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The origin of different stability of crystalline calcium silicate hydrates was investigated. The tobermorite crystal
has been used as an analog of cement hydrate that is being mostly manufactured material on earth. Normal
tobermorite is thermally unstable and transforms to amorphous at low pressure. Meanwhile, anomalous tober-
morite with high Al content does not significantly transform under high pressure or high temperature. Conducted
X-ray absorption spectroscopy explains the weak stability of normal tobermorite which was originally hypoth-

esized by the role of zeolitic Ca ions in the cavities of silicate chains. Atomic simulations reproduced the
experimentally observed trend of pressure behavior once the ideal structures were modified to account for the Al
content as well as the chain defects. The simulations also suggested that the stability of tobermorite under stress
could be rationalized as a self-healing mechanism in which the structural instabilities were accommodated by a

global sliding of the CaO layer.

1. Introduction

Silicates are globally formed in nature and are among the most
manufactured materials [1], and they can be structured as well-ordered
crystals or amorphous glass. Each of these structures have different
applications, such as the silicate glasses used for radioactive material
storage [2], the silicate crystals used as cation exchangers for various
waste encapsulation purposes [3], and the silicates with cavities used for
their capacity to store water, with prospective application for energy
storage. The silicate minerals present different phases depending on
their composition and polymerization order. As an example, tobermorite
mineral group comprises several layered calcium silicate hydrates with
similar structures but with different degrees of hydration and compo-
sitions at the interlayers (Table S1). Tobermorite has been extensively
studied for its close structural analogy with calcium (alumino) silicate
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hydrate (C-[A]-S-H) gel [4], the main hydration product of ordinary
Portland cement [5-8] as well as the role of the main binding phase in
ancient Roman concrete [9,10]. Since the C-S-H gel is a poorly crystal-
line phase, the Ca/Si ratio is frequently used to characterize the struc-
ture of the gel. For example, the Ca/Si ratios of C-S-H gel normally varies
in the range 1.7-1.9 that can be reduced to 1.4-1.6 with the use of
supplementary cementitious materials [11,12]. In addition, due to the
presence of interlayer in C-S-H, cross-linked silicate tetrahedra (Q3) is
not typically observed in cementitious system [13]. Nevertheless, the
crystalline tobermorite is actively being used to simulate realistic
models of C-(A)-S-H gel in cement hydrate [5,6,8,14-16]. Therefore,
understanding phase transitions and thermodynamic stability of the
tobermorite under pressure or temperature is crucial for stabilizing
silicate-based materials, investigating Earth’s minerals, elucidating
failure mechanism of cement-based materials, and developing high
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resistant cement-based composites.

Tobermorites exist in three hydration states: tobermorite 14 A
(plombierite, CasSigO16[OH]2 7H20) [17], tobermorite 11 A (tober-
morite, CasSigO16[OH], 5H20) [18], and tobermorite 9 A (riversideite,
CasSig016[OH]5) [19]. The notations 14 A, 11 A, and 9 A refer to the size
of basal spacing between consecutive CaO layers. The structure
commonly found under ambient conditions is tobermorite 11 A or 14 A,
which usually transforms tobermorite 9 A (the so-called normal tober-
morite) upon heating to 300 °C. However, some varieties of tobermorite
11 A do not shrink to 9 A upon heating; these are known as anomalous
tobermorite.

The origin of the dissimilar thermal stabilities of normal and
anomalous tobermorite has been the subject of many experimental
works, and different explanations have been sought in terms of struc-
tural differences. The first structural models were proposed by Megaw
and Kelsey [1] and Hamid [20]. However, the currently accepted model
of tobermorite 11 A was theorized by Merlino et al. [18,21]. This model
rationalizes the structure of tobermorite in terms of CaO layers sand-
wiched by infinite wollastonite-type silicate chains, which form zeolitic
cavities by establishing links with the adjacent silicate chains. According
to this structural model, the most distinctive feature of the normal and
anomalous varieties of tobermorite relies on the presence or absence of
zeolitic calcium cations in the cavities. The model thus proposes the
ideal compositions of CasSigO15(0OH)5H20 and Cag 5SigO16(OH)25H20
for the normal and anomalous varieties, respectively. According to this
structural hypothesis, the zeolitic Ca cations of normal tobermorite are
coordinated to oxygen atoms from the silicate chains and from water
molecules. Thus, when water molecules leave the zeolitic cavities during
heating, Ca ions can only coordinate to silicate chain oxygen, and the
generated electrostatic forces are adequate to depolymerize the bridging
sites and bring the layer collapse, reaching the equilibrium distance at
about 9 A. In anomalous tobermorite, however, no zeolitic Ca cations
exist in the cavities; consequently, proper calcium re-coordination does
not occur by dehydration (i.e., no severe structural rearrangement
occurs).

The above structural picture based on the role of zeolitic Ca cations
seems to provide a reasonable justification for the different thermal
behaviors of normal and anomalous tobermorite. However, a detailed
explanation for the mechanisms controlling the structural rearrange-
ment, as well as any experimental evidence to prove the presence of
zeolitic Ca cations, is still missing. Recently, the crystallographic and
spectroscopic studies of Biagioni et al. [22] have provided new clues in
this respect. According to these authors, the heating process induces a
topotactic transformation that comprises an amorphization with the
appearance of both clinotobermorite-like configurations and an inter-
mediate phase with a basal distance about 10 A prior to the break of the
Si-O-Si bond and formation of tobermorite 9 A. During this trans-
formation, bridging SiO4 tetrahedra are tilted in a xonotlite-like
configuration [22]. The proposed mechanism should depend on the
local environment of the bridging sites, so a priori might explain why
aspects like the polymerization degree [23] or the incorporation of
aluminum [24] have been known to affect the thermal behavior of
tobermorite.

Since the debate about tobermorite’s stability is still unsettled, any
hint on its structure provided by advanced experimental or numerical
simulation techniques would be tremendously beneficial. So far, most of
these studies have focused on structural details over perfected [25] or
defected [26,27] tobermorites, disregarding the discussion about the
kinetic mechanisms governing the stability of tobermorite or interplay
among aluminum substitution, broken silicate chain, and zeolitic Ca ion.
In fact, most of the experimental and computational difficulties in
assessing the structural differences between normal and anomalous
tobermorite 11 A with respect to thermal stability seem to rest on the
concurrent loss of water. Furthermore, the attempts to establish the
comparison to the thermal stability experiments have been largely
impeded by the inherent stoichiometry variations in naturally found
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minerals or during the thermal treatments.

Here, synchrotron-based extended x-ray absorption fine structure
(EXAFS) and high-pressure x-ray diffraction (HPXRD) experiments over
normal and anomalous tobermorite samples are presented. These ex-
periments provided a novel perspective for understanding the atomic
scale local environment and the stability of tobermorite. Furthermore,
29Si magic angle spinning nuclear magnetic resonance (NMR) experi-
ments and molecular dynamics (MD) simulations were combined to
establish appropriate structure-performance relationships. New atomic
insights were given on the mechanism proposed as controlling the local
distortion of the bridging sites. This mechanism appeared to be a self-
healing mechanism that was perfect in the case of anomalous varieties
and imperfect in the case of normal tobermorite.

2. Materials and methods
2.1. Materials and thermal treatment

The impact of a thermal treatment was studied over one anomalous
tobermorite 11 A specimen obtained from Mine Lac d’Amiante, Quebec,
Canada, and one normal tobermorite 14 A specimen from Crestmore,
California, US [17]. In ex-situ XRD study, the samples were vacuum-
heated at each targeted temperature (125, 135, 150, 180, 300, 330,
and 400 °C) for 24 h, and then an x-ray with a wavelength of 0.6199 A
was exposed to the samples for 10 min. As explained later, normal
tobermorite 11 A was obtained by heating the normal tobermorite 14 A
at 135 °C for 24 h (Fig. 1). Therefore, subsequent experiments have been
conducted on the obtained normal tobermorite 11 A.

2.2. Extended X-ray absorption fine structure (EXAFS)

Ca K-edge X-ray absorption spectra (3950 to 4700 eV) of normal and
anomalous 11 A tobermorites were scanned at ambient temperature,
using an X-ray absorption fine structure for catalysis (XAFCA) beamline
facility at Singapore Synchrotron Light Source (SSLS), Singapore [28].
Two tobermorite 11 A crystals were finely ground with boron nitride
(BN) and were pelletized for the experiment in a transition mode. The
absorption spectra were collected three times and averaged to reduce
the noise signal of the measured data. Athena software [29] was utilized
for the data processing of the normalization of collected spectra, data
conversion from energy (eV) to wave vector (k), and computation of
Fourier transform, using Hanning window function over a k range of 3
11 0.5 (Fig. 1). Artemis software [29] was used to fit experimental and
theoretical absorption threshold. To calculate theoretical distances of
Ca-x, where x is O, Si, or Ca, ab initio code of FEFF-6 [30] was utilized
based on Merlinos 11 A tobermorite model [18]. Among the fitting pa-
rameters, the many-body amplitude reduction factor i.e., $3 was fixed as
0.982, as a result of fitting a reference material of Ca(OH)y, where co-
ordination number (CN) and radial distance (R) were fixed with the
crystallographic data of portlandite and the Debye-Waller factor (;) of
Ca—O1 (first shell) and S3 were fitted with varying k-weight factors, k
= 1-3. For the analysis of tobermorite data, only one shell per one
element was considered. Processed radial distribution plots with fitted
data are presented in Fig. S2.

2.3. Nuclear magnetic resonance (NMR)

For 2°Si MAS NMR measurements, the two tobermorite 11 A samples
were finely ground and packed evenly into 3.6 mm zirconia rotor and
sealed at the open end with a Vespel cap. The rotor was spun at 20 kHz
on a Bruker Ultrashild 600WB Plus with a 14.1 T magnet, operating at
119.23 MHz. The magic angle was set to 54.734°, using KBr as a refer-
ence. The relatively high spinning speed combining with the high
magnetic field was chosen, to provide an increased resolution. Decon-
volution of the spectra was performed, assuming a voigt line shape and
no loss of information to spinning side bands. In order to quantify the
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Fig. 1. Variation of layer thickness under heating (a) and pressure (b) explained by Ca-EXAFS experimental result (c). Stepwise dehydration resulted in subsequent
contractions of the interlayer in normal tobermorite, while no contraction occurred in anomalous tobermorite. This different thermal response was previously
hypothesized as due to the role of zeolitic Ca ions in cavities of normal tobermorite but has not yet been experimentally verified. For the first time, this study
experimentally computed the radial distance and coordination number of Ca ions in two tobermorite crystals. (a) Basal peak trajectories for different temperatures
ranging from 300 K to 600 K. The patterns for anomalous tobermorite are given in dotted lines for comparison. (b) Basal peak trajectories for different pressures
ranging from 0 GPa to 6 GPa. (c¢) The larger coordination number of Ca—Ca bond in normal tobermorite (3.05 in blue line) compared to that in anomalous
tobermorite (2.93 in red line) indicated the existence of additional Ca ion, possibly in the cavities of the silicate chain. This might support the previous hypothesis
explaining the different thermal stabilities proposed by Merlino et al. [8]. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

information, the different tetrahedral environments are designated Q",
where Q is a silicate tetrahedron and n denotes the connectivity of the
silicate tetrahedron via oxygen, therefore limiting n to the valence of
oxygen. By defining the environment there was the possibility of defined
separated ranges of chemical shifts [31]. Q° represents isolated tetra-
hedral in the range of —66 to —74 ppm. Q' represents chain-end group
tetrahedra which can be also considered as half a dimer, with a typical
chemical shift at around —77 to —82 ppm. Q? represents middle-chain
groups where both adjacent tetrahedra are occupied by silicon with a
silicon with a shift at around —85 to —89 ppm. Other middle-chain
groups occur from substitution of silicon tetrahedra with aluminum
tetrahedra. These are represented by Q"(mAl) [32] where the silicate
tetrahedra are connected via n bridging oxygen to mAl; m being the
number aluminum ions substituted and n-m other silicate atoms. The
most common Q"(mAl) found in cement is Q2(1Al); this represents
middle-chain groups where one of the adjacent tetrahedra is occupied by
aluminum, resulting in a down-field shift of around 3 ppm, giving a
typical value of —82 ppm. This shift is called deshielding as it is the
result of removal of electron density, magnetic induction, or other ef-
fects, which effectively forms a barrier around the nucleus of inner shell
electrons, decreasing the pull of outer shell electrons. Q® represents
branching sites and Q* cross-linking sites in a three dimensional
framework in the ranges of —95 to —100 ppm and from 103 to 115 ppm,
respectively [23]. Deconvolution data is listed in Table S3.

2.4. High-pressure X-ray diffraction (HPXRD)

The HPXRD experiments for the normal and anomalous tobermorite
11 A were carried out at the beamline 12.2.2 of the Advanced Light
Source [33]. High pressures were generated using a diamond anvil cell.
The mineral was finely ground and mixed with a pressure medium and a
few chips of ruby a pressure indicator. Samples were placed into a
sample chamber within a gasketed diamond anvil cell. The sample
chamber size was 180 mm diameter with 75 mm thickness. The sample
was equilibrated for about 20 min at each pressure. The same pressure-
transmitting medium of 4:1 methanol:ethanol was used for all HPXRD
measurements. Exposure times of 600 s were chosen to collect powder
diffraction patterns. The pressure was measured at off-line using the

ruby fluorescence technique [34]. For anomalous tobermorite 11 A, X-
ray beam of A = 0.6199 A and refined sample-to-detector distance of
221.9 mm were used. In the case of normal tobermorite 11 f\, same
wavelength and sample-to-detector distance of 280.6 mm were selected
(Fig. S1). For both tobermorite crystals, peak positions based on ortho-
rhombic unit cell with I2mm space group show excellent agreement
with those reported by Bonaccorsi et al. [17]. For the crystal structure
analysis of anomalous tobermorite 11 A, diffraction peak positions of
(002), (004), (011), (101), (015), (110), (112), (017), (022), (024),
(107), (019), (0010), (123), (118), (125), (200), (130) and (217) were
used to calculate the orthorhombic unit cell volume of tobermorite 11 A
[17]. In addition, diffraction peak positions of (002), (110), (017),
(0010), (127), (130) and (217) were chosen for normal tobermorite 11
A. Refined lattice parameters under pressures are shown in Tables S4-5
and Figs. S3-4. Lastly, pressure-volume data was used to fit Birch-
Murnaghan Equation of State (BM EoS) to compute the isothermal
bulk modulus at zero pressure (Kp) [35]. The 2nd order BM EoS fitting
results provide K, values of 71(4) and 63(2) GPa for normal and
anomalous tobermorite 11 A, respectively (Figs. S5 and S6).

2.5. Molecular dynamics (MD) simulation

The structural response to pressure of normal and anomalous
tobermorite models were simulated using Gulp [36] and LAMMPS
packages [37]. Forces were evaluated using the ReaxFF [38] force field
which is a reactive multi-body potential that reproduces bond breaking
or formation. A combination of different parameters was used to simu-
late the tobermorite with aluminum substitutions that contains Al, Ca,
Si, O and H atoms [39-41]. These potentials are well suited empirical
force fields available for an analysis of structural changes induced by
pressure in tobermorite systems. The initial structures were built ac-
cording to the NMR signal which are explained in detail in Section 3.5.

3. Results
3.1. Thermal stability

As seen in Fig. 1(a), the ex-situ thermal XRD experiments confirmed
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the expected thermal stability of the two tobermorite 11 A crystals; the
basal space did not shrink when the anomalous tobermorite was heated
at 300 °C for 24 h. However, Fig. 1(a) illustrates the well-known collapse
of the basal peak of tobermorite 14 A when the tobermorite 11 A phase
starts to form at 125 °C [18]. As temperature increased, the peak became
broader, indicating an amorphization phenomenon. Remarkably, an
additional peak at basal distances about 10.2 A became noticeable at
150 °C. This tobermorite 10 A was noticeable at 180 °C. As expected, the
9.3 A peak indicating that the formation of tobermorite 9 A was formed
at 300 °C with coexistence of a broad peak around 11 A. At 400 °C, the
11 A peak totally disappeared, and only the 9.3 A peak survived.

3.2. Pressure response

Fig. 1(b) presents HPXRD experiments on the normal and anomalous
tobermorite samples performed in the current study. These experiments
showed that the dissimilar thermal behaviors of normal and anomalous
tobermorite had their analogous behaviors under pressure. The anom-
alous one exhibited a high structural stability with no significant
shrinkage of their basal distance under pressure. Contrarily, normal
tobermorite exhibited a progressive amorphization, as reflected by the
broadening of the peak. Additionally, crossover behavior occurred at
pressures of about 2.5 GPa, the point at which an intermediate phase of
tobermorite 10 A was observed upon heating at 150 °C. The existence of
this metastable phase under pressure was unexpected; it could have been
related to the dehydration process. The HPXRD experiments seemed to
indicate that hydrated tobermorite 10 A had an energetically unfavor-
able state at room conditions only if sufficient energy was given. An
estimated energy of about 0.06 eV could be given by calculating P
(V—V)) at the crossover pressure; this energy value was well-matched
with the thermal energy (3/2kT) at 125 °C. Afterward, the basal
spacing of tobermorite 10 A continued reflecting the progressive
amorphization under pressure until it became significantly diffuse
around 6 GPa and totally disappeared at 6.3 GPa.

3.3. EXAFS result

To investigate the atomic scale local environment of tobermorites, Ca
K-edge EXAFS experiments were performed on normal (i.e., thermally
treated tobermorite 14 A at 135 °C for 24 h) and anomalous tobermorite
11 A crystals. The convoluted data of radial distance presented almost
identical atomic environments of Ca—O (first peak) and Ca—Si (second
peak), while a distinct third peak of Ca—Ca was observed in the normal
tobermorite 11 A (Fig. 1[c], Table S2, and Fig. S2). The local environ-
ments of Ca—O and Ca—Si were expected to be similar due to the
structural arrangement of the main CaO layer and silicate chains in both
crystals [18]. The difference of the third peak (i.e., Ca—Ca bond)
probably supports the hypothesis of the existence of a zeolitic Ca ion in
the cavities of the silicate tetrahedra chain; such an ion would directly
increase the average CN of the Ca—Ca bond in the normal tobermorite
11 A. The fitted CNs for normal and anomalous tobermorites were 3.05
and 2.93, respectively—enough of a difference to support the hypothesis
of the existence of zeolitic Ca cations in normal tobermorites. Further-
more, increased averaged radial distance of the Ca—Ca peak in normal
tobermorite (3.80 vs. 3.71) also supported this hypothesis although
there is still a possibility of Ca presence in other places such as next to
the broken silicate chain [12,42]. For instance, a defect of silicate chain
may also contribute to a higher CN of the Ca—Ca bond from closer
arrangement of interlayer Ca ion to the Ca ion in main layer owing to the
negative charge by the defect. For other peaks of Ca—O and Ca—Si
bonds, no significant difference in radial distance or CN was found, as
summarized in Table S2. Note that the measured bond data in Fig. S2
indicate the length of constructive interference pathway (i.e., distance
between the outer surfaces of two atoms) while R values in Table S2
indicate the conventional bond distance between two atoms (i.e., dis-
tance between the centers of two atoms).
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3.4. NMR result

The observed normal and anomalous behavior of tobermorite under
pressure could not be explained in terms of the presence or absence of
zeolitic cations, although structural differences have usually been
referenced to justify the different thermal responses of the tobermorite
varieties. Under pressure, the charge imbalances that take place when
water molecules are lost, did not occur. The used pressure-transmitting
medium of 4:1 methanol: ethanol mixture might have absorbed water
molecules in layered crystals under pressure [43]. However, the
amorphization phenomenon was only observed in the normal tober-
morite case. Therefore, other structural reasons should be invoked to
explain the normal and anomalous characteristics under pressure. The
differences might come from the three-dimensional skeleton formed by
the (alumino)silicates. In this sense, NMR techniques have proven to be
suitable tools to analyze the polymerization of the silicate species as well
as Al substation in C-S-H like materials [44-46]. In the NMR technique,
Q"(xAl) nomenclature is generally used for the peaks, where Q"(xAl) is
the chemical shift of a silicon atom that is bound to n tetrahedra by
siloxane bonds and x is the number of Al substitutions in these
tetrahedra.

Fig. 2(a, c) displays the Si NMR signals measured on normal and
anomalous tobermorite. The first feature was the presence of 34% Q!
sites in normal tobermorite, which indicated a defective silicate chain
structure due to missing silicate tetrahedra, which shortened the chains.
This Q! site was also observed in previous NMR study on naturally found
normal tobermorite crystals from Fuka, Okayama, Japan [47]. Experi-
mental [12,48,49] and theoretical [50] evidences have demonstrated
that the most favorable site for a vacancy in the chains is the bridging
site. Therefore, the absence of silicate tetrahedra in the normal tober-
morite implied both shorter chains and the presence of less zeolitic-type
cavities or Q° sites linking consecutive calcium silicate layers. However,
the Q! signal in anomalous tobermorite was almost negligible when
compared to noise. The relatively short silicate chains in normal
tobermorite 11 A were attributed to the dehydration from tobermorite
14 A and should have been related to further condensation to tober-
morite 9 A. Both tobermorite 11 A crystals had a similar Q° shift
(22-25%), but the anomalous tobermorite 11 A had a higher Q2/Q3
value (3.40) than normal tobermorite (2.01). Thus, it can be concluded
that anomalous tobermorite had longer silicate chains, but both samples
had a similar amount of branching tetrahedra.

3.5. Structural models for MD simulation

Simulation studies have been performed firstly on two models for
normal and anomalous tobermorite as proposed by Merlino et al. [18]
that are free from aluminum and composed of infinite chains (denoted as
Si-normal and Si-anomalous, respectively). The difference is that Si-
normal tobermorite contains Ca®" ions in the interlayer cavities. Thus,
the Ca/Si ratio is 0.83 for Si-normal and 0.67 for Si-anomalous. More-
over, two other models, with aluminum substitutions, have been addi-
tionally simulated. Starting from the Si-normal and Si-anomalous ideal
crystalline structures proposed by Merlino et al., modifications were
made based on the 2°Si NMR in Fig. 2 (e, f). In essence, the modifications
consisted of removing the necessary silicate groups to match the Q!
percentage in normal tobermorite. While the anomalous model was
initially approximated by a perfected structure in which no silicates
were removed, 1/3 of the Q3 sites were substituted by Al, and the
generated charge excess was properly compensated by Ca®*. The sub-
stitutions of silicon by aluminum have been applied in some bridging
sites to match the Al/Si and the Q3(1A1)/Q?® ratios for both normal and
anomalous tobermorite. Each substitution implied a — 1 charge excess
that was compensated by using two different schemes, with 1/2 Ca%*
cations placed in the interlayer space or in a single proton. As a result,
Al-substituted normal (Al-normal) and anomalous (Al-anomalous)
tobermorite 11 A were constructed, as shown in Fig. 2(b, d). In
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summary, the main difference between Al-normal and Al-anomalous
tobermorite is the regular and infinite formation of cavities in anoma-
lous tobermorite in contrast to the vacancies in normal tobermorite that
made the links between adjacent layers sparse. The resulting Ca/Si ratio
of Al-normal and Al-anomalous is 0.86 and 0.71, respectively. The Al/Si
ratio is 0.1 and 0.25 for Al-normal and Al-anomalous models,
respectively.

4. Discussion
4.1. Elemental composition and Al substitution

Both of scanning electron microscope — energy dispersive spectrum
(SEM-EDS) composition analysis and x-ray fluorescence (XRF) mea-
surement indicated that aluminum content was very low (i.e., Al,O3
content was less than 1%) in normal tobermorite which was consistent
with previously published elemental composition in two naturally found
normal tobermorite crystals [51]. The Al/Si ratio content in anomalous
tobermorite was 0.17. Ca/Si ratios of normal and anomalous tober-
morite are 1.19 and 0.83, respectively. The slightly higher Ca/Si ratio in
normal tobermorite agrees well with the previous studies and EXAFS
result (i.e., higher CN of Ca—Ca bond) conducted herein [51]. However,
the Si NMR signals (Fig. 2) seemingly indicated the presence of Al in
both tobermorites. The plausible explanation on the discrepancy on the
Al content in the normal tobermorite is the heterogeneous nature of the
naturally collected sample. The Al substitution may occur locally in
micro-scale so the required amount for NMR experiment (i.e., less than
100 mg) may not be enough to obtain the representative Al substitution
rate from a single NMR experiment. For instance, Maeshima et al.
collected natural tobermorite and found a mixture of tobermorite 14 A
and 11 A in nature and reported the variation of Al/(Al + Si) ratio
ranging from 0.02 to 0.13 depending on the location in the crystal [47].
Therefore, it has to be stated that the elemental composition measured
from SEM-EDS can be more representative as it was averaged from 10
spot analyses from around 2 g of samples. Also, the value was consistent
with the composition data from XRF. In terms of potential sites for Al
substitution in tobermorite crystal, Komarneni and Tsuji [3] reported
that Al preferably substituted at the chain middle group SiO4 by 2°Si
NMR measurements [52]. In contrast, Sasaki et al. [53] reported that the

Al substitution occurred at the bridging SiO4. From the Q" ratios ob-
tained by the 2°Si NMR, and assuming that Al is preferentially located in
the bridging sites [31,54-56], an Al/Si ratio of 0.1 and 0.2 could be
determined for normal and anomalous tobermorites, respectively. It is
widely accepted that aluminum induces polymerization of larger (alu-
mino)silicate chains [31,54-57]; therefore, the lack of Q1 sites was not
surprising. In contrast to the normal form, all possible Q2 sites in
anomalous tobermorite were occupied, forming regular linkages or
zeolitic cavities between different layers. If the Lowenstein rule were
fulfilled (i.e., Al does not occupy consecutive tetrahedra below 0.5 Al/Si
ratio), the amount of Al in anomalous tobermorite should have been
larger than necessary to saturate all the bridging sites (0.2). However,
violations of the Lowenstein rule have been documented in micas [58]
and calcium aluminosilicates [59] when the Al content is adequately
high. In addition, phases like tricalcium aluminate indicate that Al-O-Al
tetrahedral bonds are possible from a thermodynamic point of view. For
example, the Lowenstein rule might be circumvented under some kinetic
constraints. For tobermorite 11 A, the presence of 2 aluminum tetra-
hedra together in Q® bridging sites might be considered a direct conse-
quence of the phase transition from an Al-tobermorite 14 A. In the latter,
the maximum Al/Si ratio could reach 0.5 if all the bridging sites are
occupied. Upon dehydration and shrinkage of such structure, the only
choice for bridging sites to polymerize and to form Q° sites is through Al-
0-Al Q° sites.

4.2. Comparison of pressure behavior between experiment and simulation

Fig. 3 shows the measured pressure-volume behavior of tobermorite
11 A compared with MD simulation results. The experiment shows that
normal tobermorite is slightly stiffer than anomalous tobermorite under
pressure as the fitted bulk modulus indicated (71 GPa vs. 63 GPa).
Similar results were found for Si-normal and Si-anomalous tobermorite
models whereas Al-normal model is more compressible than Al-
anomalous model (Fig. 3[a]). This observation informed a general
sense concerning the effect of Al presence in the inosilicates; the AI—0
bond was softer and longer than the Si—O bond, and at the same time,
the Al-O-Al angles were more malleable than the Si-O-Si or Si-O-Al
bonds [27,60-62]. Therefore, it can be induced from MD result that Al
substitution generally increases the compressibility. On the other hand,
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Fig. 3. Pressure induced volume contraction of tobermorite crystals. Experimentally measured (circles) and simulated (lines and crosses) response under pressure:
(a) pressure-volume relation and (b) pressure-layer thickness relation. Overall volumetric response appeared similar, whereas layer variation significantly differed

depending upon Al substitution and the length of the aluminosilicate chains.

the opposite experimental result was recently reported as Al substituted
tobermorite showed higher incompressibility [63]. This was explained
by the assumption that Al-induced shorter chain length which might
accommodate more charge-balancing Ca and construct a stronger
hydrogen bonding system. In our MD study, the other factors of broken
silicate chain and zeolitic Ca ion could be controlled. In this environ-
ment, the Al substitution increased the compressibility of tobermorite
11 A.

Additionally, stronger evidence about the pivotal role of addressing
structural defects (Al, Q1 sites, etc.) can be seen in Fig. 3(b), where the
evolution of the ratio of the c-axis (cy/ca) of normal and anomalous
tobermorite is displayed as a function of pressure. While the HPXRD
experiments (green open circles) and the Al-normal and Al-anomalous
models (open squares) showed that the c-axis of the normal tobermor-
ite shrunk more than the c-axis of the anomalous one, the Si-normal and
Si-anomalous models (rhomboid symbols) showed the opposite trend.
This contrary behavior indicates that the experimentally observed trend
cannot be solely explained by the presence of zeolitic cations which is
the main reason of dissimilar thermal behavior hypothesized by Merlino
[18,21]. Furthermore, the ratio evolution of cy/ca for Al-normal and Al-
anomalous (in light blue) indicates that Al-anomalous tobermorite is
stiffer than Al-normal tobermorite in the c-axis direction.

In summary, the difference between the models for Al-anomalous
and Si-anomalous is the presence of aluminum (both systems have
infinite chains). We observe that the substitution of Si by Al tends to
reduce the stiffness of the material (Fig. 3[a]). This result can be un-
derstood by the weaker strength and lower stiffness of Al—O bond [27].
Al-normal, being the most defective system, is also more compressible
than Al-anomalous. This is due to the absence of bridges between the
silicate chains in the c-axis that is the most compressible direction in
these systems (see Tables S6 and S7). Finally, in Si-normal and Si-
anomalous, the main difference is the presence of interlayer cations in
Si-normal and we observe little effect on the compressibility of the
system.

4.3. Self-healing mechanism in Al substituted anomalous tobermorite

Thermal and pressure-induced transformations of normal tober-
morite shared some salient features, such as a progressive amorphiza-
tion of the structure and the appearance of a metastable phase, like
tobermorite 10 A. As this intermediate phase had the Q° sites fully tilted,
a key factor controlling the stability of tobermorite was likely its

resistance to shear deformations. To investigate this aspect in further
detail, the shearing behaviors of all models were simulated. Si-normal
shows identical shearing deformation with Si-anomalous (Fig. 4[al).
On the contrary, the other models showed interesting shear behavior
due to the either different bond chemistry (Al substitutions) or bonding
network (Al-normal has a defective aluminosilicate chain). The defor-
mation was first applied along the direction of the a-axis (i.e., creating
an angle of 120° with the direction of the chains) with a strain rate of 0.1
ps~ L. During the simulation, the silicate chains were dissociated in the
Al-normal tobermorite, and the phase started to become disordered.
However, the Al-anomalous tobermorite did not have such distortion.
Instead, the strain energy was periodically released (Fig. 4[a]) via a
sliding mechanism of the silicate chains.

To further analyze this mechanism, the deformation was applied
along the direction of the b-axis (i.e., the one along the chains) with a
strain rate of 0.1 ps~. The energy variation versus the deformation was
calculated and plotted in Fig. 4(b) together with snapshots of the con-
figurations after a shear strain of 0.3 of the simulation box as shown in
Fig. 4(c, d). During the first steps of the dynamics (up to a shear strain of
0.18 for Al-normal or 0.21 for Al-anomalous), the energy increased with
the deformation. In the dynamics, the interlayer bonds binding the two
silicate chains were elongated. Afterward, abrupt drops of the energy
were regularly observed when increasing the deformation correspond-
ing to a relaxation of the structure. After relaxation, as shown in Fig. 4
(c), the shape of the cavities of the Al-anomalous model was close to the
initial shape, thus reflecting a self-healing mechanism. However, the
structure of Al-normal tobermorite (Fig. 4[a, b]) was only partially
relaxed.

This finding illustrated that the Al-anomalous tobermorite could
accommodate more shear stress than Al-normal tobermorite could. For
Al-anomalous tobermorite, the energy returned to zero after each
relaxation. The mismatch of the silicate chains (Fig. 4[d]) indicates that
tobermorite, without Al substitutions, is more likely to amorphize due to
the loss of connectivity in the interlayer region. Fig. 4(b) also shows the
energy curve for Si-anomalous model. As can be seen, the energy
diverged from the ones of other phases, indicating that this relaxation
mechanism was not possible in the samples with full silicon atoms and
that the system would continue accumulating energy until the Si-O-Si
bond broke.

According to the conducted MD simulations, the self-healing (or self-
relaxing) mechanism of the Al-anomalous tobermorite could be ascribed
to a global sliding of the CaO layers. The sliding distance is about 1.6 A,
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Fig. 4. Different resistant mechanism under shear deformation. Energy versus shear deformation (a) in the a direction (Aa/c units) and (b) in the b direction (Ab/c
units). The snapshots of the different models were plotted at the same stage of deformation of 0.3 for (c) Al-anomalous and (d) Si-anomalous. The role of Al was
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layer in which atoms rearrange during the shear deformation. The red areas were connected at the beginning of the deformation. After breaking the Si-O-Si bridges,
there is now a misalignment of the separated silicate chains due to the applied shear stress. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

which corresponds to half the Ca—Ca distance (3.85 f\). Thus, for even
slides, the alignment is changed compared to the initial one. In this way,
the stretching of the Al-O-Al, Al-O-Si, or Si-O-Si bonds was canceled. An
atomic local strain analysis [64] measuring the displacement of the
atoms compared to their positions in the initial state was performed.
This analysis confirmed that the region of main sliding was the CaO
layer. In the case of Al-normal tobermorite, this process was observed
partially and only for the first relaxation. The presence of previous
structural defects (presence of Q1 sites) made the self-healing mecha-
nism imperfect for this variety, and the system jumped into a structure
with more defects upon the sliding of the CaO layers. For Si-anomalous
tobermorite, the two chains of silicates were torn apart (Fig. 4[d]) when
the deformation reached y = 0.38, and the structure relaxed. The energy
required for breaking all the bonds was 1.5 eV and corresponded to a
chemical reaction in which the Si-O-Si bonds were broken. During the
shear simulation, the Al-O-Al, Al-O-Si, or Si-O-Si bonds remained for
both Al-normal and Al-anomalous structures. Thus, the energy required
to break the bonds was larger than that required for relaxing the
structure (about 0.5 eV). However, for the Si-anomalous tobermorite,
the Si-O-Si bonds broke before any relaxation of the layers in the CaO
region. The longer distance of Al—O bonds compared to Si—O bonds
may have favored relaxation in the CaO layer. This finding emphasized
that, even if the bulk response to pressure was similar, the presence of
aluminum significantly modifies the structural response upon shearing.

5. Conclusion

The key silicate mineral tobermorite is an inosilicate that has been
classified into normal and anomalous varieties according to its thermal
stability. Herein, synchrotron-based experimental results of extended x-
ray absorption fine structure and high pressure x-ray diffraction are
presented to elucidate the origin of different thermal stabilities of
tobermorite crystals and their responses under pressure, respectively.
The anomalous varieties exhibited high structural stability with no
significant collapse of the basal space both under pressure and high
temperature. Contrarily, normal tobermorite exhibited a progressive
amorphization and crossover behavior at pressures of about 2.5 GPa, the
point at which an intermediate phase with a basal spacing of 10 A
appeared upon heating at 180 °C.

Different thermal response was previously hypothesized by the role
of the zeolitic Ca ion in the cavity of the silicate chains of normal
tobermorite. From the conducted x-ray absorption spectroscopy, the
coordination number (CN) of the Ca—Ca bond was found to be larger in
normal tobermorite (3.05 in normal vs. 2.93 in anomalous); this can
help to experimentally support the hypothesis of the presence of an
additional zeolitic Ca ion in the cavity of the silicate chains. Also note
that additional Ca presence in other positions such as close to the broken
silicate chain or interlayer calcium for compensating charge due to Al
substitution, is still possible but the other potential locations have not
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been proposed to explain the dissimilar thermal behavior of tobermor-
ite. Furthermore, the dissimilar thermal behavior of normal and anom-
alous tobermorite was related to the pressure-dependent behavior
especially as a pressure-induced amorphization. This finding agreed
with previous works that emphasized the mapping between the
temperature-driven and pressure-driven process [65,66].

Furthermore, 2°Si magic angle spinning nuclear magnetic resonance
(NMR) experiments and molecular dynamics (MD) simulations were
combined to establish appropriate structure-performance relationships.
The findings were twofold; on the one hand, the impact of structural
defects like Al-substitutions or the presence of shortened chains was
crucial to correctly account for the observed behavior of normal and
anomalous tobermorite under pressure. On the other hand, new atomic
insights were given on the mechanism proposed as controlling the local
distortion of the bridging sites. This mechanism appeared to be a self-
healing mechanism that was perfect in the case of anomalous varieties
and imperfect in the case of normal tobermorite.

Therefore, this study’s results provided a new, important step for-
ward in the description of the structure and stability of normal and
anomalous tobermorite crystals. Furthermore, these results can be uti-
lized to elucidate failure mechanism of C-S-H like materials, manufac-
ture more heat and pressure-resistant cementitious materials, and
stabilize various silicate materials under extreme conditions based on
the understanding on the origin of different thermal and pressure re-
sistances from the atomic scale.
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