicate polymerization of C-S-H is not obviously
impinged by the adjacent particles. Additionally, the C-S-Hs of hydrated a’u-C>S at 40 days are
mainly mixtures of dimer and pentamer units, and a cross-linking effect was not observed in the
spectra. Compared to the Op of hydrated B-CsS at 51 days, hydrated a’u-C>S at 40 days
exhibited a comparable degree of silicate polymerization but at an earlier age. This confirms the
higher hydraulic reactivity of o’u-C2S compared with B-CaS.

38



Absorption intensity (a.u.)

- Q)

e ;m
N

"

W

Area 8
Area 7
Area 6
Area 5

Area 4 /\
Area 3
Area 2

Area 1

Area C

ﬁ

/

;-

Area B
Area A

Q
-_-}D
-

o
-
N

Q
T
NO
%)
---
e

Q
-
N

1830 1840 1850 1860 1870 1880

Beam energy (eV)

Figure 4.10 Hydrated o’u-C»S cured at 25 °C for 40 days: (A) Transmission image of the ROI
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Figure 4.11 RGB overlay map of hydrated o’u-CaS cured at 25 °C for 40 days in Figure 4.10.
Green area is obtained based on Si K-edge XANES spectrum of C-S-H (area 1). The absence of
signal of anhydrous o’u-C»S (e.g., the red area in Figure 4.9D) suggests a fully hydrated particle
here.

The ptychographic image (Figure 4.10D) shows the fibrillar C-S-H with a width range of 15-30
nm, which is greater than hydrated B-C.S but smaller than hydrated CsS (41-59 nm) [38], and the
inner C-S-H exhibits a looser aggregated microstructure with ~17 nm voids compared to the Ip
of hydrated B-CS. The Ips of hydrated -CS, hydrated C3S, and hydrated PC with a practical
water-to-solid ratio (i.e., <0.6) appear to be small and globular [19]. The larger void of the Ip
relative to the Ip of hydrated C3S [19] at w/s below 0.5 could be induced by the extremely high
water-to-solid ratio (10 used in this study), which provides sufficient space for the growth of
nanocrystallite during the fast hydration and the differential reactivity form the crystal faces of
a’u-C2S. The microstructure of hydrated a’u-CaS is similar to hydrated CsS with the same w/s
[38] instead of the hydrated -C>S mentioned above. Thus, the morphological difference among
the silicates in these diluted systems may be relevant to their hydraulic reactivity. More
ptychographic images can be found in Appendix.

4.7 Conclusions

STXM can successfully probe the variation in local degree of silicate polymerization and Ca
environment down to a 25 nm scale. Coupling with ptychographic imaging technique, the nano
morphological features can be characterized. Ca environment in both anhydrous B-CS and o’u-
C»S are in a distorted cubic symmetric coordination. The Ca coordination of C-S-H in both
hydration systems is also highly distorted but octahedral-like. The Ca environment of C-S-H in
both hydration systems is similar to 14A tobermorite but have a shorter-range of ordering. More
six-fold coordinated Ca occur in hydrated a’u-C2S than in hydrated B-C2S. The Si of both
anhydrous phases have distorted tetrahedral coordination. The silicate chain of the Op in both
hydration systems polymerizes over time. The C-S-H in the o’y-C>S hydration system
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polymerizes faster than in B-C>S. The hydraulic reactivity of anhydrous o’u-CaS is higher
relative to that of B-CsS.

Ip has a lower degree of silicate polymerization than Op in fully hydrated B-C.S, which is
accompanied with a slightly longer Si-O bond length due to the space constraint for further
hydration. Compared to hydrated B-C:S, the degree of silicate polymerization in hydrated o’u-
C2S is more uniform.

The C-S-H of hydrated B-CaS exhibits fine fibrils that intermix with portlandite, and Ip appears
to be a dense aggregated microstructure. The morphology of fully hydrated a’u-C2S is more
uniform, and its inner region is slightly more porous with nano-size voids. Ip and Op are not
distinguished in fully hydrated a’ug-C2S

The study of hydration of two C2S polymorphs provides insights into advanced applications of
the C2S rich cements and the controllability of the performance of these materials in service. The
lower calcination temperature and CO» emission of a’y-C>S during manufacturing can reduce the
environmental impact of cement manufacturing. Due to its high hydraulic reactivity, a’g-C2S can
be a practical alternative to C3S and -C.S in Portland cement or BYF cement. Therefore, this
work is an important step towards the development of hydration mechanism of C,S-rich cement,
which will provide new insight into the performance of these sustainable cements (lower CO:
emission and energy use) in service. For instance, the degree of silicate polymerization of C-S-H
seems to correlate the vulnerability of carbonation of C-S-H [43] [44]. The decomposition rate of
C-S-H under carbonation increases with increasing degree of silicate polymerization.
Understanding the differential degree of silicate polymerization of C-S-H in different C2S
hydration systems may help to design C>S-based cementitious materials with a higher resistance
to carbonation.
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5. Chemistry and structure of calcium (alumino) silicate hydrate

The use of supplementary cementitious materials (SCMs), e.g., fly ash, ground granulated blast-
furnace slag, silica fume, and calcined clay, is a well-established approach to enhancing the
physical and mechanical properties of PC-based concrete and reducing the environmental
impacts of concrete production. Many commonly used SCMs, including as fly ash, ground
granulated blast-furnace slag, and metakaolin, are Al-bearing. The incorporation of Al promotes
the formation of higher polymerization degree of the aluminosilicate chain of calcium
(alumino)silicate hydrate (C- (A-)S-H), however the influence of aluminum incorporation on the
atomic and nano structures of C-(A-)S-H has not been solved. For instance, the nature of a
mystery phase containing six-fold coordinated Al, which is termed third aluminate hydrate
(TAH), has not been well understood. In this chapter, the atomic and nano structures of C-(A-)S-
H are studied using scanning transmission X-ray microscopy and X-ray ptychographic imaging.
The influence of Ca-to-Si ratio, Al-to-Si ratio, and equilibrium temperature on the structures of
C-(A-)S-H are unveiled.

5.1 Ca coordination of calcium (alumino) silicate hydrate

Ca/Si* = 0.6-1.6, Al/Si* = 0, and equilibrium at 20 °C

The XANES spectra of the C-(A-)S-H samples at Ca L 3-edge are shown in Figures 5.1 and 5.2.
The XANES spectra resemble typical L 3-edge spectra of d’ compounds, e.g., Ca?" and K*.
Again, they correspond to the electronic excitation of Ca atoms from 2p®3d° to 2p°3d! orbitals.
Due to the loss of degeneracy of 2p orbitals by spin-orbit coupling, two major peaks are
observed, L3 (2p3/2, a2 peak) and L> (2p1s2, b2 peak) [1] [2] [3]. Minor peaks (ai and bi) exist to
the left of each major peak, which originate from crystal field splitting. These peaks are clearly
observed when the coordination configuration is of a certain symmetry, e.g., octahedral or cubic.
The energy separations (splitting energies, ALs=az-a; and AL>= bz-b1) in two doublets between
the adjacent major and minor peaks relate to the strength of the crystal field effects, which
depend on the ligand type and distortion of the symmetry [2]. A small leading peak ao originates
from the mixing of states due to multipole interactions of core holes with valence electrons,
combined with 3d spin-orbit splitting effects [3].
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Figure 5.1. Ca L2 3-edge XANES spectra of synthetic C-S-H (solid lines) and C-A-S-H products
with Al/Si* = 0.05 (dashed lines) after 182 days of equilibrium at 20 °C. Ca/Si* = bulk Ca/Si
ratio, Al/Si* = bulk Al/Si ratio

The spectra indicate that Ca possesses an octahedral-like coordination symmetry in all samples.
However, this symmetry of these Ca is clearly distorted since the a; and b peaks are not as
intense and sharp as those in the XANES spectra of portlandite, where Ca is in an ideal
octahedral coordination symmetry. The pre-edge peak ao is less resolvable in C-S-H samples
than in C-A-S-H samples due to the poorer ordering of C-S-H. The Ca in the studied samples are
not cubic-coordinated, otherwise an extra minor peak would be observed between a; and a>
peaks (katoite-like) [4].

For samples with Ca/Si* ranging from 0.6 tol.4, the splitting energies of C-S-H are consistently
near 1.1 eV (see Table 5.1), suggesting that most Ca in C-S-H are in similar coordination
symmetry. The low peak intensity ratios between minor and major peaks suggest that there is no
tendency to form a well-crystallized phase as Ca/Si increases [5] [1] [6] [7]. In addition, a strong
splitting is not observed in C-S-H with Ca/Si* = 1.6 when the scanned step is refined to ~20 nm.
The absence of strong splitting suggests that the small amount of portlandite in bulk X-ray
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diffraction (XRD) results [8] forms as distinct (micro)crystallites, and does not regularly
intermix with C-(A-)S-H at the length scale of 20 nm. This interpretation is consistent with the
previous assignment of a Ca/Si ratio of 1.38 to this C-S-H phase in this sample, with the
remaining Ca in this sample assigned to a distinct portlandite phase (Ca/Si* = 1.6) [9]. The
results are also consistent with the interpretation that the Ca/Si* = 1.6 sample is not fully
equilibrated [10], because at this composition and at equilibrium phase pure C-S-H is stable.
Therefore, the Ca L 3-edge spectra are fully explained by a defective tobermorite-based model
[11], i.e., the low splitting energy at Ca L2 3-edge originates mainly from the seven-fold
coordinated Ca-O sheet in the calcium silicate basal layer of C-S-H, and has minor contribution
from the octahedral coordinated zeolitic Ca ([Ca(H20)s]*" and/or [Ca(OH)(H20)s]" that is
charge-balanced in the interlayer. As Ca/Si increases, there is no increasing trend of the peak
intensity ratios between minor and major peaks, suggesting that the increased amount of the
interlayer Ca is six-fold coordinated in a highly distorted octahedral symmetry, which is
consistent with the present interpretation. The interlayer [Ca(H.0)s]** at Ca/Si < 1.5 and
[Ca(OH)(H20)s]" at Ca/Si* = 1.6 suggested by Gartner et al. [12] are both with highly distorted
octahedral symmetry, which is again consistent with the present interpretation. Furthermore, a
pair distribution function work reported that the interlayer Ca in C-S-H with high Ca/Si ratios
(>1.2) is more likely octahedrally coordinated [13].

The major peak positions (a2 and bz) in the XANES spectra for C-S-H with Ca/Si* = 0.6-1.2 are
generally equivalent, suggesting a comparable oxidation degree of Ca and a similar average
coordination number of Ca-O in C-S-H at low Ca/Si*. For Ca/Si* of 1.4 and 1.6, the major peak
positions are 0.05-0.1 eV lower than those at Ca/Si* < 1.2, suggesting that more six-fold
coordinated zeolitic Ca species are charge-balanced in the interlayer or on the surface of C-S-H
in this higher Ca/Si* range. The occurrence of seven- and/or six-fold Ca sites in C-S-H(I) is in
good agreement with 11A- and 14A-tobermorite, the Ca-O coordination numbers of which are
mostly six or seven [14] [15] [12]. The reported X-ray photoelectron spectroscopy experiments
exhibit similar results, namely, a Ca 2p3, binding energy of C-S-H [16] that is independent of
the bulk Ca/Si ratio.
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Table 5.1. Absorption features in the XANES spectra of C-(A-)S-H samples at Ca L 3-edge. The
estimated absolute errors are £ 0.01 eV in energy positions and £ 0.0002 units in intensity ratios.

Al/Si* Ca/Si* Energy (eV)
ao aj a ai/ay AL; b, by bi/by AL,
Equilibrium at 20 °C
0 0.6 347 348.0 349.1 0.0648 1.1 3514 3525 0.0944 1.1
0.8 346.8 348.0 349.1 0.0618 1.1 35135 35245 0.0647 1.1
1.0 348.8 348.0 349.1 0.0495 1.1 3514 3525 0.0756 1.1
1.2 346.8 348.05 349.1 0.089 1.05 3514 3525 0.089 1.1
1.4 346.8 347.95 349.0 0.0695 1.05 351.3 3524 0.0935 1.1
1.6 346.8 347.95 349.05  0.0842 1.1 351.25 3524 0.1015 1.15
0.05 0.6 346.7 348.0 349.1 0.0992 1.1 3514 3525 0.1278 1.1
0.8 346.8 348.0 349.1 0.0794 1.1 3514 3525 0.1382 1.1
1.0 346.8 348.05 349.1 0.0798 1.05 35145 3525 0.1334 1.05
1.2 346.8 348.0 349.1 0.144 1.1 3514 352.5 0.1159 1.1
1.4 346.8 348.0 349.1 0.0902 1.1 35135 35245 0.1501 1.1
1.6 346.8 348.05 349.1 0.155 1.05 35135 35245 0.1482 1.1

Equilibrium at 7 °C

0 1.0 347* 348.0* 349.1 - 1.1 351.4 352.5 0.017 1.1
0.05 1.0 347* 348.0* 349.1 0.0134 1.1 351.4 352.5 0.053 1.1
0.1 1.0 346.8* 348.0* 349.1 0.0433 1.1 351.4 352.5 0.0856 1.1
Equilibrium at 50 °C
0 1.0 346.8 348.0 349.1 0.0814 1.1 351.35 352.5 0.0931 1.15
0.05 1.0 346.8 348.0 349.1 0.1188 1.1 351.4 352.5 0.1581 1.1
0.1 1.0 346.8 348.0 349.1 0.1303 1.1 351.4 352.5 0.171 1.1
Equilibrium at 80 °C
0 1.0 346.8 348.0 349.1 0.0861 1.1 351.4 352.5 0.1688 1.1
0.05 1.0 346.8 348.0 349.1 0.1458 1.1 351.4 352.5 0.2241 1.1
0.1 1.0 346.8 348.0 349.1 0.1718 1.1 351.4 352.5 0.2557 1.1

*weak peak, peak position is not clearly identified.

Ca/Si* = 0.6-1.6, Al/Si* = 0.05, and equilibrium at 20 °C

Comparable peak positions are observed in the XANES spectra Ca L2 3-edge for the C-S-H and
C-A-S-H samples equilibrated at 20 °C, indicating that minor Al incorporation (Al/Si* = 0.05)
does not greatly modify the coordination of Ca-O complexes in their molecular structures,
regardless of Ca/Si ratio. At Ca/Si* of 1.4 and 1.6, the major peaks in the C-A-S-H spectra are
positioned at a slightly higher energy than in the C-S-H spectra. This effect to the higher
ordering of CaOy is assigned to the aluminum incorporation by elongating the calcium
aluminosilicate basal layers. Compared to the peak intensity ratios (ai/az and bi/b2) of C-S-H, the
C-A-S-H XANES spectra exhibit marginally higher values, which suggests an increase in the
long-range order of CaO7 sheet due to Al incorporation. However, Al incorporation does not
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modify the coordination symmetry of Ca-O complexes in C-(A-)S-H structure since its splitting
energies are still comparable to C-S-H.

Figure 5.2 shows the XANES spectra Ca L 3-edge of Ca-O complexes in C-(A-)S-H and in other
hydrated cement phases including ettringite(CsAS;H32), monosulfoaluminate(C4ASH 2), CAHjo,
C2AHs, and katoite [17]. Katoite was reported to form in the C-A-S-H products that were
analyzed here by L'Hopital et al. using bulk XRD, thermogravimetric analysis, and 2’Al NMR
measurements [10]. Yet the absence of the additional peak (aio) in this C-A-S-H phase on the
sub-20 nm scale suggests that katoite does not intermix C-A-S-H on this length scale. The major
peak positions (a2 and by) of C-A-S-H samples are identical to C2AHg and monosulfoaluminate,
which both have Ca coordination numbers of seven, and the major peak positions are ~0.2 eV
lower than CAHj¢ and ettringite, which have Ca coordination numbers of eight. Therefore, the
coordination number of Ca in the CaOx sheet of C-A-S-H is assigned to seven — the average
coordination number of Ca in C-A-S-H is thus slightly smaller than seven due to the existence of
minor quantities of octahedral Ca in the interlayer.

The absence of the leading a1, and b1, peaks in the Ca L 3-edge spectra, which are the
characteristic peaks of AFm phases (hydrocalumite-like structure), suggested that AFm-like
phases do not exist in C-A-S-H products. Furthermore, the Ca-O(H) complexes in C-A-S-H
interlayer or on its surface are in octahedral-like coordination, although highly distorted.
Renaudin et al. [18] proposed that calcium hydroxide, aluminum hydroxide, and an AFm-type
calcium aluminate hydrate main layer may form in the interlayer of C-A-S-H. Andersen et al.
[19] proposed that phases with octahedral coordinated Al may precipitate on C-A-S-H surfaces
or as separate phases. The type of Ca found in AFm-type calcium aluminate hydrates is not
identified in our Ca L»3-edge spectra on the sub-20nm scale, indicating that TAH is either not
Ca-bearing or its Ca coordination environment is structurally analogous to the Ca in C-(A-)S-H
(mainly seven-fold coordinated).
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Figure 5.2. Ca L,3-edge XANES spectra of C-S-H (solid lines, Ca/Si*=1.0) and C-A-S-H
(dashed lines, Ca/Si*=1.0, Al/Si* = 0.05) after 182 days of hydration at 20 °C. Spectra of
CAH,o, C2AHs, monosulfoaluminate (monosulfate, CsASH»), ettringite (C¢AS3H32) and katoite
(C3AHgp) are taken from [23]. Ca/Si* = bulk Ca/Si.

Ca/Si* =1, Al/Si* = 0-0.1, and equilibrium at 7-80 °C

The peak positions in the Ca L>3-edge XANES spectra (shown in Figure 5.3 and Table 5.1) for
the C-(A-)S-H products equilibrated at temperature ranging from 7 °C to 80 °C are found to be
similar. Therefore, the coordination numbers of Ca-O complexes in these products are
independent of equilibration temperature in this range. The coordination symmetry of
([Ca(H20)6]*" and/or [Ca(OH)(H20)s]" in the interlayer of C-(A-)S-H is also clearly distorted
regardless of the equilibration temperature. The marginal increase in the relative intensity of the
minor to major peaks (ai/a; and bi/bz) with an increased equilibration temperature is observed in
this range of equilibrium temperature and is attributed to an increased long-range order of CaO7
sheets in the C-(A-)S-H structure; the increment of relative peak intensity is more pronounced at
80 °C, indicating an increased structural ordering in this product at 80 °C. This result is
consistent with existing literature [8], where the degree of stacking of calcium silicate basal
layers in the c-direction of C-(A-)S-H at 80 °C was observed to significantly increase. At each
equilibration temperature, the relative intensity ratio of minor to major peaks slightly increases as
Al incorporation increases, which suggests that CaO7 sheets in C-A-S-H are more long range
ordered than those in C-S-H. This effect is attributed to the more polymerized aluminosilicate
chains in the C-A-S-H samples.

50



a, i by} —ArsiF0.1
&b ---AUSI*0.05
bk —Avsio

II'II"'I"'I"'I"'I"
345 347 349 351 353 355
Energy (eV)

Figure 5.3. Ca Ly3-edge XANES spectra of C-S-H (solid lines, Al/Si* = 0, Ca/Si* = 1.0), C-A-S-
H (long-dashed lines, Al/Si* = 0.05, Ca/Si* = 1.0), and C-A-S-H (short-dashed lines, Al/Si* =
0.1, Ca/Si* = 1.0) at different equilibration temperatures. Ca/Si* = bulk Ca/Si. Al/Si* = bulk
Al/Si.

5.2 Chemical environment of Si

Ca/Si* = 0.6-1.6, Al/Si* = 0, and equilibrium at 20 °C

Figure 5.4 shows the XANES spectra at Si K-edge of C-(A-)S-H at equilibrium temperature of
20 °C. The major peak a; (Si K-edge) at 1848.7 — 1849.7 eV is assigned to the electronic
transition from 1s to antibonding 3p-like state (t2) in tetrahedral coordinated Si (dipole allowed)
[20]. The minor peaks a> (at ~1860-1867 eV) and a3 (1853 eV) are attributable to multi-scattering
effect from more distant atom shells through photo-electron interaction, particularly the second
coordination shell, and its energy is governed by the interatomic distance [21]. The peak
positions and energy difference between a; and az peaks are listed in Table 5.2. A pre-edge peak
presenting the transition of Si 1s electrons to the antibonding 3s orbital (dipole-forbidden) is only
observed in the Ca/Si* = 1.6 C-S-H sample, suggesting the distortion of tetrahedral sites in its
silicate chains.
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Figure 5.4. Si K-edge XANES spectra of C-S-H (solid lines) and C-A-S-H with Al/Si* = 0.05
(dashed lines) after 182 days of equilibration at 20 °C. Ca/Si* = bulk Ca/Si. Al/Si* = bulk Al/Si.
Blues line are guides of peak shifts.

As the Ca/Si ratio increases, the Si K-edge gradually shifts to lower energy by up to 1 eV, as
shown in Figure 5.5. This effect is caused by the progressive increase in the electron shielding
from more Ca and a reduction in the effective Si-O bond strength. The positive correlation
between the location of the Si K-edge and the degree of silicate polymerization (i.e., mean chain
length of silicate chains, MCL) in the C-S-H samples is consistent with previous studies of
silicate minerals [20] [21].
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Figure 5.5. Si K-edge energy and energy difference between major and minor peak (Aaz-ai) as a
function of Ca/Si* ratio of C-S-H (solid lines) and C-A-S-H with AI/Si* = 0.05 (dashed lines)
after 182 days of equilibration at 20 °C.

The major and minor peak positions (a; and az) of C-S-H increase as the Ca/Si ratio decreases,
suggesting a contraction of average Si-O bond lengths [22] [23] [24] [25] [25, 26]. This trend is
consistent with PDF analysis which showed slightly decreased average Si-O bond lengths as the
Ca/Si* decreases [27]. The inverse correlation between Si-O bond length and degree of silicate
polymerization in the C-S-H samples with varying Ca/Si ratio is consistent with previous
findings in many silicate minerals [25]. In general, the Si-O-Si bond angle is inversely correlated
to Si-O bond length [28] (and thus directly related to the degree of silicate polymerization in C-
S-H). Therefore, the shifted position of the Si K-edge to higher energies here implies that Si-O-
Si bond angles in C-S-H increases as Ca/Si ratio decreases. The Si K-edge peak a; sharpens with
a decreased Ca/Si ratio, suggesting an increased long-range ordering of silicate tetrahedra [29].
This interpretation is consistent with previous studies on C-S-H materials, namely, as Ca/Si ratio
decreases, (1) the ordering of Si-O-Si bond angles increases [30]; (2) the Si-O-Si bond angle
broadens [31]; (3) the Si 2p3» and 2s binding energies increase [32] [16]; and (4) the MCL of
silicate chains in C-S-H increases [33]. Therefore, the energy difference between a; and a» peaks
(Aaz-ap) correlates to changing degrees of silicate polymerization in these silicate chains (see
Figure 5.5).

Ca/Si* = 0.6-1.6, Al/Si* = 0.05, and equilibrium at 20 °C

The energies of the Si K-edges in the XANES spectra for the C-A-S-H samples increase by 0.1
to 0.3 eV with respect to C-S-H samples at each Ca/Si ratio increment (i.e., from Ca/Si* = 0.6 to
0.8, etc.) due to the increase in degree of polymerization of aluminosilicate chains (Figures 5.4
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and 5.5). The trend of an increased MCL with an increased amount of Al in C-(A-)S-H is well
known [13]. As the MCL in C-(A-)S-H increases, the electron shielding on Si from zeolitic Ca
decreases, which corresponds to Si atoms effectively becoming more negatively charged.
Increased energies of the positions of Si K-edges in the XANES spectra imply slight contractions
of Si-O bonds in C-(A-)S-H. At Ca/Si* = 1.4 and 1.6, the increment of Si K-edge of C-A-S-H
products compared to C-S-H is 0.2 and 0.3 eV, respectively, which is slightly greater than that of
C-A-S-H at lower Ca/Si ratio. This fact implies that aluminate tetrahedra link silicate dimers
together and that Al prefers to occupy bridging sites, a significant proportion of which are vacant
in C-S-H at Ca/Si ratios > 1.

Cross-linked Q? species are not clearly identified in C-A-S-H samples equilibrated at 20 °C,
which is consistent with 2°Si NMR results of the same samples [10]. The Si K-edge peak, ai,
(1849 eV -1849.8 €V) of C-A-S-H is broadened relative to C-S-H and corresponds to Q*(1Al)
sites. As mentioned earlier, the energy of Si K-edge is dependent on the Si-O bong length and on
the degree of silicate polymerization, while the position of a; peak is governed by the interatomic
distance [34] [35] [21] [36]. Therefore, the energy difference between the a; and a, peaks, Aaz-ai,
is related to the degree of polymerization (i.e., MCL) and to the Si-O bond length of C-(A-)S-H.
The ascending trends of Aaz-a; and Si K-edge of C-A-S-H as the Ca/Si ratio decreases follows
the same correlation of C-S-H, suggesting that the MCL increases with decreasing Ca/Si ratio.
The value of Aaz-a; in C-A-S-H at each Ca/Si ratio is also slightly larger than the value of Aaz-a;
in C-S-H (Figure 5.5), which implies the increase in MCL by Al incorporation.

Table 5.2. Peak positions and energy differences of Si K-edge XANES spectra of C-(A-)S-H
equilibrated at 20 °C. The estimated absolute errors are + 0.05 units in positions of peak a; and at
Ca/Si=0.6-1.2, + 0.1 units in position of peak a; at Ca/Si = 1.4- 1.6, and + 0.15 units in position
of peak a> and energy differences between peaks a; and a,.

Ca/Si* Peak a1 (eV) Peak a2 (eV) Aaz-ai (eV)
Al/Si*=0
0.6 1849.7 1866.6 16.9
0.8 1849.4 1865.6 16.2
1.0 1849.2 1865.1 15.9
1.2 1849.1 1864.8 15.7
1.4 1848.8 1864.6 15.4
1.6 1848.7 1864.0 153
Al/Si*=0.05
0.6 1849.8 1866.9 17.1
0.8 1849.5 1865.9 16.4
1.0 1849.3 1865.4 16.1
1.2 1849.2 1865.1 15.9
1.4 1849.0 1864.8 15.8
1.6 1849.0 1864.6 15.6

Ca/Si* =1, Al/Si* = 0-0.1, and equilibrium at 7-80 °C

At each equilibration temperature, in addition to the increase in energy difference, Aaz-ai, the Si
K-edge of C-(A-)S-H shifts to higher energy with an increased Al/Si* ratio (Figure 5.6 and Table
5.3). This increase suggests an elongation of aluminosilicates chains and marginal shortening of
Si-O bonds, both resulting from Al incorporation. The shoulder at ~1853.8-1855.8 eV (peak as)
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suggests that Q* and/or Q3(1Al) sites occur in the C-A-S-H sample equilibrated at 80 °C [22].
The position of the Si K-edge of C-A-S-H is shifted to a markedly higher energy at 80 °C due to
the occurrence of these Q3 and Q*(1Al) sites.
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Figure 5.6. Si K-edge XANES spectra of C-S-H (solid lines, Ca/Si* = 1.0), C-A-S-H (red long-
dashed lines, Al/Si* = 0.05, Ca/Si* = 1.0), and C-A-S-H (blue short-dashed lines, Al/Si* = 0.1,
Ca/Si* = 1.0) at different equilibration temperatures. The two C-S-H phases exist in the 80 °C
sample, which are labeled with their average basal spacings. Ca/Si* = bulk Ca/Si. Al/Si* = bulk
Al/Si.
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Table 5.3. Features of Si K-edge XANES spectra for C-(A-)S-H samples (Ca/Si* = 1)
equilibrated at different temperatures. The estimated absolute errors are £ 0.05 units in positions
of peak a; for C-(A-)S-H equilibrated at 7 °C - 50 °C, + 0.1 units in position of peak a; at for C-
(A-)S-H equilibrated at 80 °C, and + 0.15 units in position of peak a; and energy differences
between peaks a; and a.

Al/Si* Peak a1 (eV) Peak a> (eV) Aaz-a1 (eV)
Equilibrium at 7 °C

0 1849.4 1865.3 15.9
0.05 1849.6 1865.6 16.0
0.1 1850.0 1866.2 16.2
Equilibrium at 20 °C

0 1849.2 1865.1 159
0.05 1849.3 1865.4 16.1
Equilibrium at 50 °C

0 1849.3 1865.1 15.8
0.05 1849.6 1865.7 16.1
0.1 1849.9 1866.1 16.2
Equilibrium at 80 °C

0(12.1A) 1849.6 1865.6 16.0
0(13.8A) 1849.7 1865.8 16.1
0.05 1850.2 1866.5 16.3
0.1 1850.4 1866.9 16.5

The basal spacing shown in parentheses was measured by wide-angle X-ray scattering (WAXS,
see Table 5.4). Al/Si* =bulk Al/Si.

The Si K-edge and Aaz-a; of C-(A-)S-H products do not systematically vary across the
equilibration temperature range of 7 to 80 °C, but positively correlate with the MCL of C-(A-)S-
H (see Figure 5.7). The trend is consistent with the relationship between the energies, Ca/Si ratio
and MCL of C-(A-)S-H at 20 °C, i.e., the energies increase with increasing MCL and a decreased
Si-O bond length. Two distinct Si K-edge spectra are differentiated in C-S-H products
synthesized at 80 °C, which are assigned to tobermorite-like structures with average basal
spacing of 13.8 A and 12.1 A (See Table 5.4); the latter is more abundant in the product, which
is consistent with [37]. The relatively higher Si K-edge and Aas-a; of C-S-H with 13.8 A average
basal spacing suggests that it has a longer MCL than the C-S-H phase with an average basal
spacing of 12.1 A.
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Table 5.4 Average (002) basal spacing and chemical composition in molar ratio of the C-(A-)S-

H samples, and phases in solid assemblages of C-(A-)S-H systems

Initial molar ratio Measured molar ratio Average basal  Katoite  Strétlingite ~ Portlandite
Ca/Si*  Al/Si* Ca/Si  Al/Si  Ca/(Al+Si) spacing, dooz)
(A) £0.05

Temperature 20 °C
0.8 0 0.80 - 0.8 13.63 - - -

0.05 0.81 0.051 0.77 13.74 - - -
1.0 0 0.98 - 0.98 12.49 - - -

0.05 0.99 0.05 0.94 12.80 - - -
1.6 0 1.38 - 1.38 9.56 - - Minor

0.05 1.43 0.05 1.36 12.40 - - Minor
Temperature 7 °C
1.0 0 0.99 - 0.99 11.87 - - -

0.05 0.98 0.044 094 12.49 Minor - -

0.1 0.98 0.09 0.90 13.19 Minor Minor -
Temperature 50 °C

0 0.99 - 0.99 12.63 - - -

0.05 0.99 0.05 0.94 12.60 - - -

0.1 0.96 0.086 0.88 13.63 Minor - -
Temperature 80 °C

0 0.99 - 0.99 12.13,13.76 - - -

0.05 0.99 0.05 0.94 11.43 - - -

0.1 0.99 0.1 0.90 11.37 - - -

Final bulk molar ratios are reproduced from [4, 55]
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Figure 5.7. Si K-edge energy and energy difference between major and minor peak (Aaz-ai) as a
function of the MCL of C-(A-)S-H equilibrated at 7-80 °C. The uncertainty of MCL (reproduced
from [38]) is + 1.25, except for the Al/Si* = 0.1 sample equilibrated at 80 °C, where the
uncertainty of the MCL is represented by error bars. Al/Si* = 0.05 samples are marked as
diamond and Al/Si* = 0.1 samples are marked as square. Al/Si* = bulk Al/Si. The large
uncertainty of MCL of C-(A-)S-H at 80°C is due to the large error of fitted Q* peaks in their 2°Si
NMR spectra. The MCL is unitless.

5.3 Morphology of C-(A-)S-H

Effect of Ca/Si and Al inclusion at 20 °C

Ptychographic image of C-S-H (Ca/Si* = 1, equilibrated at 20 °C) shows that this product
exhibits a crumpled foil-like morphology (Figure 5.8A). The foils at the fringe of the particle
represent high length-to-width aspect ratio. The interior of the particle is a network of multiple
densely-packed foils. It is expected that the features in this image represent the nature of C-S-H
under ambient pressure. Richardson and Groves [39] observed similar morphological features in
water-activated blast furnace slag/PC paste by TEM. The C-S-H outer product formed in
hydrated B-CsS, C3S, and PC pastes in studies using TEM [40] [41] [42] [43] [44] and
ptychographic imaging [45] [46] present fibers with more linear directional features. This is
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possibly due to much higher lime concentrations in the pore solutions of these materials and/or
much greater space constraints (much lower water-to-solid ratio).

A Ca/Si*=1 Al/Si*=0 20 °C B Ca/Si*=1 Al/Si*=0.05 20 °C

500 nm

C Ca/Si*=0.6 Al/Si*=0.05 20 °C D Ca/Si*=1.6 Al/Si*=0.05 20 °C

Figure 5.8. Ptychographic magnitude images of C-(A-)S-H equilibrated at 20 °C for 182 days:
A) Ca/Si* = 1.0, Al/Si* = 0; B) Ca/Si* = 1.0, Al/Si* = 0.05; C) Ca/Si* = 0.6, Al/Si* = 0.05; and
D) Ca/Si = 1.6, Al/Si* = 0.05. Ca/Si* = bulk Ca/Si. Al/Si* = bulk Al/Si.

A recent TEM study showed that the C-S-H precipitated at Ca/Si*=1 and using a similar water-
to-solid ratio is also foil-like. The slight morphological difference of the C-S-H phase in that
study relative to the present work can be attributed to different drying and vacuum conditions
[47]. The morphology of C-S-H in hydrated CsS in that study transitioned from foils to fibers as
Ca concentration in solution increases [33].
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Figure 5.9 shows the small angle scattering curves obtained from ptychographic image. A
plateau is observed in C-S-H and C-A-S-H equilibrated at 20 °C. suggesting the presence of
concentrated packing of ‘platelet’ building blocks and strong polydispersion [44]. The calculated
average thickness of this C-S-H platelet based on a lamellar model to be ~7 nm (from
ptychographic magnitude image); therefore, considering the basal spacing measured in Table 5.4.
the average number of layers of the C-S-H platelets in the c-direction is ~5.6. A TEM study
shows that C-S-H equilibrated at 20 °C from CaO-SiO;-H:0 system is also foil-like at Ca/Si =
0.75-1.42, and the thickness of the foil is ~ 5-8 nm [33]. The distinction in thickness from the
present work is expected due to different drying processes, vacuum conditions, and hydration
ages.
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Figure 5.9 Small angle scattering curves obtained from ptychographic images of C-(A-)S-H
equilibrated at 20 °C. Fitted layer thickness (T) and coefficient of determination (R?) of the
fitting are indicated in the plots. The data were fitted with a Guinier—Porod lamellar model, more
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details can be found in the appendix (Chapter 8). Estimated standard deviation of the thickness is
shown in parentheses. Ca/Si*= bulk Ca/Si molar ratio. Al/Si*=bulk Al/Si molar ratio

Incorporation of Al into the C-A-S-H phase at 20 °C does not greatly alter its morphology, which
is also identified as a network of crumpled foils. It appears similar to the outer product of water-
activated slag hydrated for 3.5 years [48]. Variation in morphology of C-A-S-H (Al/Si* = 0.05,
equilibrated at 20 °C) is not observed at Ca/Si* = 0.6, 1, 1.2, or 1.6 (Figure 5.8), suggesting that
the Ca/Si ratio does not significantly govern the nano-morphology of C-A-S-H equilibrated at
20 °C. The calculated average thickness of C-A-S-H platelets at this temperature is 5.9-7.3 nm,
which does not vary greatly as a function of the Ca/Si ratio, therefore the average number of
layers of the C-A-S-H platelets ranges from ~4.3 to ~5.9. TEM micrographs by Rodriguez et al.
[33] show that C-S-H synthesized in the CaO-Si0,—H>0 system at 20 °C always appears to be
foil-like regardless of Ca/Si ratio. The slight morphological difference between the two studies
can be attributed to the Al inclusion, drying process and other factors (e.g., vacuum condition
and water-to-solid ratio).

Effects of temperature and cross-linking

The C-A-S-H phases (Ca/Si* = 1, Al/Si* = 0.05) precipitated using equilibration temperatures of
7 to 50 °C are morphologically similar (Figure 5.10), while the morphological features of C-A-S-
H phases appear to be significantly different at 80 °C (Figure 5.11). The average thickness of C-
A-S-H platelet is 5.3-6.5 nm for the C-A-S-H samples equilibrated at 7-50 °C, while the average
thickness of C-A-S-H for 80 °C samples is 14.5- 14.7 nm (Figure 5.12). Thus, the average
number of stacked calcium silicate basal layers of the C-A-S-H platelets is ~4.8-5.3 for the 7-

50 °C samples, while the average number of layers is 12.7- 12.9 for the 80 °C samples. C-A-S-H
samples with different Al/Si* ratios at 80 °C all present foil-predominant network, and the C-A-
S-H at Al/Si* = 0.1 presents much thicker and wider agglomeration of foil structure than that at
Al/Si* = 0.05. This observation shows that the Al incorporation at 80 °C significantly alters the
morphology of C-(A-)S-H. This effect is likely related to the increased crystalline order of this
sample, although it may also be caused by its cross-linking of aluminosilicate chains and
noticeably increased degree of C-A-S-H chain polymerization.
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Figure 5.10. Ptychographic magnitude images of C-A-S-H with Ca/Si* =1 and Al/Si* =0.05; A)
equilibrated for 365 days at 7 °C; B) equilibrated for 182 days at 20 °C; C) equilibrated for 56

days at 50 °C; D) equilibrated for 56 days at 80 °C.
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A Ca/Si*=1 Al/Si*=0 80 °C B Ca/Si*=1 Al/Si*=0.05 80 °C

-~ -

Figure 5.11. A) Ptychographic magnitude images of C-(A-)S-H equilibrated for 56 days at

80 °C: A) Ca/Si* = 1, Al/Si* = 0; B) Ca/Si* = 1, Al/Si* = 0.05; C) Ca/Si* = 1, Al/Si* =0.1.
Tobermorite crystal with an average basal spacing of 13.8 A is indicated by a red arrow. Ca/Si*=
bulk Ca/Si molar ratio. Al/Si*= bulk Al/Si molar ratio.

For samples equilibrated at 80 °C, the C-S-H foils are thinner and shorter than the C-A-S-H foils
(both samples have Ca/Si* = 1.0). However, these foils are coarser than the C-(A-)S-H foils
equilibrated at 7 °C -50 °C (Ca/Si* = 1.0); the average basal spacing of the foils equilibrated at
80 °C is 12.1 A. SAS calculations confirm this significant change in morphology, which give an
average stacked C-S-H platelet thickness for the 80 °C sample of 8.5 nm and an average number
of calcium silicate basal layers of ~7. The coarse fibers with variable lengths ranging from
hundreds of nanometers to a few microns in C-S-H at 80 °C correspond to a tobermorite-like
structure with an average basal spacing of ~13.8 A. The change in morphology in terms of
elevated temperature is different from C-S-H gels in hydrated CsS paste at 80 °C [42], which can
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be explained by the difference in the lime concentration of pore solution, space constraint and
reaction kinetics.
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Figure 5.12. Small angle scattering curves obtained from ptychographic images of C-(A-)S-H
equilibrated at 7 °C, 50 °C, and 80 °C. Fitted layer thickness (T) and coefficient of determination
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(R?) of the fitting are indicated in the plots. The data were fitted with a Guinier—Porod lamellar
model, more details can be found in the appendix (Chapter 8). Estimated standard deviation of
the thickness of the layer is shown in parentheses. Ca/Si*= bulk Ca/Si molar ratio. Al/Si*=bulk
Al/Si molar ratio

5.4 A molecular-to-nanoscale model of C-A-S-H

A molecular-to-nanoscale model (Figure 5.13) of the hypothetical C-A-S-H structure at
equilibration temperature of 7 °C to 80 °C is proposed based on the results of coordination
environment, morphology, and model fitting of SAS in terms of the stacked calcium silicate
basal layer structure. C-A-S-H equilibrated at 7 °C - 50 °C is structurally analogous to defective
tobermorite, which contains CaQ7 sheets flanked with “dreierketten” — tetrahedral
aluminosilicate chains — on one side and counter-ions (highly distorted six-fold coordinated Ca
and five-fold coordinated Al) and water in an interlayer on the other. In this temperature range,
cross-linked sites do not exist, and Al is preferably incorporated at bridging sites (Q?g) of the
aluminosilicate chains. The basal spacing of C-A-S-H structure varies from ~12 to 14 A with
varying Ca/Si ratios due to the Al-uptake and zeolitic content (Ca ions and water). The stacked
thickness of lamellar building blocks of C-A-S-H at 7 °C - 50 °C ranges from 5.3 to 7.3 nm,
representing ~4-6 stacked layers along the c-axis. Therefore, the building blocks constitute a
network of crumpled densely-packed foils at the nanoscale.

Tetrahedral-coordinated Al also substitutes into cross-linked sites (Q?) of chains in C-A-S-H
equilibrated at 80 °C, which decreases the basal spacing to ~11.4 A and significantly increases
the polymerization of aluminosilicate chains. The elevated equilibration temperature does not
alter the coordination symmetry of Ca species in C-A-S-H structure but triggers a longer-range
of ordering of CaO7 sheets. The average thickness of C-A-S-H building blocks at 80 °C is ~14.6
nm, denoting ~13 stacked calcium silicate basal layers along the c-axis. The coarser C-A-S-H
building blocks constitute a foil-predominant network with less curvature and wider and thicker
agglomeration at the nanoscale.
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Figure 5.13. Schematic diagram of nanocrystalline synthetic C-A-S-H (equilibration temperature
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and red triangles denote SiO4 and AlO4 tetrahedron sites, respectively. The grey diamonds and
yellow squares are charge-balancing cations (e.g., Caspecies and five-fold coordinated Al
species) in the interlayer. The pink and grey alternating stacked layers of the nano building
blocks represent the interlayer and intralayer, respectively. The rouge foils denote the networking
structure of the synthetic C-A-S-H at the nanoscale.

5.5 Conclusions

This chapter has presented a synchrotron-based X-ray micro-spectroscopy study of C-(A-)S-H
with different bulk Ca/Si and Al/Si molar ratios, that were equilibrated at temperatures at 7 °C,
20 °C, 50 °C, and 80 °C. Apart from the seven-fold coordinated Ca in the intralayer of C-(A-)S-
H, the extra Ca that enters the interlayer are more likely six-fold coordinated in a highly distorted
octahedral symmetry. The ordering of the Ca environment increases as the Al content and
equilibration temperature increase. Calcium environments in C-(A-)-S-H are similar to
tobermorite. The coordination symmetry of Ca is highly distorted irrespective bulk Ca/Si molar
ratio, Al uptake, and equilibration temperature.

The Si K-edge shifts to higher energy with increased mean chain length of (alumino)silicate
chains. The energy separation between major and minor peak at the Si K-edge positively
correlates with the degree of polymerization of its aluminosilicate chains. The Si-O bond length
increases as the bulk Ca/Si molar ratio increases. Al incorporation leads to contraction of Si-O
bonds in silicate tetrahedra in C-A-S-H. AFm-like species are not interstratified in the interlayer
structure or precipitate on the external surface of C-A-S-H. The TAH is either not Ca-bearing or
its Ca is structurally similar to the synthetic C-(A-)S-H. Aluminum is preferably incorporated at
bridging sites and is also accommodated in cross-linked bridging sites at equilibrium temperature
of 80 °C.

C-S-H at bulk Ca/Si molar ratio of 1 formed at 20 °C preferably presents crumpled nano foils
with various lengths. The aluminum incorporation of C-S-H at equilibrium temperature of 7-

50 °C and bulk Ca/Si ratio do not change its morphology. C-A-S-H equilibrated at 80 °C present
coarser foils, and the foils are much thicker and longer with more Al inclusion. The building-
block of all C-(A-)S-H samples is lamellar. C-A-S-H is morphologically similar with comparable
lamellar thickness irrespective of Ca/Si ratio or equilibration temperature at 7-50 °C. The
lamellar thickness of C-S-H equilibrated at equilibrium temperature of 80 °C is slightly
enhanced, and the lamellar thickness is much greater with Al inclusion at equilibrium
temperature of 80 °C.

These results provide new insight into the morphology of C-(A-)S-H and the possible nature of
TAH in C-A-S-H products, the coordination of Ca-O, and the environment of Si in C-(A-)S-H
with different compositions and synthesized at different equilibration temperatures. Therefore,
this chapter yields an improved understanding of C-(A-)S-H chemistry, which will enhance the
understanding of the performance of hydrated PC blends in service.
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6. Mechanical properties of alkali incorporated C-(A-)S-H

Presently most of the feasible approaches to the improvement of the microstructure of
cementitious materials have already been implemented. Thus, for the improvement of
mechanical properties and durability of cementitious materials, there is an urgent need to find
scientific and technically-viable improvements at the atomic and nano scales. Improving the
nanomechanical properties of the principal binding phase of cementitious materials, namely
calcium (alumino) silicate hydrate (C-(A-)S-H) is one of the most promising approaches. High-
pressure X-ray diffraction (HP-XRD) is a powerful technique to determine the mechanical
properties of cement-related phases at molecular to nano scale [1]. The influences of Ca/Si molar
ratio, and cross-linking sites on the nanomechanical properties of C-(A-)S-H have been
investigated. Yet, the influence of alkali incorporation on the nanomechanical properties of C-
(A-)S-H has not been studied. In this chapter, the nanomechanical properties of alkali
incorporated C-(A-)S-H is unveiled using HP-XRD under hydrostatic pressure. The results are
used to validate the existing molecular model of alkali incorporated C-(A-)S-H.

6.1 HP-XRD of alkali incorporated C-(A-)S-H

Figure 6.1 presents powder diffractograms of sodium incorporated C-S-H (C-N-S-H) and sodium
incorporated C-A-S-H (C-N-A-S-H) at each point of hydrostatic pressure. Parameters of unit
cells of C-N-S-H and C-N-A-S-H are fitted with tobermorite monoclinic B11m space group at
different pressures. The samples measured at ambient pressure were filled in glass capillaries
without any external load. The fitted lattice parameters of both phases at ambient pressure are
listed in Table 6.1. At ambient pressure, the basal spacing ((002) reflection) of C-N-S-H is 12.28
A, which is smaller than that of water-cured C-S-H (d(002=12.63A) at Ca/Si=1 synthesized under
the same conditions [2]. The reduced basal spacing can be partially attributed to the substitution
of interlayer Ca>" and Ca(OH)" by Na" since the hydrated Na* ion is 0.5 A smaller than hydrated
Ca?" in radius. The substitution of Ca*" and Ca(OH)" by Na* favors the re-organization of
calcium silicate basal layer, namely more available Ca for the formation of CaO7 sheet. Thus,
the (002) peak in C-N-S-H is sharper and more intense than water-cured C-S-H at equilibrium
temperature of 50 °C [2], suggesting a higher range of ordering along the c-axis of C-N-S-H
relative to C-S-H at the same equilibrium temperature. The reduced basal spacing and increased
long-range order of (002) of C-N-A-S-H relative to C-A-S-H at ambient pressure can be also
explained by the same mechanisms. The highly ordered C-N-S-H and C-N-A-S-H along the c-
axis relative to water-cured C-(A-)S-H favor higher range of pressure (up to 10 GPa) in this
study since pressure-induced disordering of structure significantly lowers the intensity and
sharpness of (002), which leads to large errors of ¢ length and bulk modulus in water-cured C-
(A-)S-H [1]. The unlabeled peaks are mainly weak reflections of C-N-(A-)S-H or peaks of ruby,
steel gasket, and secondary product katoite (CazAlo(OH)12).
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Figure 6.1. X-ray diffractograms of (A) C-N-S-H (Ca/Si=1) and (B) C-N-A-S-H (Ca/Si=1
Al/Si=0.1) up to ~10 GPa. Vertical blue dashed lines correspond to the C-N-(A-)S-H peak
positions at ambient pressure. The uncertainty of determined pressure in (A) and (B) was ~0.15
GPa. G: gasket and T: thermonatrite. Ruby spheres were not on the beam path.

Table 6.1 Rietveld refinement of lattice parameters (a, b, ¢, and y) at ambient pressure. The
uncertainties of the lattice parameters are determined as 0.01 A for a, b, and ¢, and 0.1° for y.

Ca/Si AlUSi a(A)  b(A) c(A) v V (A%
CN-SH 1 0 6.695(9) 7.288(9) 24.55(8) 122.9809)  1005(6)
CN-A-S-H 1 0.1  6717(5) 7.368(8) 2327(5) 123.26(8) 963(3)

At elevated hydrostatic pressure (measured by a ruby fluorescence system), the absolute intensity
of all peaks of the samples decreased, and peak broadening was observed. This peak broadening
phenomenon is due to the increasing disorder of lattice structures induced by stress under high-
pressure [3], which is commonly observed in HP-XRD measurements. Monotonically increasing
peak positions were observed with increasing hydrostatic pressure since the lattice structures
were compressed along all directions. This shift in peak positions corresponds to a reduction in
the interplanar distance, namely increasing 1/d of reflection peaks. Reflections of (002), (-220),
(020), (200), (-240), (-420), and (220) from monoclinic 11A tobermorite were selected to
determine the lattice parameters of both samples, and (-222) and (022) for C-N-A-S-H only.
Lattice parameter y of the unit cell of C-N-S-H was relatively constant under pressure up to 10
GPa, suggesting no distortion on its ab-plane. However, y of C-N-A-S-H slightly decreased with
increased hydrostatic pressure, indicating the ab-planar distortion.

Biot strain along each lattice direction with increased hydrostatic pressure is shown in Figure 6.2.
The Biot strain was calculated as (L—Lo)/Lo, where L and Lo are the lattice parameters along each
direction at loaded and ambient pressures, respectively. The incompressibility along each lattice

direction is defined as the slope of Biot strain as a function of hydrostatic pressure. The a- and b-
axes monotonically contract with increased pressure up to ~10 GPa. Despite the fact that C-N-A-
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S-H is more long-range ordered along the c-axis relative to C-N-S-H, the incompressibility of
ab-plane of C-N-S-H and C-N-A-S-H are approximately —1/450 GPa™! and -1/330 GPa™!,
respectively, suggesting a significantly higher ab-planar incompressibility compared to all water-
cured C-(A-)S-H and tobermorite [4] [5] [6], which were measured using the same method at the
same beamline. The axes incompressibility and volume incompressibility in the present study
and previous studies are compared in Table 6.2. Although the number of vacancies at bridging
sites in C-S-H at different Ca/Si ratios and Al incorporations are variable, measured ab-planar
incompressibility of C-(A-)S-H ranges from -1/253 to -1/324 GPa™'.
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Figure 6.2. The mechanical response of C-N-(A-)S-H to hydrostatic pressure. (A) y of unit cell.
(B) Biot strains along the a- and b- axis. (C) Biot strain along the c-axis are plotted as functions
of hydrostatic pressure. The slopes of the dashed lines, incompressibility, along each axis are
indicated in the plot. In (C), the c-axis of C-N-S-H can be fitted with two linear trendlines, with
an inflection point at ~5 GPa, whereas the c-axis of C-N-A-S-H can be fitted with one linear
trendline. (D) Volumetric strain as a function of hydrostatic pressure. The fitted second order
BM-EoS is illustrated by dashed lines, and the fitted initial bulk moduli Ko are indicated. In
Figure 3C, the coefficient of determination R? of the fitting of the second order BM-EoS is above
0.99 with standard error of 2 GPa. The uncertainty of determined pressure in (A)-(D) is ~0.15
GPa.
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Table 6.2 Incompressibility of the a-, b-, and c-axes and bulk modulus Ko of C-(A-)S-H and
tobermorite in previous and the present studies.

Ca/(Al+ Al/(Al Equilibrium doo (A) Inverse of incompressibility Ko
Si) +Si) along (GPa™) (GPa)
Temperat Day a-axis b-axis  c-axis
ure

Non-cross-linked
C-N-S-H 1.0 - 50 °C 56 12.28 -426 -413 -110,-210° 60
C-S-H (Ca/Si=0.8) 0.8 - 20 °C 182 14.45 -287 -324 -100,-170° 58
C-S-H (Ca/Si=1.0) 1.0 - 20 °C 182 11.05 -283 -303 -160, -280° 69
C-S-H (Ca/Si=1.4) 1.4 - 20 °C 182 9.95 -298 -289 -200,-310° 77
C-S-H (Ca/Si=0.97) 0.97 - - - 12.7 -253 -263 -52 34
C-S-H (Ca/Si=1.0) 1.0 - 80 °C 56 13.8 -283 -301 -71,-166"° 36
C-S-H (Ca/Si=1.0) 1.0 - 80 °C 56 12.2 -283 -301 -134 50
14 A Tobermorite 0.83 - - - 14.0 -257 -355 -89 47
Cross-linked
C-N-A-S-H (Al/Si=0.1) 091 0.091 50 °C 56 11.63 -370 -331 -352 101
C-A-S-H (A1/Si=0.05) 0.95 0.048 80 °C 56 11.55 -299 -304 -197 64
C-A-S-H (Al/Si=0.1) 091 0.091 80 °C 56 11.45 -285 -281 -263 71
11 A Normal 0.77 0.074 - - 11.35 -306 -316 -159 71
Tobermorite
11 A Anomalous 0.67 - - - 11.40 -226 -290 -202 63
Tobermorite
11 A Al-Tobermorite 0.8 0.165 - - 11.44 -276 -269 -129 55

2 Measured Ko were all fitted using second-order BM-EoS (see Equations 3.1 and 3.2).
b The first and second values are the inverse of incompressibility before and after, respectively,
the infection points of the trendlines.

The Na-uptake induced ab-planar stiffening in C-N-(A-)S-H indicated a structural change in the
(alumino)silicate chains. This result can be explained through partial replacement of one
interlayer Ca" in water-cured C-S-H with two Na* in C-N-S-H and C-N-A-S-H and the partial
replacement of one interlayer Ca(OH)" with another Na* in C-N-S-H and C-N-A-S-H. Compared
to water-cured C-S-H and C-A-S-H at constant Ca/(Al+Si) ratio, the replaced interlayer Ca?* and
Ca(OH)* by Na" induce a higher Ca fraction of the calcium silicate basal layer, leading to a
shorter silicate chain (more dimers and more chain ends) on the CaO7 ab-plane, as evidenced by
previous 2°Si NMR characterization [7]. The shielding of Si by Na is weaker than by Ca,
resulting a reorganization of Si environment, e.g., Si-O-Si bonds.

The lower ab-planar incompressibility of C-N-A-S-H relative to C-N-S-H can be explained by
the Al incorporation, which induced more bridging and cross-linking sites, thus reducing the
number of chain-end to be charge-balanced by Na [7]. The change in Si environment of C-(A-)S-
H by alkali incorporation was evidenced by considerably change in chemical shift in previous
2%Si NMR studies [7] [8].

Biot strain along the c-axis of C-N-S-H can be fitted using two linear trendlines (at the slope of -
1/90 GPa! and -1/221 GPa!) with an inflection point at ~5 GPa (Figure. 6.2C), suggesting a
stiffening trend along the c-axis. A similar stiffening trend was also observed for non-cross-
linked C-S-H synthesized at 20 °C and 80 °C, which was accompanied by inflection points at 2-5
GPa [5] [6]. The incompressibility along the c-axis in the high-pressure linear region is ~60%
higher compared to the ambient incompressibility. Along the entire pressure range, the c-axis of
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C-N-S-H is softer than its a- and b- axes, since no cross-linking sites exist to resist the
deformation along c-axis [7]. Thus, the nanomechanical properties of non-cross-linked C-N-S-H
are governed by the pressure-induced stiffening along the c-axis (mainly due to the less dense
interlayer instead of intralayer), which is also the case for all previously studied C-S-H samples
and non-cross-linked 14 A tobermorite [5] [6] [4]. Note that the pressure range (2-5 GPa) of
variation in incompressibility in the c-axis is significantly higher than the typical uniaxial
compressive strength of cementitious materials (i.e., 0.2 GPa). The incompressibility along the c-
axis in the high-pressure range may not be relevant to the application of C-(N-)(A-)S-H based
cementitious materials.

Whereas the incompressibility of C-N-A-S-H along the c-axis can be fitted using only one
trendline at a slope of -1/352 GPa’!, such high incompressibility along the c-axis is attributed to
the resistance given from cross-linking sites, which is also the case for cross-linked C-A-S-H
samples. The incompressibility along c-axis of C-N-A-S-H is comparable to that along its a- and
b- axes, indicated that C-N-A-S-H is nearly isotropic. This phenomenon is in good agreement
with the mechanical behaviors of alkali-free (water-cured) C-(A-)S-H at 80 °C measured by HP-
XRD and simulation [6] [9].

When comparing the C-N-A-S-H and C-A-S-H samples both at bulk Al/Si = 0.1 and Ca/Si= 1.0,
an abnormal mechanical behavior is observed. The incompressibility of C-N-A-S-H is higher
than C-A-S-H (-1/352 GPa™! versus -1/263 GPa’!, respectively) along c-axis, despite the fact that
C-N-A-S-H has fewer cross-linked tetrahedra (7.9% versus 21.7%, respectively) and a larger
basal spacing (11.63 A versus 11.45 A, respectively). This is surprising because more cross-
linked sites and lower basal spacings are associated with higher incompressibilities [5] [6] [4].
This strange behavior suggests that additional inclusions in the interlayer of C-N-A-S-H stiffen it
along the c-axis. Note that only 91% of bulk Al in the raw materials is incorporated on silicate
chains of C-N-A-S-H [7]. The species and location of the other 9% of bulk Al are controversial:
Myers et al. suggested that AlS are likely incorporated in the interlayer [10] while Al6 may occur
as a separate phase (so-called third aluminate hydrate (TAH); the first and second aluminates are
ettringite and monosulfoaluminate hydrate, respectively) [11]. As outlined in the previous
chapter. The TAH is either not Ca-bearing or its Ca is structurally similar to the synthetic C-
(A-)S-H. The hydrated ion radius of Al is ~4.75 A, which is much larger than hydrated Ca* and
Na’, meaning that the interlayer is less dense with Al in the interlayer. And the amount of
interlayer Al is very limited (<1% of Si content), thus such considerable stiffening is unlikely be
explained by the incorporation of Al in the interlayer. This increased incompressibility of C-N-
A-S-H along the c-axis is assigned to the incorporation of hydrated Na* ions in its interlayer,
where more zeolitic content is filled relative to C-A-S-H, e.g., two hydrated Na* ions may
partially replace a zeolitic Ca* in the presence of NaOH solution (see Figure 6.3).
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Figure 6.3. Schematic redistribution of charge balanced Ca?* and/or Ca(OH)" (shaded brown
circles) from the interlayer to the CaO7 intralayer (solid brown circle) in C-N-S-H and C-N-A-S-
H. Dark blue and light blue triangles represent paired and bridging tetrahedral sites respectively,
and yellow triangles represent aluminum incorporated tetrahedral sites. Shaded green circles are
hydrated Na* ions. Some O atoms at silicate tetrahedra are also charge-balanced by H* (not
shown in the figure).

The experimentally determined Ko of C-N-S-H and C-N-A-S-H are 59.842 GPa and 100.6+2
GPa, respectively, using the second-order BM-EoS, and are 42.1+5 GPa and 97.6+7 GPa,
respectively, using the third-order BM-EoS. The mean chain lengths of C-N-S-H and C-N-A-S-
H were shorter than alkali-free C-(A-)S-H [7] [12] while the K¢ of alkali-incorporated C-(A-)S-H
phases are higher than alkali-free C-(A-)S-H (see Figure 6.4). The correlation between Ko and
mean chain length suggested that “defect-driven” hypothesis, which claims mechanical
properties of C-S-H increases with longer range order of silicate chain [5], is implausible,
consistent with findings from the previous study.
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Figure 6.4. Correlation between basal spacing (d(o2)) and initial bulk modulus (Ko) of
tobermorite, Al-tobermorite, C-(A-)S-H [5] [6] [2] [4], and C-N-(A-)S-H in the present study.
All measured Ko values were fitted using the second order BM-EoS (Equation 3.2).

Puertas et al. simulated the mechanical properties of C-N-(A-)S-H using defected 11 A and 14 A
tobermorite models [13]. The simulated Ko of C-(N-)A-S-H with (alumino)silicate chain lengths
of 2 and 5-11 using defected 14 A tobermorite model (non-cross-linked) were 26 GPa and 35-41
GPa, respectively. The simulated Ko is significantly lower than the measured Ko of non-cross-
linked C-N-S-H, 42-59 GPa, with mean chain length (MCL) of ~3 in the present study, namely
C-N-S-H herein is mainly a mixture of dimers (MCL = 2) and pentamers (MCL = 5).

A large deviation between experiment and this simulation was also found for C-N-A-S-H. The
simulated Ko of C-N-A-S-H with (alumino)silicate chain lengths of 2 and 5-11 using defected 11
A tobermorite (cross-linked) were 22 GPa and 55-68 GPa, respectively. The simulated Ko was
significantly lower than our experimental value of C-N-A-S-H, which is a mixture of cross-
linked and non-cross-linked structures with MCL of ~7.

The potential set used in Puertas et al. [13] was derived from crystalline C-S-H phases with
additional potential set of Na and Al from zeolite; the force field method is very sensitive to
partial charge values. The large deviation between simulated and experimental results indicate
that the potential set of Na and Al is not suitable for C-N-(A-)S-H. Using charge-balancing
mechanism and non-cross-linked 14 A tobermorite model, Ozcelik and White [14] predicted that
Ko of C-N-S-H slightly decreased from 54 GPa to 52 GPa through the substitution of a Ca®" by a
Na" and a H', which was explained by the comparable local charge density between C-S-H and
C-N-S-H. The predicted value is comparable to our experimental result of C-N-S-H. However,
the predicted increase in Ko of C-N-A-S-H from C-N-S-H was only 14 GPa, which is much
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lower than our experimental difference ~41 GPa. This large deviation is attributed to the
omission of cross-linking sites and possibly also the interlayer Al species in C-N-A-S-H
structure in the simulation study. Their relaxed basal spacing of C-N-A-S-H using 14 A
tobermorite model was still ~14 A. However, the interlayer of our cross-linked C-N-A-S-H was
significantly denser, with basal spacing of 11.6 A.

Note that in both simulation studies [13] [14], Al-uptake only occurred at cross-linked and/or
bridging sites, Na only charge balanced bridging sites and dangling O of silicate chains were
bonded with H. However, the measured amount of incorporated Na in our C-N-A-S-H samples is
significantly higher, with Na/Al ratio of ~3, and dangling O can be bonded with Na herein [7]
[8]. Thus, the high value of Ko of C-N-A-S-H measured by HP-XRD can be significantly
attributed to steric constraints of interlayer by Na incorporation, and possibly interlayer Al
species, in addition to the columnar resistance from cross-linking sites.

An inverse correlation between bulk moduli and basal spacing of water-cured C-(A-)S-H is
generally agreed in Figure 6.4. However, C-N-S-H seems not to fall in the basal spacing-Ko
trendline. The measured Ko of 59.8 GPa for C-N-S-H with basal spacing of 12.28 A is higher
than 50 GPa of C-S-H with basal spacing of 12.2 A. Dharmawardhana et al. [15] suggested that
the mechanical properties of C-(A-)S-H is significantly influenced by zeolitic content, e.g.,
interlayer Ca and water. This can explain the lower Ko of anomalous cross-linked 11 A
tobermorite relative to normal cross-linked 11 A tobermorite, since anomalous tobermorite
contains less zeolitic Ca than the normal [16]. Likewise, despite similar basal spacing of C-N-A-
S-H relative to 11 A tobermorite, cross-linked C-N-A-S-H with more interlayer Al species,
zeolitic Na and water exhibited a higher bulk modulus. Further studies are needed to verify the
reinforcing effect of Al species alone (Al6 and/or AlS) in the interlayer. C-A-S-H samples
equilibrated at 7 °C -50 °C do not have any cross-linking sites, four-fold coordinated Al can be
incorporated in the silicate chain and the rest Al (Al6 and/or Al5) can be possibly in the
interlayer.

6.2 Conclusions

This chapter studied the mechanical behaviors of nano-crystalline C-N-(A-)S-H under
hydrostatic pressure using HP-XRD. The experiments probed the lattice deformation of C-N-S-H
and C-N-A-S-H and obtained their mechanical properties at molecular-to-nano scale. The study
validated existing computational models of C-N-(A-)S-H and provided fundamental knowledge
to the understanding of the structure of alkali-incorporated C-(A-)S-H. The results can be used to
build more realistic models of these phases at atomistic-to-nano scales and to provide critical
information to design C-S-H based materials through a bottom-up approach.

Na-incorporated C-(A-)S-H does not fully fall into the inverse Ko-d(o02) trendline in C-S-H. Na
incorporation slightly enhances the mechanical properties of C-S-H by increasing the zeolitic
content in the interlayer. Despite that the high pH environment leads to more vacancies at
bridging sites along (alumino)silicate chains, the measured the ab-planar incompressibility of C-
N-(A-)S-H is not reduced compared to alkali-free C-(A-)S-H and tobermorite. Instead, the partial
substitution of interlayer Ca*" and Ca(OH)" by Na* ions stiffens the ab-plane. The reported
mechanical behaviors of C-N-(A-)S-H herein therefore do not agree with defect-driven
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hypothesis. Cross-linking is observed in C-N-A-S-H, which leads to a comparable basal spacing
to 11 A tobermorite. The aluminate and silicate cross-linked sites provide resistance to
hydrostatic compression along the c-axis, which increases the incompressibility of cross-linked
C-N-A-S-H relative to non-cross-linked C-N-S-H along the c-axis. The bulk modulus of cross-
linked C-N-A-S-H (Ca/Si=1, Al/Si=0.1) synthesized at 50 °C is 30 GPa higher than that reported
for cross-linked tobermorite minerals.

The effects of Na and Al on the mechanical properties of C-S-H studied in the present chapter
provide valuable information to build new computational models. The significantly high
incompressibility along the c-axis and bulk modulus of cross-linked C-N-A-S-H may be crucial
in designing alkali-activated materials and other C-(A-)S-H-based cementitious materials using a
‘bottom-up’ approach.
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7. Concluding Remarks

In this thesis, multiple synchrotron-radiation-based X-ray techniques were applied to study C-S-
H based cementitious materials and synthetic C-S-H based products. The experimental studies
include 1) the hydration of two C2S polymorphs at different curing ages and the degree of silicate
polymerization of C-S-H in the two hydration systems; 2) the atomic structure of synthetic
calcium (alumino) silicate hydrate (C-(A-)S-H) products and the morphology of C-(A-)S-H at
the microscale; and 3) the structure-mechanical property correlation of alkali incorporated C-
(A-)S-H at the nanoscale. These experimental studies are essential to the designing of C-S-H
based green cementitious materials, because: A) the degree of silicate polymerization of C-S-H is
relevant to the resistance to carbonation and chemical attacks; B) the morphology of C-(A-)S-H
correlates the durability and physical and mechanical properties of cementitious materials; and
C) the nanomechanical properties of C-(A-)S-H may influence the mechanical properties of
cementitious materials at the micro-to-macro scale. In addition to the experimental results and
the detailed discussions presented in chapters 4-6, the most significant conclusions are listed.

1. The Ca coordination of C-S-H in both -C,S and o's-C>S hydration system is highly distorted
and is similar to 14 A tobermorite but have a shorter-range ordering. More six-fold coordinated
Ca occur in hydrated a'u-C»S than in hydrated B-C>S. The Si of both anhydrous phases have
asymmetric tetrahedral coordination. The silicate chain of the outer product in both hydration
systems polymerizes over time. The hydration products in the a'y-C2S system polymerize faster
than in B-C»S. Inner product has a lower degree of silicate polymerization than outer product in
fully hydrated B-C->S, which is accompanied by a slightly longer Si-O bond. Compared with
hydrated B-C»S, the silicate polymerization in hydrated a'a-C2S is more homogeneous. The C-S-
H of hydrated -C-S exhibits fine fibrils that intermix with portlandite, and Ip appears to be a
dense aggregated structure. The morphology of fully hydrated o'a-C»S is more homogeneous,
and its inner region is slightly more porous with nanovoids. Ip and Op are not distinguished in
fully hydrated a'u-C2S.

2. Calcium environments in synthetic C-(A-)-S-H are similar to tobermorite. The coordination
symmetry of Ca is highly distorted irrespective Ca/Si, Al uptake, and equilibration temperature.
In addition to the seven-fold coordinated Ca in the intralayer of C-(A-)S-H, the extra Ca that
enters the interlayer are more likely six-fold coordinated in a distorted octahedral symmetry. The
ordering of the Ca environment increases as Al content and equilibration temperature increase.
The Si K-edge shifts to higher energy with increased mean chain length of silicate chains. The
energy separation between major and minor peak at the Si K-edge positively correlates with the
degree of polymerization of its aluminosilicate chains. AFm-like species are not interstratified in
the interlayer structure or precipitate on the external surface of C-A-S-H. TAH is either not Ca-
bearing or its Ca is structurally similar to C-(A-)S-H. C-(A-)S-H formed at 7-50 °C all
preferably presents crumpled foils with various lengths, and are independent of Ca/Si ratio. C-
(A-)S-H equilibrated at 80 °C present coarser foils, and the foils are much thicker and longer
with more Al inclusion.

3. Na incorporation slightly enhances the mechanical properties of C-(A-)S-H by increasing the

zeolitic content (Ca?" and Ca(OH)") in the interlayer. Despite that the high pH environment leads
to more vacancies at bridging sites along (alumino)silicate chains, the measured the ab-planar
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incompressibility of C-N-(A-)S-H is not reduced compared to C-(A-)S-H and tobermorite. The
reported mechanical behaviors of C-N-(A-)S-H herein therefore do not agree with defect-driven
hypothesis. Cross-linking is observed in C-N-A-S-H, which leads to a comparable basal spacing
to 11 A tobermorite. The aluminate and silicate cross-linked sites provide resistance to
hydrostatic compression along the c-axis, which increases the incompressibility of cross-linked
C-N-A-S-H relative to non-cross-linked C-N-S-H along the c-axis.

Based on the present studies, a few suggestions for the design of high performance green
cementitious materials can be addressed: A) a'u-C2S instead of B-C2S is proposed to be the major
C2S polymorph when preparing C,S-rich cement since o'n-C2S polymerizes faster; B) Design C-
S-H with higher degree of silicate polymerization by increasing curing temperature and by
adding aluminosilicate sources; and C) Design high-strength cementitious materials using Al-
rich SCMs with moderate Na content to form stiff cross-linking sites at high curing temperature.
These suggestions may improve the mechanical properties of green cementitious materials and
enhance their resistance to chemical attacks.

A few suggestions for future study can be proposed: A) Since belite is the main compound in
belite-ye’elimite-ferrite cement, the influence of ye’elimite on the hydration of belite should be
investigated. Hydration of ye’elimite in the presence of calcium sulfates also needs to be
understood. B) The coordination environment of Al in C-A-S-H with different chemical
compositions and at various equilibrium temperatures and the nature of TAH should be studied.
C) Similar to sodium, potassium is also commonly found in Portland cement, SCM, and alkali
activators, therefore, the influence of potassium on the structure and nanomechanical properties
of C-(A-)S-H need to be understood using HP-XRD. The differential influences between K and
Na on the nanomechanical properties of C-(A-)S-H need to be studied.
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8. Appendix

8.1 Supplementary images and algorithm

For a better organization of the thesis, some analysis algorithm and additional images are
described in this appendix.

Hydration of belite
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Figure S1. An example of fitting of different peaks in C-S-H in hydrated B-C.S at 17 days (area 6
in Figure 4.1). The a2, b1, and bz peaks are taken by fitting a Gaussian shape function. The
relative intensity of a; peak is manually selected due to the lack of data points for fitting. The
relative intensity ratios are suggested to be evaluated at the same optical density difference
(AOD) [1]. To our knowledge, the use of relative intensity ratios (I(a1)/I(az) and I(b1)/I(b2)) can
minimize the influence of AOD or sample thickness and curvy shape of the backgrounds.
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Figure S2. RGB overlay maps near Si K-edge (A) hydrated B-C»S at 17 days; (B) hydrated o’s-
C»S at 10 days. The green areas are obtained based on Si K-edge XANES spectrum of C-S-H
and the red areas are obtained from reference spectra of (A) anhydrous B-C,S and (B) anhydrous
a’y-CaS.

Figure S3. Ptychographic images. (A) hydrated B-C.S cured for 51 days. (B) hydrated o’u-CaS at
40 days.
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Nanostructure of C-(A-)S-H

F1gureS4 Ptychographlc image C-A-S-H (Ca/Si*= 1.2, Al/Si*=0.05, hydration of 182 days at
20 °C) Scale bar is 500 nm. Ca/Si*= bulk Ca/Si. Al/Si*=bulk Al/Si

The calculation of small angle scattering (SAS) from transmission images has been successfully
used to quantify morphological information. The algorithm used in the present work has been
well-described in [2] and was applied to the ptychographic images. A lamellar Guinier-Porod
model [3] was used to fit the calculated SAS. The fitting model contains a low-q Guinier region
and a high-q linear Porod region, and the two regions intersect at q:

x(d—-

I(q) = exp [~ L= S iforaza;

I(q) ——exp[ < S)] xqf" forq<q 2)
0.5

T = 1205[(d s)(3- s)] 3)

where q is the scattering variable; I(q) is the scattered intensity; d is the Porod exponent; G is the
Guinier scale factor; and T is the thickness of layered scattering materials. The parameter s, 2, is
used to model lamellar objects in the case of C-(A-)S-H building blocks.
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