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Using a diamond anvil cell, 14 A tobermorite, a structural analogue of calcium silicate hydrates (C-S-H), was
examined by high-pressure synchrotron X-ray diffraction up to 4.8 GPa under hydrostatic conditions. The
bulk modulus of 14 A tobermorite was calculated, K, = 47 GPa. Comparison of the current results with previ-
ous high pressure studies on C-S-H(I) indicates that: (1) the compression behavior of the lattice parameters
a and b of 14 A tobermorite and C-S-H(I) are very similar, implying that both materials may have very sim-
ilar Ca-0 layers, and also implying that an introduction of structural defects into the Ca-O layers may not
substantially change in-plane incompressibility of the ab plane of 14 A tobermorite; and (2) the bulk modu-
lus values of 14 A tobermorite and C-S-H(I) are dominated by the incompressibility of the lattice parameter
¢, which is directly related to the interlayer spacing composed of dreierketten silicate chains, interlayer Ca,
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1. Introduction

The world consumes over 17 billion tons of portland cement con-
crete per year, making it the second largest volume material used in
the world after water. The most important hydration product of port-
land cement is calcium silicate hydrate (C-S-H), which makes up over
half of the volume of hydrated cement paste and is the primary source
of strength. Understanding the properties of C-S-H is important to bet-
ter control the nanoporosity of the hydrated paste - leading to more du-
rable reinforced structures - and to potentially increase incorporating
industrial waste products, which can change the type of C-S-H pro-
duced. A major limitation to maximizing the potential of this material
is the limited understanding of its atomic structure, primarily due to
the experimental difficulties in dealing with a poorly crystalline materi-
al. Each leap forward in understanding the nature of C-S-H has resulted
in the application of novel experimental techniques [1-3] or theoretical
advances [4].

Up to now, the crystal structure and mechanical behavior of C-S-H
at the nanoscale was not well understood because C-S-H is nearly
amorphous to X-rays. Structural models for C-S-H have been proposed
to account for experimentally observed properties of C-S-H, and those
models are well summarized [4,5]. Taylor [6] first proposed one of the
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still relevant structural models of C-S-H, whereby C-S-H is described
as a disordered layered structure consisting of a mixture of two distinct
phases: 14 A tobermorite (plombierite) and jennite. In this model, two
different components are sandwiched together with small additional
fragments of Ca-O layers and separated from each other on a nanome-
ter length scale. The compositional variations of Ca/Si as well as struc-
tural disorder can be explained in terms of the omission of many
silicate tetrahedra from dreierketten silicate chains [7]. Consequently,
studies on the structural mineral analogues, 14 A tobermorite (plom-
bierite) and jennite, together with synthetic analogues such as calcium
silicate hydrates I [C-S-H (I)] has played critical roles in understanding
the real crystal structure of C-S-H [5]. The 14 A tobermorite possesses a
layered structure, with layers consisting mainly of sheets of CaO; poly-
hedra (called, Ca-O layer) parallel to (001) (see Fig. 1), and single
chains of silicate tetrahedra (Si-O chain) flank the Ca-O layers and
run along the [010] direction with a periodicity of three tetrahedra
(called, ‘dreierketten chain’). The structure of C-S-H(I) resembles
14 A tobermorite, but it is more structurally disordered and closer to
C-S-H.

The bulk modulus is one of the fundamental mechanical proper-
ties of structural materials, and a number of theoretical simulation
studies [8-12] have investigated the bulk modulus of 14 A tobermor-
ite, based on a well-defined structure [13]. Although these atomistic
simulations have been at the forefront in attempts to understand
14 A tobermorite and C-S-H, there have been few experimental de-
terminations of the bulk modulus of these materials, a parameter nec-
essary for validating the theoretical models.
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Fig. 1. Crystal structure of 14 A tobermorite, refined by Bonaccorsi et al. [13].

Reported herein is the first experimentally determined bulk mod-
ulus of 14 A tobermorite, which was accomplished by measuring the
unit cell volume change with pressure increases up to 4.8 GPa. This
result allows us to evaluate different theoretical approaches, provides
key experimental observations that should be the baseline for future
simulations, and suggests an appropriate strategy for future simula-
tion studies.

2. Experimental program

The 14 A tobermorite sample was obtained from Los Angeles
County Museum of Natural History, which is the same specimen
from Crestmore, California, studied by Bonaccorsi et al. [13]. The
high-pressure X-ray diffraction experiment was carried out at beam-
line 12.2.2 of the Advanced Light Source of Lawrence Berkeley Nation-
al Laboratory [14]. For this experiment, a synchrotron monochromatic
X-ray beam with N=0.6199 A was used; LaBg powder was used to
calibrate the working distance between the sample and detector, as
well as a detector for orientation. Diffraction patterns were recorded
with a MAR345 image plate (3,450 x 3,450 pixels) with an exposure
time of 300 s at room temperature, and analyzed with the FIT2D
[15], XFIT [16] , CELREF [17] and MAUD [18] software programs.

The 14 A tobermorite sample was finely ground and mixed with a
pressure transmitting liquid medium (4:1 methanol/ethanol solution)
to generate hydrostatic pressure [19], put into a small sample chamber
of a steel gasket in the diamond anvil cell (DAC), and analyzed in axial

geometry (see Fig. 2). Because this technique relies on a very small cy-
lindrical sample chamber (180-pm diameter with 63-um thickness), the
utilized sample volume was also very small (=~1.6x10~'2m?). The
pressure inside the sample chamber was determined using the corun-
dum [Al,05 doped with Cr®>* (0.05%)] fluorescence calibration method
[20].

3. Results

X-ray diffraction patterns were collected at several steps as the
pressure was increased up to 4.8 GPa. Fig. 3 shows two typical diffrac-
tion patterns, and Fig. 4 shows the whole set of one-dimensional inte-
grated X-ray powder diffraction patterns as a function of pressure.
Note that there is no distinct merging or separation of any diffracted
peaks, implying that the high-pressure application did not change the
symmetry of 14 A tobermorite.

Measuring the bulk modulus of a material using the DAC is straight-
forward. As the hydrostatic pressure applied to a material increases, the
unit cell of the material experiences changes in its lattice parameters. By
analyzing the X-ray diffraction patterns collected under pressure, the
lattice parameters at a certain pressure can be determined based on dif-
fraction peak positions; from lattice parameters the unit-cell volume
can be calculated.

To increase confidence in the results, the unit cell lattice parameters
and the unit cell volumes are calculated in two different ways for the
same diffraction spectra: First, lattice parameters were refined using
the Rietveld method implemented in the software MAUD [18]. The Riet-
veld method uses the full spectrum and refines a model function based
on instrumental parameters and the Bonaccorsi et al.'s crystal structure
model (monoclinic system) [13]. During the Rietveld refinement, all
atom positions (i.e., fractional coordinates of atoms in a unit cell)
were fixed to the coordinates of the monoclinic 14 A tobermorite struc-
ture at ambient conditions [13]. This is because the X-ray diffraction
data were insufficient to perform a structural refinement, even consid-
ering the caveat that minor structural changes may occur with pressure.
Fig. 5 shows the reasonable fit between the diffraction profile and the
calculated fit.

Next, the unit cell parameters were refined using the software CEL-
REF [17], which is based on peak positions of individual diffraction
peaks and simple crystallographic information (i.e., space group and lat-
tice parameters; no profile information is used). The CELREF produced
high computational unreliability (= 0) for the parameters because the
simulated peak positions from the CELREF did not match well with
the experimentally identified peak positions from XFIT [16], and thus
for the unit cell parameter refinement with CELREF, the Bonaccorsi et
al.'s model could not be used. Note that the 14 A tobermorite is not a
well crystalline mineral and thus the experimental peak positioning
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Fig. 2. Schematic view of high pressure X-ray diffraction using a diamond anvil cell.
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Fig. 3. Synchrotron X-ray diffraction images of 14 A tobermorite taken under ambient pressure (no DAC used) and at 3.9 GPa (DAC used). The ambient sample did not contain co-

rundum and diamond peaks.

using XFIT may show a large difference from the crystallographic-
simulated peak positions.

Thus, JCPDS card #29-0331 was selected as a reference pattern to
identify Miller indices, (hkl), of the measured diffraction peaks of 14 A
tobermorite because it matched very well with the patterns of current
study. However, because the card relies on an orthorhombic crystal
system, the calculated lattice parameters and unit cell volume values
were converted into monoclinic system for direct comparison with
the monoclinic results of Rietveld analysis. Twenty-three diffraction
peaks of 14 A tobermorite were selected for an ambient pattern, but
for the high-pressure X-ray diffraction patterns from DAC, only 6 to
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Fig. 4. Integrated powder X-ray diffraction patterns of 14 A tobermorite by Fit2D as a
function of pressure. All the peaks are generated from 14 A tobermorite except for
the peaks indicated with the following labels: B = corundum, ¢ =diamond. Q =4m/
N\xsin(0); A =wavelength of incident X-ray in A, 6 = diffracted angle.

8 distinct peaks could be clearly identified because of the small sam-
ple size of the DAC apparatus, which made the diffracted intensities
very weak. Nonetheless, a reasonable result was obtained. The lattice
parameters obtained with the two methods are found to be similar
(see Tables 1 and 2).

In the experiment, a third-order Birch-Murnaghan equation of
state was fitted to the normalized pressure-volume data to obtain a
bulk modulus and the equation is expressed as:

P %KO (V/Ve) = (V/V,) ] {1 +% (K,—4) ((V/VO)_%—lﬂ

where, V is the volume of unit cell, V, is the initial volume of unit cell
at ambient pressure, P is the pressure applied to material, K, is the
bulk modulus at zero pressure, and K’, is the derivative of bulk mod-
ulus at zero pressure [21]. By newly defining the normalized pressure,
F=P/{1.5[(V/V,)~ " —(V/V,)~>7?]}, and the Eulerian strainf=0.5"
((V/V,) =22 —1), the third order Birch Murnaghan equation of state
is reorganized into the linear form: F(f) =K, — 1.5K,(4 — K',))f.

In the plot of F versus f, which were recast from experimental data
points, the y-intercept and slope of the weighted least-squares fit
gives the bulk modulus K, and its derivative K’, at zero pressure (see
Fig. 6). To reduce any erroneous effects from all possible errors, a
weighted linear least-squares fits with errors [22] was used to modify
the standard least-squares regression. Note that the pressure derivative
K, is quite often assumed to be 4.0, as in the current study based on ev-
idence that the K, for many materials approaches 4 [23,24], for low-
pressure range studies and high-pressure zeolite studies when the cal-
culated value is considered unrealistic (e.g., too high or too low). Fig. 6
(a) displays the normalized volume-pressure data calculated from the
lattice parameters using the Birch-Murnaghan equation. The calculated
bulk modulus values are summarized in the figure (K,=47+3 GPa
from CELREF, K, =47 + 4 GPa from Rietveld method). Fig. 6 (b) shows
the f-F curves used to determine the bulk modulus values [25-27].

4. Discussions
Fig. 7 plots the lattice parameters determined for the current

tobermorite sample as a function of pressure, and it also includes
the previous study for synthetic C-S-H(I) [=SYN C-S-H(I), Ca/
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Fig. 5. Refined (solid line) and original experimental (dashed line) profiles from Rietveld analysis of 14 A tobermorite sample under an ambient pressure and at 3.9 GPa.

Si=097; a=6.87A, b=731A, ¢=2534A and y=123.15°, con-
verted into the monoclinic system from the reference data, at ambi-
ent condition; K, of C-S-H(I) =~38 GPa] by Oh et al. [28]. The new
result can be directly compared to results of the C-S-H(I) study be-
cause the same experimental techniques were applied. Note that
the bulk modulus of 14 A tobermorite is found to be higher than
that of C-S-H(I) by ~24%. Interestingly, while the compression curves
of the unit cell parameters a and b for both 14 A tobermorite and C-
S-H(I) are clearly very similar (see Fig. 7), the linear incompressibility
of ¢ of 14 A tobermorite [=~89 GPa/(m/m)] is significantly higher
than that of C-S-H(I) [=~61 GPa/(m/m)] by ~45%, suggesting two
possible interpretations:

First, although C-S-H(I) is a more disordered form of 14 A tober-
morite [29], they are made up of very similar Ca-O layers that are par-
allel to the a-b plane. Atomic force microscopy measurement [30]
supports this assumption by showing surprisingly small changes in
these parameters with changes in the Ca/Si ratio. The Fourier

Table 1

transform of the AFM image gave the surface cell parameters (a, b
and vy) of C-S-H as a function of Ca/Si. Consequently, although intro-
ducing structural disorders into the Ca-0 layers (e.g., changes of Ca/Si
ratio by omitting bridging Si-tetrahedra in the silicate chains) [8,10] is
necessary to reproduce more realistic overall properties of C-S-H, the
disorder does not actually change the compression behavior of the a-
b plane of the unit cell. The Ca-0O layer actually controls the compres-
sion properties of the a-b plane, rather than the silicate chains, or the
interlayer molecules and atoms.

Second, the compression behaviors of 14 A tobermorite and C-S-
H(I) are dominated by the characteristics of the interlayer spacing.
The interlayer spaces along the lattice parameter ¢ are quite different
between these two materials (e.g., different interlayer spacing, inter-
layer water molecules, degree of disorders in the silicate chains, or
additional Ca ions). Note that the bulk modulus values of these two
materials are approximately proportional to their linear incompressi-
bility of the lattice parameter c. This strongly supports the idea that

Pressure-volume data with unit cell parameters for calculated from MAUD software for 14 A tobermorite as a function of hydrostatic pressure; the calculated unit cell is monoclinic

according to reference [13].

P(GPa) V(A%) a(A) b(A) c(A) Y(°)
Ambient 1153+5 6.7149 £ 0.0005 7.3463 +0.0006 27.920 £ 0.001 123.158 £ 0.006
1.0+0.2 1129420 6.686 +0.002 7.329+0.001 27.539+0.004 123.184+0.03
1.9+0.2 1111+£7 6.6621 £ 0.0007 7.3100 + 0.0009 27.274+0.002 123.234+0.01
26+03 1097 +9 6.643 £0.001 7.293 £ 0.001 27.060 +0.003 123.224+0.01
32+03 1087+9 6.626 +0.001 7.2802 + 0.0009 26.895+0.003 123.10+0.01
3.6+03 1082+ 6 6.6120 £ 0.0007 7.2884 +0.0009 26.799 +0.003 123.112+0.009
39+03 1076 +7 6.6108 £ 0.0008 7.2758 +0.0007 26.750 £ 0.002 123.224+0.01
43+04 1063+8 6.5932 4 0.0009 7.272 +0.001 26.471+0.003 123.08 +0.01
48+04 1054+ 10 6.589 +£0.001 7.2404 +0.0008 26.386 +0.003 123.18+0.01
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Table 2

Pressure-volume data with unit cell parameters, calculated from CELREF software for
14 A tobermorite as a function of hydrostatic pressure; the unit cell parameters and
volume are calculated using orthorhombic system first according to JCPDS card # 29-
0333 and then converted into monoclinic system using the geometrical relationship
shown in in-let figure of Fig. 7 in order to directly compare the incompressibility of lat-
tice parameters with the results from Rietveld analysis.

P(GPa) V(A3) a(A) b(A) c(A)

Ambient 577.9+0.4 5.623 +0.002 3.677 +0.002 27.952 +0.006
1.0+£0.2 566.5 +0.7 5.601 +0.004 3.664 +0.003 27.61+0.02
1.9+02 55941 5.576 +0.004 3.656 +0.004 27.40 4+ 0.04
26+03 550.2+0.7 5.555+0.003 3.649 + 0.002 27.15+0.03
32403 545.4+0.9 5.542 +0.004 3.643+0.003 27.02 +0.04
3.6+03 53941 5.533 +0.003 3.640 + 0.002 26.77 +0.07
39403 538+1 5.529 +0.002 3.637 +0.002 26.73 +0.06
43+04 53442 5.519+0.003 3.634+0.003 26.62 +0.07
48404 529+2 5.516+0.004 3.629+0.003 26.43+0.09

(a) Lattice parameters and unit cell volumes calculated in orthorhombic cell.

P(GPa) V(A%) a(A) b(A) c(A) Y(%)
Ambient 1156 +1 6.719+ 7.354+ 2795+ 12318+
0.002 0.004 0.01 0.02
1.0+0.2 1133+1 6.693 + 7.328 + 2761+ 12319+
0.004 0.006 0.02 0.02
1.0+0.2 1118+2  6.668 + 7312+ 2740+ 12325+
0.004 0.008 0.04 0.02
26+03 1100+1 6.646 + 7.298 + 2715+ 12330+
0.003 0.004 0.03 0.02
32+03 1091+2  6.632+ 7.286 + 27.02+ 12332+
0.004 0.006 0.04 0.02
3.6+03 1078 +2  6.623+ 7.280 + 26.77 £ 12334+
0.003 0.004 0.07 0.02
39403 1076 £2  6.618+ 7274+ 2673+ 12334+
0.002 0.004 0.06 0.02
43+04 1068+4  6.608 + 7.268 + 26.62+ 12336+
0.003 0.006 0.07 0.02
48+04 1058+4  6.603+ 7.258 £ 2643+ 12334+
0.004 0.006 0.09 0.02

(b) Lattice parameters and unit cell volumes, expressed in monoclinic cell,
converted from the values of (a).

further detailed studies for the interlayer space of C-S-H is necessary
to understand the properties of C-S-H [32,33].

Molecular dynamics (MD) and ab-initio simulation have played
an important role in understanding of C-S-H, and several studies
[8-12] have yielded various bulk modulus values for the 14 A tober-
morite (summarized in Table 3). Note the large discrepancies be-
tween the MD simulation results, although very similar MD
simulation methods were employed. For instance, Al-Ostaz et al's
[12] work shows the degree to which the selection of force field and
the size of the supercells might influence the simulated result of
14 A tobermorite in the same MD simulation scheme. Our result for
14 A tobermorite agrees best with the Manzano et al.'s simulations
[8,10] where the bulk modulus of 14 A tobermorite with infinite
length of silicate chains (Ca/Si=0.83) was 46 GPa and 44.8 GPa;
this is very similar to the results presented herein. In addition, they
introduced structural defects into the crystal structure of 14 A tober-
morite, thereby limiting the length of silicate chains to the range from
dimers to octomers. As the shorter lengths of chains were introduced
in [10], the bulk modulus generally decreased in a range of 33.7-
47.8 GPa, but mostly the values for 14 A tobermorite having Ca/
Si=~1.0 are near 35 GPa. These are very close to the experimental re-
sult of C-S-H(I) by Oh et al.[28]. On the other hand, our result is
higher than the value from the ab-initio calculation by Shahsavari et
al. (see Table 3) [11]. However, note that the current 14 A tobermor-
ite structure by Bonaccorsi et al. does not provide separate positions
of H and O atoms of interlayer water molecules and thus the orienta-
tions of the water molecules are currently unknown. As seen in Fig. 7,
because the atoms and molecules in the interlayer space may largely

(a)
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Fig. 6. (a) Pressure vs. normalized volume data of 14 A tobermorite with its curve-fitted
third order Birch-Murnaghan (B-M) equation of state and the calculated bulk modulus
values (K,), and (b) Plot of normalized pressure F versus Eulerian strain f. R> = goodness
of fit.

influence the bulk modulus values of 14 A tobermorite and C-S-H(I)
[32], the orientations of the interlayer water molecules should be also
included for more accurate ab-initio simulation. Thus, it is difficult to

/e of 14A
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Fig. 7. Incompressibility of normalized lattice parameters a, b, and ¢ of 14 A tobermor-
ite of the current study and C-S-H(I) samples from the reference [28]. All lattice pa-
rameters are expressed in monoclinic system.
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Table 3
Bulk modulus values of 14 A tobermorite from simulation works in the literature.

Simulation study Structure Model Bulk modulus Simulation tool and conditions
(GPa)
Manzano et al. (2007) [8] Tobermorite 14 A (Ca/ 46 Potential minimization (GULP code: general utility lattice program)
Si=0.8)
Pellenq et al. (2008) [9] Tobermorite-like 14 A 354 20.7 Potential minimization (GULP code: general utility lattice program)

structure with Ca/Si=0.83 (Voigt) (Reuss)
starting from Hamid's 11 A
tobermorite structure [31]

Manzano et al. (2009) [10] Tobermorite Te (Ca/ 44.8
14A Si=0.83)
Tc.8 (Ca/ 47.8
Si=1.0)
Tea5 (Ca/ 339
Si=1.1)
Tca2 (Ca/ 24
Si=1.5)
Ton8 (Ca/ 36.8
Si=0.94)
Tou5 (Ca/ 33.7
Si=1.0)
Ton2 (Ca/ 26
Si=1.25)
Shahsavari et al. (2009) [11] Tobermorite 14 A (Ca/ 35.91 (Reuss—
Si=0.83) using Voigt-Hill
Bonaccorsi et al.'s average
structure [13]
Al-Ostaz et al. (2010) [12] 14 A tobermorite (Ca/ 334
Si=0.83) using
Bonaccorsi et al.'s 45.68

structure [13]
49.79

52.89

Potential minimization (GULP code: general utility lattice program);

T =tobermori te; the subscripts OH and Ca refer to the charge used
compensation method (see the reference for details); the end number
indicates the silicate chain length counted by the number of Si atoms
in the chain.

First principles study using DFT (density functional theory) and GGA
exchange correlation functional, implemented by PWSCF package of
quantum espresso

1 xsingle unit cell size with MD tools The same MD method by Manzano et al. (2009).

and force fields =F-U and Pellenq et al.(2008); MD simulation
1x single unit cell size with MD tools (F=Forcite, D=discover, U= UFF,
and force fields =D-C C=Compass force field),

2 x single unit cell size with MD tools implemented by Materials Studio software
and force fields =D-C

3 x single unit cell size with MD tools

and force fields =D-C

judge each simulation results without any further investigation. De-
tails about the crystal structures at high pressure could be obtained
if the Rietveld refinement included atomic positions for which more
accurate intensities would be required.

5. Conclusion

The current study experimentally determined the bulk modulus of
14 A tobermorite, K, =47 4+4 GPa using a Rietveld refinement and
K,=47 43 GPa from the unit cell parameter refinement using high-
pressure synchrotron X-ray diffraction. This study shows that the
incompressibilities of the lattice parameters a and b are very similar
to those of C-S-H(I) determined previously [28], suggesting that
the Ca-0 layer structures may not be significantly different between
14 A tobermorite and C-S-H(I). However, the incompressibility of
the lattice parameter c is found to dominantly influence the bulk
modulus, implying that the atoms in the interlayer spaces are impor-
tant in understating the compression behavior of C-S-H.

Previous atomistic simulations for complex C-S-H related mate-
rials greatly improved our understanding, but to date were unable
to provide a reasonable value for the bulk modulus of 14 A tobermor-
ite. Presented herein in a method to directly determine the bulk mod-
ulus of tobermorite and as such will form an essential constraint for
future simulation studies. Urgent future studies include the need to
determine the effect of the Ca/Si ratio on the bulk modulus.
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