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A B S T R A C T

X-ray Raman Scattering (XRS) is a new probe to analyze the local chemical environment of elements of interest.
In this communication, XRS is, for the first time, used in the field of cement study. In situ high-pressure XRS (HP-
XRS) at Ca L2,3-edge was used to examine the pressure-induced change of Ca environment of C-S-H under a
loading/unloading cycle of combined deviatoric stress and hydrostatic pressure up to 20 GPa. The peak positions
of the Ca L2,3-edge systematically shifted to lower energies upon loading, suggesting a shortening of the CaeO
bonds. The peak positions of the Ca L2,3-edge shifted to higher energies upon unloading, but permanent shifts in
edge positions were observed after unloading to 0 GPa, suggesting a permanent deformation mainly due to a
distortion in the interlayer Ca and a sliding at interlayer region. For the first time, the pressure-induced struc-
tural change of C-S-H is evidenced at the atomic scale.

1. Introduction

Calcium silicate hydrate (C-S-H), the primary binding phase in
concrete, controls the mechanical and has a significant importance in
the durability of concrete [1]. C-S-H has a layered structure analogous
to defective tobermorite (a CaO7 sheet sandwiched by silicate tetra-
hedra chains and hydrous interlayers) [2] with variable chemical
compositions [3]. This silicate chain consists of polymerized tetrahedral
units – one bridging tetrahedron and two paired tetrahedra. The brid-
ging site is replaced by interlayer Ca when Ca/Si ratio increases [4].
Synthetic C-S-H (also termed C-S-H(I)) has a poorly ordered layer-
stacking, and the stacking is even poorer for C-S-H in hardened cement
[5]. The size of C-S-H representative domains has been estimated to be
~5 nm [6,7].

Understanding the mechanical properties of C-S-H at phase-pure
level can advance the optimization of concrete using a bottom-up ap-
proach. In nanoindentation studies, when indentation depth is below
500 nm [8], the contribution of portlandite on indentation modulus of
C-S-H can usually be eliminated [9]. However, nanoindentation only
probes the mechanical properties of C-S-H at a high hierarchical level –
where the C-S-H building blocks interconnect with water/gas/epoxy-
filled nanometer-size gel pores [10]. In addition, the sample prepara-
tion for nanoindentation requires an extremely flat surface, the pol-
ishing process of sample surfaces may slightly alter the results. The
influences of pores at nano [11] to even macro [12] scales on the

measurement of mechanical properties of C-S-H cannot be omitted in
studies at different hierarchical levels.

The mechanical properties of pure C-S-H have been investigated
using atomistic modelling [13,14]. The theoretical calculations have
been experimentally validated down to the unit-cell scale using high-
pressure X-ray diffraction (HP-XRD) [15,16], which eliminates the in-
fluence of nanopores between C-S-H nano-domains. However, de-
termining the pressure-induced structural change at atomic scale from
HP-XRD refinement is challenging due to the poorly-crystalline nature
of C-S-H [17] and the typical amorphization of cement hydration pro-
ducts under high pressure [18]. The ordering of layer-stacking of C-S-H
is typically poor at low Ca/Si ratio or with Al incorporation at room
temperature [19]. Our recent in situ study using high-pressure Raman
spectroscopy, a commonly used technique in geological studies, showed
that the interatomic interaction in silicate tetrahedra of C-S-H under
pressure can be probed [20]. However, the CaeO signal under the
pressure was not intense enough to be measured reliably. Another
technique for probing local bonding nature is X-ray absorption spec-
troscopy (XAS) [21]. Unfortunately, for a high-pressure diamond anvil
cell (DAC), the transmission of hard X-ray through a gasket and dia-
mond anvils typically requires energy above 6 keV, which exceeds the
K-edge (i.e., 4050 eV) of Ca- the heaviest element in C-S-H [22,23].

X-ray Raman scattering (XRS, also known as non-resonant syn-
chrotron inelastic X-ray scattering) spectroscopy is a new probe for the
determination of the element-specific local bonding environment. In
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this synchrotron-based technique, electronic transitions at soft X-ray
absorption edges are excited using hard X-ray, typically ~ 10 keV, by
tuning the energy loss between incident and scattered X-ray energy
[22]. XRS is ideal to obtain chemical information of light elements with
bulk-sensitivity [24]. The energy loss in XRS typically ranges from
~0 eV to 1100 eV, which covers Si L-edge, Ca L2,3-edge, and O K-edge.
Thus, the in-situ pressure-induced change in exciton energy of elements
of interest in C-S-H can only be measured in a DAC using high-pressure
X-ray Raman scattering (HP-XRS) spectroscopy.

In this study, we probe the in-situ pressure-induced change in cal-
cium environment of C-S-H using HP-XRS spectroscopy at Ca L2,3-edge.
The influence of gel pores, even at the nanoscale, is eliminated. A
loading/unloading cycle of combined deviatoric stress with hydrostatic
pressure is applied to the pure C-S-H sample. For the first time, the
pressure-induced structural change of Ca in C-S-H is evidenced. Our
results exhibit a great potential in the use of this emerging technique in
cement-related studies. The use of HP-XRS is not limited by the crys-
tallinity and amorphization of samples or certain impurities. The ap-
plication and limitation of this technique in cement studies are dis-
cussed.

2. Materials and experiment

C-S-H was synthesized at an initial bulk Ca/Si molar ratio of 1.4, by
mixing CaO and SiO2 at a water-to-solid mass ratio of 45 in a N2-filled
glove box, and cured at 20 °C for 182 days. The solid was vacuum fil-
tered using 450-nm nylon filters, freeze-dried for 7 days, and then
stored in N2-filled desiccators at 30% relative humidity. The final Ca/Si
ratio was measured to be 1.29 [19].

HP-XRS experiment was performed at ~25 °C using a panoramic
DAC at beamline 16-IDD of the High Pressure Collaborative Access
Team (HPCAT) at the Advanced Photon Source (APS) in the Argonne
National Laboratory. The undulator beamline provides monochromatic
X-rays at ~10.2 keV with beam size of 3 μm × 5 μm. Three columns of
50.8-mm diameter bent Si (111) analyzers (fixed energy at 9.903 keV)
were mounted on an 870-mm vertical Rowland circle to refocus in-
elastically scattered X-ray photons onto a Si detector at a scattering
angle of 30° to the focusing poly-capillary in a backscattering geometry.
The incident beam is perpendicular to the principal loading direction.
The averaged momentum transfer (q) in this study is 2.65 Å−1. The
energy resolution of this beamline setup is 1.0 eV. For more details of
the beamline setup, see [25]. This beamline setup with a focusing poly-
capillary is optimized for signal/noise ratio with certain compromise of
scattering angle (a fixed scattering angle), resulting in an intermediate
level of q. Otherwise, the data collection time can be five times longer.
Given the beamline setup, the collection time of a single dataset at Ca
L2,3-edge was 8–12 h with an average of 11 h.

A Be gasket (Easymaterials, China) was pre-indented by diamond
anvils (400-μm culet diameter) to a thickness of ~50 μm, and then a
~90-μm diameter cylindrical chamber was laser-drilled at the gasket
center. The drilled gasket was carefully rinsed with reagent-grade
ethanol in a fume hood. The powder sample, with a ruby sphere (as a
pressure gauge), was loosely loaded into the chamber. A thin layer of
polyimide foil was wrapped around the backseats in the DAC to isolate
any potential Be/BeO dust if the experiment fails and the Be gasket
explodes. Pressure transmitting medium was not used in this HP-XRS
study; therefore, a deviatoric stress is generated (~10% of the pressure
indicated by ruby) [28]. Note that, in previous HP-XRD studies of ce-
ment-related samples, pressure medium (e.g., methanol/ethanol mixed
solution or silicone oil [26,27]) was used to provide a hydrostatic
pressure in the gasket chamber. However, pressure medium is not often
used in the HP-XRS study for minimizing scattering and/or absorption
from the pressure medium [22]. Moreover, these pressure media would
provide inevitable artifacts during the collection of O K-edge and/or Si
L-edge XRS spectra, if applicable in any further data collection. For the
ambient-pressure XRS measurement, the dry powder was loaded into a

thin-walled polyimide tube (400-μm diameter) and measured in a N2-
protected environment. The DAC was systematically loaded from am-
bient pressure to 20 GPa, then unloaded back to 0 GPa. After each
pressure change, 15 min was waited for pressure stabilization before
each HP-XRS measurement.

3. Results and discussion

Fig. 1 shows the Ca L2,3-edge of C-S-H, CaO [28], and portlandite
[28]. The L3 and L2 peaks correspond to electronic exciton from 2p-
state with total angular momentum of 3/2 and 1/2 to unoccupied
states, respectively [22]. The XRS spectrum at the C-S-H Ca L2,3-edge
does not clearly exhibit two spin-orbital related weak pre-edge peaks (x
and y) which are commonly observed in XAS spectrum of C-S-H
[29,30]. These pre-edge peaks are sensitive to momentum transfer (i.e.,
q dependent) in XRS and are often more intense at higher momentum
transfer [22,31]. However, the beamline setup here allows only an
averaged q of 2.65 Å−1 at Ca L2,3-edge due to a fixed scattering angle at
30°, which likely precluded us from observing the pre-edge peaks.
Measurement with a higher q at other beamlines (e.g., 20-ID at the
European Synchrotron Radiation Facility (ESRF)) may reveal the pre-
edge peaks in XRS [32]. Note that, a comparison of peak positions
between the three phases here is meaningless as the energy calibration
was unknown and the momentum transfer was different.

Fig. 2a shows the XRS spectra of C-S-H at different pressures. The
peak positions of L3 and L2 peaks as a function of pressure are shown in
Fig. 2b. The peak positions systematically decreased with an increased
pressure, suggesting a lowered energy of unoccupied states of Ca. The
same relation between pressure and energies of L3 and L2 was also
observed in a HP-XRS study of CaSiO3 glass [22]. The pressure-induced
lower exciton energy corresponds to shorter CaeO pair distance in C-S-
H. Our previous simulation results showed that CaeO pair distance of
C-S-H shortens under hydrostatic pressure. After reaching 20 GPa, the
DAC started to unload, and the exciton energy increased. The increased
energy suggests a recovery from shortened CaeO pairs. Interestingly,
the shift of peak positions between ambient and unloaded 0 GPa shows
that the change in exciton energy is not fully reversible. The energy
shift suggests a relaxation of atomic position which results in a

Fig. 1. Calcium L2,3-edge XRS spectra of C-S-H, CaO, and portlandite. The XRS
spectra of CaO and portlandite are from [28], and the energy calibration was
unknown. The energy resolution in the present study is 1.0 eV (worse than
0.9 eV in [28]), also making the spectral comparison here meaningless.
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permanent deformation (i.e., shortening) of CaeO pair distance after
unloading. A permanent deformation of −1.5% along the c-axis of a
cross-linked Al-incorporated C-S-H (C-A-S-H) was found in our previous
study using HP-XRD under a deviatoric stress [14,33].

We assign this CaeO deformation mainly to the distortion of in-
terlayer Ca and a sliding of interlayer. Richardson's T2_ac dimeric to-
bermorite-based model [4] with Ca/Si of 1.3 (see Fig. 3) can elucidate
the CaeO pairs. Although the average CaeO bond length in six-fold
coordination is typically shorter than that in seven-fold coordination, in
this case 2.43 Å in six-fold coordination vs. 2.475 Å seven-fold co-
ordination, the six-fold coordinated interlayer Ca connects to two water
molecules (Ow). These two Ca-Ow bonds both have lengths of 2.69 Å
while the bond lengths of other four CaeO range from 2.28 to 2.32 Å.
The Ca-O in CaO7 sheet is the least deformable since the intralayer is
much denser than the interlayer. Computational modelling is expected
to provide additional insight into the pressure-induced atomistic
change.

Trends in area or intensity ratio of the two peaks with applied
pressure were not observed. The lack of such trends suggests the ab-
sence of a spin transition between L3 and L2 under pressure. The

pressure up to 20 GPa is not high enough to force the transition of core
electrons in Ca. Certainly the extreme stress condition of this sample in
the DAC significantly exceeds the ultimate strength of even ultra high
performance concrete under service [34]. Whereas, the applied com-
pression on C-S-H samples or cement pastes by a nano-indenter can be a
few GPa [35], and the shear stress can be even higher near the contact
edge of the indenter due to stress concentration [36,37]. Such high
stress may result in a permanent deformation of CaeO in C-S-H. Thus,
chemical analysis (e.g., optical Raman and infrared spectroscopy)
around the nano-indents of C-S-H should be avoided.

The present study shows a great potential in the use of HP-XRS in
cement research. In addition to aforementioned advantages at Ca L2,3-
edge. For future studies and systematic comparisons in XRS spectra at
Ca L2,3-edge, a comprehensive dataset of CaO, portlandite, C-S-H, and
C-S-H minerals (e.g., tobermorite and jennite), ideally measured at the
same high level of q, is needed. HP-XRS also can be used to probe the
pressure-induced change in environments of SieO in C-S-H and C-A-S-
H, from both synthetic phase-pure C-S-H samples and hydration of ce-
ment without concerning the crystallinity of C-S-H and any Ca-bearing
impurities. Note that the optical Raman bands at wavenumber of
800–1000 cm−1 in hydration product C-S-H is very broad [38]; thus,
the study of pressure-induced change in its Si-O(eSi) bond(s) is chal-
lenging when conventional optical Raman spectroscopy is used.

Future studies using HP-XRS are needed to explore the influence of
mean silicate chain length, cross-linking of chains, and aluminum in-
corporation on pressure-induced change in Ca environment of C-S-H.
Future experiments with pure hydrostatic conditions (with pressure-
transmitting medium) are needed to understand the influence of stress
conditions (hydrostatic versus non-hydrostatic) on the pressure-induced
change in environment of Ca, O, and Si of C-S-H and other cement-
related phases.

The limitations of HP-XRS application in cement-related study
should not be ignored. The XRS data collection is inefficient since XRS
inevitably excites inelastically scattered X-ray photons, the intensity of
which is significantly lower than that of an elastic X-ray signal [22].
Thus, the current minimum collection time is 8–12 h for C-S-H at Ca
L2,3-edge at each pressure point. Typically, the required collection time
for O K-edge and Si L-edge spectra can be even longer. A set of Ca L2,3-
edge as a function of pressure currently requires collection time of a few
days. The current collection time under hydrostatic conditions, with the
use of methanol/ethanol solution or silicone oil as the pressure
medium, can be further elongated because the scattering and absorp-
tion of medium lowers the intensity of inelastically scattered X-ray (the
attenuation is not negligible at ~10 KeV). The use of helium as a

Fig. 2. a) Ca L2,3-edge XRS spectra for C-S-H at varying pressures. After 20 GPa, the DAC was unloaded to 0 GPa. b) Peak positions of L3 and L2 in a). The data were
fitted with Gaussian distribution.

Fig. 3. The molecular structure of C-S-H (Ca/Si = 1.3) [4].
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pressure medium, although not commonly used in HP-XRS studies [32],
can significantly lower the attenuation at energy of ~10 KeV. This DAC
and gas loading setup will be considered in future studies. Fortunately,
the fourth-generation synchrotron sources (e.g., upgraded ESRF and
APS) [39], which are available soon, can be more than two orders of
magnitude brighter than the current status of APS. Thus, the future
collection time of HP-XRS at each pressure point is expected to be
significantly reduced. Because XRS probes elements of interest, studies
of C-S-H intermixes with portlandite or anhydrous silicate are chal-
lenging at Ca L2,3-edge and/or Si L-edge.

The limitations of HP-XRS for general application are also notable.
Beryllium is highly toxic when exposed to skin or by inhalation. After
unloading of a DAC, the sample is often tightly embedded in a Be
gasket. The extraction of an unloaded sample from the deformed Be
gasket is challenging and hazardous. Further characterization of an
unloaded sample without Be contaminant is very difficult.

4. Conclusions

In this communication, the use of HP-XRS to investigate the ato-
mistic scale change of C-S-H has revealed new insight into the de-
formation of C-S-H under loading. For the first time, a permanent de-
formation of CaeO in C-S-H has been evidenced after a full load-
recovery. Hence, this new synchrotron-based technique is a valuable
tool for investigating the atomistic change of semi-crystalline and even
amorphous phases in cement-related studies.
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