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This paper investigates the atomic and nano-scale structures of a 50-year-old hydrated alite paste. Imaged by
TEM, the outer product C–S–H fibers are composed of particles that are 1.5–2 nm thick and several tens of nano-
meters long. 29Si NMR shows 47.9% Q1 and 52.1% Q2, with a mean SiO4 tetrahedron chain length (MCL) of 4.18,
indicating a limited degree of polymerization after 50 years' hydration. A Scanning Transmission X-rayMicrosco-
py (STXM) studywas conducted on this late-age paste and a 1.5 year old hydrated C3S solution. Near Edge X-ray
Absorption Fine Structure (NEXAFS) at Ca L3,2-edge indicates that Ca2+ in C–S–H is in an irregular symmetric co-
ordination, which agreesmore with the atomic structure of tobermorite than that of jennite. At Si K-edge, multi-
scattering phenomenon is sensitive to the degree of polymerization, which has the potential to unveil the struc-
ture of the SiO4

4− tetrahedron chain.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Portland cement is the primary component of modern concrete, and
its use in construction continues to increase [1]. Despite decades of
research, many questions regarding the hydration and long-term per-
formance of cement-based materials remain unclear. One of the key is-
sues that remain to be resolved is the atomic, nano- and micro-scale
structures of hydration products, particularly calcium silicate hydrates
(C–S–H). Answers to these questions are critical to improving modern
concrete science and technology.

Relevant research is hamstrung by the complexity of the cement-
based material, which comes from the heterogeneous nature of the
hydration products of ordinary Portland cement (OPC). Alite, or its
pure chemical phase tricalcium silicate (3CaO·SiO2, or, in cement chem-
istry notation, C3S), is a major component of OPC and is frequently used
to model the hydration system of OPC [2,3]. However, even when
modeling a simple system such as pure C3S, the dissolution, diffusion
and precipitation processes involved in the hydration process still re-
main unclear.

For example, the heat evolution of C3S hydration shows an induction
behavior between the initial heat release (shortly after mixing with
water) [4,5] and accelerated reaction period, which cannot be
1 510 643 5264.
iro).
thoroughly explained by any single hypothesis. Stein [6] was the first
researcher to attribute this induction behavior to the rapid formation
of a meta-stable calcium silicate hydrate layer, which is thin but able
to prohibit the dissolving of unreacted C3S. Thomas [2] has suggested
that the slow rate of nucleation on C3S surface could solely account for
the phenomena. This hypothesis gives a more robust interpretation of
the heat evolution compared to the Avrami model, which is based on
random nucleation [7].

If debates in the mechanism of hydration behavior remain unre-
solved, they pale in comparison to the contentious discussions sur-
rounding the nature of the primary hydration products, calcium
silicate hydrates (C–S–H). At the atomic scale, Taylor [8] suggested
a dreierketten structure based on the natural mineral tobermorite
(Ca5Si6O16(OH)2·4H2O). Any observed high Ca/Si atomic ratio in C–S–
H could be explained by either a shortening of chain length or the incor-
poration of calcium hydroxide and a natural calcium silicate hydrate
mineral, jennite (Ca9Si6O18(OH)6·8H2O). The NMR [9] study of neat
C3S hydration indicates that the mean chain length (MCL) of the SiO4

-

tetrahedron chain is about 2 at early age and 4.76 after 26 years of hydra-
tion. Based on Taylor's model, Richardson [10] developed a more explicit
model that attempts to explain several experimental observations, such as
the alternation of Ca/Si ratio and the evolution of MCL during hydration.
At the nano-scale, Jennings [11] suggested that the basic construction
unit of C–S–H is a non-spherical globule whose dimension is around
5 nm. Constantinides and Ulm [12] applied this model successfully to

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2015.06.010&domain=pdf
http://dx.doi.org/10.1016/j.cemconres.2015.06.010
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their nano-indentation experiments. The TEMstudies of hydratedC3S and
pozzolanicmaterial byRichardson [10] andTaylor [13] demonstrated that
the outer product of hydrated C3S grain, at high Ca/Si ratio, is composed of
long-thin particles but two-demensional foils in case of low Ca/Si ratio;
the inner product is rather featureless.

In this paper, we denote “outer product” as the hydrates that form
in the space that was originally occupied by water, and “inner prod-
uct” as the hydrates that form within the original boundary of C3S
and water. As described by Richardson [10], in an 8-year-old C3S
paste with water/cement ratio (w/c) = 0.4 hydrated at 20 °C, large
fibrillar outer products C–S–H (Op C–S–H) form in a radial fashion,
rooting on the boundary between Op and Ip C–S–H. Each fibril
(100–150 nm wide) is composed of a finer substructure also in a fi-
brillar shape. This substructure is about 3 nm in its smallest dimen-
sion, with the length varying from a few nanometers to many tens
of nanometers.

The sample being investigated here is a 50-year-old alite (96% C3S)
hydration system with w/c = 0.5. Most research in cement hydration
is limited to a three-year window of time [14]. Analyses of hydration
periods greater than this are rarely reported or conducted, even though
the typical design service life cycle of cementitious material is, on
average, 50 years and sometimes as long as 100 years. Therefore, analy-
sis of the evolution of cementitious material at very late age is critical
to determine its chemical composition, microstructure and macro-
performance.

Previous reports of NMR results on late age samples [10,9,14]
indicate elongation in MCL. To advance the limited knowledge of
themechanisms governing late-age hydration, the research reported
herein analyzed a 50-year-old paste using the unique characterizing
technique, Scanning Transmission X-ray Microscopy (STXM), com-
bined with similar techniques to those described in literature.
The STXM combines X-ray microscopic capabilities with Near Edge
X-ray Absorption Fine Structure (NEXAFS) spectroscopy, enabling
the in-situ investigation of Si and Ca coordination environments
within the cementitious material. STXM has been proven useful for
examining cement hydration [15,16], but this is the first study to uti-
lize sample at late age hydration.

2. Experimental methods

2.1. Sample preparation

Synthesized alite (96% C3S [17]) and distilled water were mixed at
w/c = 0.5, and cast into a 2-inch-long, 0.5-inch-diameter cylindrical
mold. For the first three years the sample was stored in saturated
Ca(OH)2 water solution at room temperature. After that the sample
was kept in a sealed plastic container, cured at room temperature for
47 years. To investigate the evolution of C–S–H, a 1.5-year-old sample
was also prepared by mixing pure C3S with distilled water at w/c =
5.0. Such a high water to cement ratio was used, so that the suspension
could be studied by STXM in an in-situway. Hydrated C3S particleswere
kept in their original morphology.

2.2. X-ray diffraction (XRD)

X-ray diffraction was performed with PANalytical X'Pert Pro dif-
fractometer, operating at 40 keV and 40 mA with a Cobalt anode. The
2-theta scanning range was between 5° and 100°, with a step width
of 0.0167° and collection time of 0.475 seconds per step. Software
HighScore (Plus)was used to identify the peak positions. There is an in-
creased possibility of carbonation since the sample was stored for 50
years. To identify the carbonation status, two powder samples were
prepared for the XRD test, one from the surface of the cylinder and
the other from the core, denoted respectively as SP (surface part) and
CP (core part).
2.3. Scanning Electron Microscope (SEM)

This study used a ZEISS EVO®MA10 SEM, with an Energy Dispersive
X-ray Spectrometer (EDX), operated in the Secondary Electron (SE) de-
tection mode with high vacuum and an accelerating voltage of 20 kV.
Probe currency was modified to obtain the best image quality. In
order to avoid carbonation, only sections of the sample taken from the
core were viewed under the SEM. The natural fracture surface of the
sample was carbon-coated to prevent sample charging, while various
locations were observed to yield a statistically representative result.

2.4. 29Si Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR)

A section of the sample taken from the core was finely ground and
packed evenly into a 4-mm zirconia rotor and sealed at the open end
with a Vespel cap. The rotor was the spun at 14 kHz on a Bruker
Ultrashield 400.13 WB Plus with a 9.2 T magnet operating at
79.495 MHz for 29Si and a dwell time of 10 μs, 2048 acquisitions were
obtained in all cases. In order to obtain quantitative data a recycle
delay of 30 s was used, which allowed for full relaxation of the signal.
The magic angle was set to 54.734°, using KBr as a reference. The quan-
titative information on the fractions of silicon ions present in silicate
tetrahedra with different connectivities was obtained by deconvolution
of the single-pulse spectrum. In this work, the spectrum was fitted by
the iterative fitting of the hydrate peaks to Voigt lineshapes using
IgorPro 6.35A5 (Wavemetrics, Inc., U.S.A.).

2.5. Transmission Electron Microscope (TEM)

Fine powders were scraped from the core of the cylinder, and
suspended with ethanol. The suspension was then deposited on a
carbon film and air-dried for 5 min. Ten-nanometer-diameter gold
particles, coated the carbon film to assure proper alignment of the re-
construction. A Titan CT TEM, equippedwithXplore3D tomography soft-
ware was used. To ensure that no Ca(OH)2 (CH) particles exist, which
will cause strong scattering, the diffraction pattern was investigated
before the tomography measurement was conducted. The rotation
rangewas set as 0° to−65° and 0° to+65°, which collected 361projec-
tion images that were then aligned using IMOD software [18].

2.6. Scanning Transmission X-ray Microscope (STXM)

Fine powders extracted from the core of the cylinder were
suspended in distilled water, and then a 0.02 μl drop was transferred
onto a 100 nm thick silicon nitride window. The window was then
attached to a thin steel plate and fixed to the STXM sample stage. As
shown in Fig. 1, the incidence X-ray beam can be tuned to continuously
changing energy values, and the sample stage allows scanning at high
spatial resolution; therefore X-ray Absorption Spectra (XAS) can be
recorded at specific locations of interest, providing point analysis. By
applying a high resolution Fresnel zone plate, the spatial resolution of
STXM can reach 25 nm. To study the chemical environmental evolution,
a control sample of pure C3S, w/c = 5.0 with a curing age of 1.5 years,
was also studied. The high w/c ratio of the sample was necessary to
enable the study of an isolated cement particle under STXM. This
would not be possible with a standard w/c ratio, as the particles
would clump, resulting in a thick sample, which X-ray could not pene-
trate. Throughout this study the 50-year-old sample tested by STXM
will be referred as C3S50 and the 1.5-year-old sample will be referred
as C3S1.5.

The STXM apparatus is affiliated to Advanced Light Source (ALS)
at Lawrence Berkeley National Laboratory (LBNL) at beamlines
5.3.2.1 and 5.3.2.2, with energy scanning ranges of 700–2200 eV
and 250–800 eV, respectively. X-ray absorption spectrum typically
records the absorption intensity versus the incident beam energy.
An absorption edge is encountered when the incident beam energy



Fig. 1. Schematic diagram of STXM.
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is close to the specific energy difference between the inner-shell and
outer-shell orbitals in a certain atom, when significant absorption is ob-
served due to the excitation of inner-shell electrons to empty outer-
shell orbits. This study focused on a unique part of the X-ray absorption
spectra, from about 30 eV before the absorption edge, to 30 eV after the
edge, resulting in a whole energy extension of about 60 eV. This unique
part is named Near Edge X-ray Absorption Fine Structure, shortened as
NEXAFS. Specifically, the NEXAFS spectra of calcium (Ca) L3,2-edge, sili-
con (Si) K-edge and carbon (C) K-edge were studied. They correspond
respectively to the excitation of L-shell electrons in Ca atoms, K-shell
electron in Si atoms and K-shell electron in C atoms. The NEXAFS spec-
tra are sensitive to the coordination status of the studied atom. Peak-
position shift or curve shape changingwould be observedwhen varying
atomic environment. The energy resolution can be as high as 0.1–0.2 eV.
Alteration in the chemical environment of Ca and Si will affect their
NEXAFS, providing the opportunity to obtain valuable chemical infor-
mation, e.g. the coordination state or the changes in the neighboring
atoms in molecular structure [19,20]. NEXAFS spectra at carbon
K-edge could yield the information of carbonation [34].

STXM data can be collected in several ways: a) Image can be gener-
ated from the absorption data of each pixel. In this case, the beam ener-
gy is fixed and the scanning is only conducted in spatial dimension.
Usually the data is converted to optical density (OD) image through
the Beer–Lambert law: OD = − ln[I ∕ I0], where I is the intensity of
the transmitted beam and I0 is the incidence beam intensity [21]. A
bright area on the OD image indicates a large absorption. Note that
the amount of absorption is affected to by three factors: density, thick-
ness and the absorption coefficient. Specially, the absorption coefficient
can be largely increased to a significant degree when the incident beam
energy reaches the absorption edge of certain elements, as explained
earlier; b) line scan data can be obtained by scanning both the incident
beam energy (within the range of about 60 eV and centered at the
absorption edge) and spatial dimension along a straight line on the
sample. Line-scan data contains the NEXAFS spectra of each pixel on
that line; c) Stack scan is themost complete scanmode and canmeasure
the NEXAFS on each pixel over the whole image. AXis2000 software is
used to process all types of data [22].
3. Results

3.1. XRD

In the XRD shown in Fig. 2, for both CP and SP, three phases can be
identified, Ca(OH)2 (CH), C3S and C–S–H. Unsurprisingly, CH is the
most dominant phase in both plots, since this is the major crystalline
hydration product. As would be expected due to its lack of crystallinity,
the C–S–H phase exhibits no sharp peaks on the plots. Instead, a broad
peak from 33° to 38° can be assigned to the C–S–H structure. A corre-
sponding spacing of 2.7 to 3.1 Å confirms the poorly crystallized nature
of C–S–H in hardened C3S paste. Similarly broad peaks were observed
by Bergold [23], where the C–S–H (alite paste at 23 °C with w/s = 0.5
after 65 h of hydration) peak values are almost identical with those re-
ported herein.

A small peak at 2θ = 59° is assigned to C3S [23,24]. The intensity is
significantly low so that hydration degree can be concluded to near
100%. Note that there are no peaks that can be assigned to CaCO3. It
can be claimed that no crystalline carbonate forms even after 50
years; this is also supported by the results of the NMR and STXM
study, discussed below. In summary, the XRD study proves that, over
the span of 50 years almost complete hydration has occurred with
zero carbonate crystals. The C–S–H remains poorly crystalline as at the
very early age.

3.2. SEM

Usually under the secondary electron (SE) mode, different compo-
nents, such as unreacted C3S, Ip C–S–H and Op C–S–H, are less distin-
guishable. Only under the back scattered electron (BSE) mode can
they be identified by grayscale value. However, in this 50-year-old C3S
paste sample, SE images show unique features that allow identification
of different components (Fig. 3).

The SEM results support those indicated by XRD data, in that the
sample contains almost no unreacted C3S and no CaCO3. As shown in
Fig. 3, three features are exposed on the fractural surface: 1) interlaced
fibers that form the matrix; 2) globular core with rough surfaces,
surrounded by a fibrillar matrix; and 3) a crystalline phase in plate-
shape. These are identified as Op C–S–H, Ip C–S–H and CH respectively.
The reasoning is as follows: Thefibrillarmaterial distributed throughout
the whole matrix is oriented in a radial fashion outside the globular
core. The thickness of the fibers is approximately 150–250 nm (most
fibers are of uniform thickness). Recall that in the early age hydration
fibrillar Op roots on the boundary between Ip and Op C–S–H, in a radial
format [14]. When the Op of adjacent C3S particles interlaces with each
other, the mixture sets and begins to gain strength. Therefore, the
universally existing fibrillar material in the 50-year-old sample most
probably comes from the early age fibrillar Op. Because the XRD results
determined that the amount of unreacted C3S is negligible, the globular
core must be the inner product, containing, most likely, very small
amount of C3S. Lastly, being the only crystalline phase in the sample,
CH must account for the large plates in the images, whose smooth
surface and sharp edge strongly indicate crystalline morphology.

The EDS datawere collected at various locations, as shown in Table 1
(the names of these locations are assigned according to the above anal-
ysis). The Ca/Si ratio of Ip and Op C–S–H is consistent with other studies
[25]. Reported Ca/Si ratio of C–S–H in pure C3S paste is ~1.7, which is
about the same as that of Ip C–S–H (~1.68), but smaller than that of
Op C–S–H (~2.02) in this study. The observed Ca/Si ratio in Op C–
S–H indicates a higher Ca–OH bond content in the Op zone. These
bonds are either in solid solution state inside C–S–H (as suggested
by Richardson [10]) or have formed nanoscale fine crystalline CH
which is too small to be distinguished from C–S–H.

Many researchers have suggested that the Ip ismore likely to form in
an in-situ reaction pattern, i.e. product forms where reactant is.



Fig. 2. XRD results of CP (core of the cylinder) and SP (surface of the cylinder).

Fig. 3. Secondary Electron images on different locations in CP (core of the cylinder), bar length 1 μm.
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Table 1
Statistics of EDS data of the 50-year-old C3S paste.

Phases # of testing points Average atomic Ca/Si Standard deviation

Ip C–S–H 11 1.68 0.15
Op C–S–H 6 2.02 0.15
CH 3 14.12 2.41
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However, the Ca/Si ratio (~1.68) of Op C–S–H is much smaller than that
of the original C3S. This suggests that, although the Ip is denser than Op
[11,12], Ca2+ ions are efficient in migrating to the Op zone. It is worth
mentioning that EDS under the SE model is more qualitative than
quantitative, due to the shadowing effect of uneven surface. Besides,
the signal comes from 0 to 3 μmbeneath the surface, while the material
of interests could be only 1 μm thick [26]. But considering the standard
deviation, the tendency is reliable as a comparisonwithin this study and
other published SEM–EDS results.

3.3. TEM

In conducting the TEM measurement, great care was taken in order
to find a particle that contained both Ip and Op C–S–H but no CH. The
crystal structure of CH would greatly affect tomographic collection
and introduce artifacts. Images of particles at various rotation angles
are shown in Fig. 4 in series from (a) to (f). Projection images from
the 3D acquisition are provided here instead of the 3D reconstruction,
because there was no single complete data set collected from −65° to
65°, without beam damage or the gain moving from view. As a result
the missing wedge of the sample largely decreases the resolution of
the 3D reconstruction, and therefore in this case 2D images are better
in showing details. As the sample rotates from (a) to (f), one part
(area P) of the particle disappears and the other (area Q) appears.
We conclude that the observed particle is a conjunction of Op C–S–H
(area P) and Ip C–S–H (area Q) with a total dimension of about
150 nm. White arrows in Fig. 4(b) mark the boundary between Ip and
Op C–S–H. The rationale is explained as follows.

The determination of Ip and Op C–S–H in the image series is based
on the TEM morphological observation of C3S pastes obtained from
the literature [10,14,27]. The Op C–S–H of hydrated neat C3S grain is re-
ported to be composedof long-thin particles, very similar to the features
of area P in this TEM results. Although it can alter to foil-like Op C–S–H
when the hydration environment is rich in Al3+ (for instance in the case
Fig. 4.A series of slices from the reconstruction of a particle in C3S paste,which is unidirec-
tionally rotated from (a) to (f); bar length is 20 nm. Areas P and Q are, respectively Op and
Ip C–S–H respectively. During rotation the feature of area Q increases while that of area P
fades.
of alkali activation/Slag addition [10]), the Op C–S–H in pure C3S paste
(and in also C2S paste [10]) is fibrillar all through the hydration process.
The diameter seems to grow from several tens of nanometers at very
early age to about 100 nm at eight years old, and eventually to
~200 nm at 50-years-old, as indicated by the SEM results in this work.

At a finer scale (b10 nm), the Op C–S–H fibers are composed of large
numbers of long thin particles aligned along its length. The particles are
about 1.5–2 nm in their smallest dimension and can be a few nanome-
ters to many tens of nanometers long. Adjacent particles are separated
by a transparent layer of about 1.5 nm thick, which is most likely to be
water layers when the sample is in moisture [8]. Based on these obser-
vations, area P is considered to be Op C–S–H because of its alternating
lamellar structure of long-thin particles and water layer. The thickness
of the particle (1.5-2 nm) is in good agreement with Richardson's
work on C3S pastes [10].

Area Q has similar morphology as the Ip C–S–H reported in other
studies [10,27]. Unlike the fibrillar Op C–S–H, the Ip C–S–H appears to
be the aggregation of globular particles. This results in a denser packing
than Op. Besides, the texture of Ip is rather homogenous, while that of
Op is with a preferred growing direction.
3.4. NMR

To determine the silicon anion structure present in the C–S–H
phases, 29Si MAS NMR was used to obtain quantitative information of
the fraction of silicon present in different tetrahedral environments.
The original spectrum shown in Fig. 5 has only two resolvable peaks at
shifts of −79.0 and −85.1 ppm. Anhydrous C3S contains nine distinc-
tive silicate anion environments, which are represented in a spectrum
as five resolvable peaks in the range of around −68 to −75 ppm [28].
As there is no indication of any peaks in this range, it can be concluded
that the C3S was fully reacted, which is in agreement with the results
obtained from the XRD. Because the spectrum has zero intensity in the
range of −89 to −103 ppm there are no Si anions in either chain
branching sites or three dimensional frameworks (Q3 or Q4) that form
when pastes carbonate [29], confirming that the C–S–H has not been
carbonated, which is also in agreement with XRD results.

From integration of the areas under each deconvoluted peak, it is
possible to calculate the percentage of Si atoms in each environment,
and compare this with a sample of C3S over a range of hydration length
from 12 h to 26 years [9]. The results obtained from that study are given
Fig. 5. 29Si NMR spectrum of 50-year-old C3S paste, deconvoluted to Q1 (−79.0) and Q2

(−85.1). All y-axes are set to the same intensity.
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in Table 2 with the additions of the Mean Si tetrahedron Chain Length
(MCL). The 50-year-old sample was cured in saturated limewater for
three years and then sealed in a plastic bottle. After half-century hydra-
tion, theMCL is only 4.18, comparedwith 2 at 12 h and 3.27 at 1 year [9].
The polymerization process is so slow, that one can expect within the
normal service life time (50 years to 1 century) that C–S–H in C3S hydra-
tion product would always have a low degree of polymerization.

The results in Table 2 suggest that dimers are formed first from
monomers (Q0), then longer chains can be formed (Q2) from the linking
of dimers with monomers, but chains longer than dimers do not form
directly from monomers alone. This is verified by the work of Lippmaa
et al., who reported a reduction but not a complete halt in monomer
consumption and Q1 production during the formation of Q2 units [28].
If Q2 units were formed directly from monomers, the consumption of
monomers would most likely increase, as more units are needed in
chains than in dimers. The results in the table also show that significant
quantities of Q2 units are not formed until a minimal amount of mono-
mers remain. As Lippmaa et al. foundQ1 production declineswith initial
Q2 production; there is the indication that regardless of the degree of
hydration of the paste, C3S systems are not able to form both dimers
and longer chain simultaneously.

The formation of Q2 units does not start until over 30% of anions are
present as dimers, once this has occurred the percentage of dimers
present never falls below 40%, even after 40 years; see Taylor et al.
[30]. As the method of polymerization is that of linking dimers and
monomers, themost likely reason for the discontinuation of dimer con-
sumption in order to form longer chains is the absence of anymonomer
species at this stage. If this is the case, it would also indicate that dimers
cannot linkwith each other and as such the sequence of chain lengths is
possible (3n− 1). As observed by TEM, thefine particles inOp C–S–Hcan
be as long as several tens of nanometers, much longer than theMCL (4.18
SiO4

4− tetrahedrons, which is about 1.1 nm [31]). There is a missing link
from this short SiO4

4− tetrahedron chain to the long-thin particle. Accord-
ing to Richardson [10,32], this can be explained by Ca2+ replacing the
bridging SiO4

4− tetrahedron in the regular tobermorite structure, or the
protonation of oxygen atom that decreases the length of the Si chain.
This model explains the phenomena (such as MCL and Ca/Si) but it has
been difficult to prove experimentally. The STXM results discussed
below provide some new evidence.

3.5. STXM

NEXAFS (Near Edge X-ray Absorption Fine Structure) provides
abundant information about the bonding and coordination state of ab-
sorbing atoms and STXM allows in-situ NEXAFS study at local area of
solid material [33]. Multiple factors can affect the fine structure of
absorption spectra. Absorption peaks can either be assigned to the
excitation of inner-shell electrons to outer-shell energy levels, or the
multi-scattering process of photon–electron interaction. These fine
structures are sensitive to oxidation status and coordination symmetry.
Table 2
Quantity of Si anions in each environment as a percentage obtained from integration of the
peak areas.
Data from 12 h to 26 years are from Rodger [9].

Age Q0 Q1 Q2 MCL

12 h 89 11.0 0.0 2.00
1 day 68 30.0 2.0 2.13
7 days 48 43.0 9.0 2.42
14 days 33 52.0 15.0 2.58
1 month 30 53.0 17.0 2.64
3 months 18 62.0 20.0 2.65
6 months 14 65.0 21.0 2.65
1 year 10 55.0 35.0 3.27
2 years 6 52.0 42.0 3.62
26 years 0 42.0 58.0 4.76
50 years 0 47.9 52.1 4.18
For example when the degree of polymerization increases, the major
peak in Si K-edge increases also. In Ca L3,2-edge, when the ca coordina-
tion is in tetrahedral, octahedral or cubic symmetry, a split in major-
absorption peaks can be observed. The difference in the intensity ratio
among the peaks can provide qualitative information on the degree of
structural distortion. In the research reported here, the results of
NEXAFS of Ca L3,2-edge, Si K-edge and C K-edge of the 50-year-old hy-
drated C3S sample (C3S50) were studied; a 1.5 year C3S paste (C3S1.5)
was also studied for comparison.

Ca L3,2-edge

STXM results of Ca L3,2-edge are shown in Fig. 6. Stack data were
collected from both areas: (a) C3S50 and (b) C3S1.5. As described in pre-
vious section, stack data contain the NEXAFS information of each pixel
in the field of view. By comparing the spectra of different areas, one
can distinguish between various components. The hydrated particles
in Fig. 6a were not damaged during sample preparation, enabling in-
situ observation. Through investigating the NEXAFS spectra of each
pixels of the whole image, two representative spectra were extracted,
as shown in Fig. 6c. One was collected from site 1, a margin area of a
particle in Fig. 6a, and the other from site 2 on a bulk particle. In
Fig. 6b, two representative spectra were also extracted, after examining
spectra of each local area in the field of view.

The Ca L3,2-absorption edge spectra correspond to the excitation
from Ca 2p to 3d orbitals. Two major peaks (X1 and Y1) can always be
observed due to of the loss of degeneracy of 2p orbitals by spin–orbital
interaction [36]. Despite the chemical status of Ca, these two major
peaks are observed in the L3,2-edge spectra of Ca-containing minerals.
The symmetry of the CaOx coordination complex could further break
the degeneracy of states, resulting in two minor peaks to the left of
major ones. This phenomenon was well explained by crystal field
theory, which was later combined with molecular orbital theory and
developed to ligand field theory [36]. In case of perfect octahedral
symmetry, two major peaks are strongly split so that the intensities of
the minor peaks are comparable to those of the major peaks. Besides,
the energy differences between major and minor peaks are also signifi-
cant. These two characters can be used to indicate the strength of the
crystal field of the CaOx complex.

Table 3 classifies the Ca coordination status into two categories
based on the coordination symmetry. When the coordination is in
octahedral symmetry (or near octahedral symmetry), such as the case
of CH, calcite and dolomite, the spectra will be strongly affected by the
“crystal field” effect. Significant splitting in major peaks X1 and Y1 is
allowed, and strong minor peaks X2 and Y2 could be observed in this
case. The energy difference between adjacent major and minor peaks
is 1.2–1.4 eV. Spectrum of CH is shown in Fig. 6c; spectra of calcite and
dolomite can be found in [36,37]. Meanwhile in aragonite and
gypsum, the coordination symmetry of Ca is rather irregular, which is
considered to be a “weak crystal field”. In this case, 3d orbital is less
degenerated and minor peaks (X2 and Y2) change in two ways: they
decrease in intensity, and they shift to higher energy. This makes the
minor peaks less distinguishable on the NEXAFS spectra, as well as
shortens the distance between major and minor peaks. This observa-
tion, verified by study of many minerals, can therefore be applied to
the interpretation of Ca coordination status in C–S–H and CH.

C–S–H and CH are the two main hydration products. Ca in CH is in
perfect octahedral symmetry and a strong splitting is observed in its
L3,2-edge spectra, as shown in Fig. 6c. Energy difference between
major and adjacent minor peaks is ~1.4 eV. L3,2-edge spectra of C–S–H
were also reported in earlier literatures [15,35], which exhibited weak
splitting. In Fig. 6, spectra of site 1 in both samples exhibit weak split-
ting, with an energy difference between major and minor peaks of
0.9–1.1 eV, while energy differences on spectra of site 2 in both samples
are ~1.3 eV. Therefore we assign site 1 to the C–S–H-rich region and site
2 to the CH-rich region. Also from a morphological point of view, site 1



Fig. 6. Ca L3,2-edge, scale bar length 500 nm: absorption image of (a) C3S1.5 and (b) C3S50; (c) NEXAFS spectra of hydrated C3S samples, comparedwith that of pure CH. Spectrum of CH is
from [44].
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in Fig. 6a locates onfibrillarmargin area of hydratedparticle, resembling
the morphology of Op C–S–H. In Fig. 6b, not much morphological
information is evident, since the grinding process largely altered the
microstructure.

The small energy difference and the low intensity of minor peaks, of
C–S–H in both C3S50 and C3S1.5, are similar with the spectra of arago-
nite and gypsum, as shown in Table 3. The relative weak crystal field ef-
fect in C–S–H indicates poor symmetry of Ca coordination structure.
Spectra of Ca in CH of both samples share the same feature with spectra
of pure CH, as well as calcite and dolomite [36]. It's worth pointing
out that the major peaks X2 and Y2 are consistent among all spectra.
Table 3
Peak characters from the Ca L-edge spectra, some data are from [36,37].

Compound ΔX/eV ΔY/eV Symmetry of coordination

Pure CH 1.4 1.4 Octahedral
CH in C3S50 (site 2) 1.3 1.3
CH in C3S1.5 (site 2) 1.3 1.3
Calcite 1.2 1.3
Dolomite 1.3 1.3

Aragonite 0.8 0.8 Irregular

Gypsum 0.9 0.9 Irregular

C–S–H in C3S50 (site 1) 0.9 1.1 Unknown
C–S–H in C3S1.5 (site 1) 1.0 0.9
Changing of chemical environment seems to be solely indexed by inten-
sity and energy values of minor peaks.

Si K-edge

STXM results at Si K-edge are shown in Fig. 7. Si K-edge has a higher
absorption energy (compared to Ca L3,2-edge) and therefore ensures
greater penetration depth, resulting in more morphological details in
the absorption images. In C3S1.5 (Fig. 7(a) and (b)), fibrillar Op C–S–H
covers the surface of C3S particles, while the core area appears to be fea-
tureless. In C3S50 ((c) and (d)), the morphology is not well retained
after sample preparation.

Absorption at Si K-edge has only a single absorption edge with no
splitting. A designation of the major peak as X and the minor peak as
Y in Fig. 7e is given. The major peak is due to excitation from 1s orbital
to 3p orbital and minor peaks are due to multi-scattering phenomena
[38,39]. Both peaks shift to higher energy along with the hydration
process. Li et al. [38] reported that major peak X shifts to higher energy
when the degree of polymerization increases, which is in good
agreement with the results of this study. Peak X of C–S–H gel in the
1.5-year-old sample locates at 1848.1 eV, 0.4 eV higher than that of
anhydrous C3S. At 50 years, it changes to 1848.3 eV. As the degree of
polymerization increases, the energy level of Si 1s orbital decreases,
which increases the excitation energy. Note that the change is not sig-
nificant, suggesting that Si is always in 4-fold tetrahedron coordination
in the C3S hydration system.

The minor peak Y increases with hydration at a higher rate
compared to that of peak X, so that the energy difference, ΔE, between
peaks X and Y increases. As shown in Table 4, the hydration reaction
increases ΔE from 11.2 eV (C3S) up to 12.8–13.0 eV (1.5-year-old),
and eventually to 16.5 eV at later age (50-year-old), indicating signifi-
cant alternation in multi-scattering behavior around Si atoms. Accord-
ing to the NMR study, the MCL is about 4.2 at 50 years, compared with
~3.5 at 1.5 years. The multi-scattering phenomenon is affected by the
closest several neighboring atoms, and seems fairly sensitive to the de-
gree of polymerization. An increase in the MCL by 0.7 results in an in-
crease in the ΔE by 3.5 eV. It is not fully understood how the atomic



Fig. 7. Si K-edge, scale bar length 1 μm: (a) (b) absorption image of C3S1.5; (c) (d) absorption image of C3S50; (e) NEXAFS spectra of marked areas.
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structure changes the multi-scattering behavior. More work is worth
doing if this proportional relationship holds for various hydration ages
of C–S–H. Future research will focus on the multi-scattering behavior,
and how it is related to the atomic structure, especially the SiO4

4− link-
age of C–S–H.

C K-edge

To complement the carbonation study of C3S50, theNEXAFS spectra of
Carbon at K-edgewere investigated, as shown in Fig. 8(a). A line scanwas
conducted crossing the border of a gel cluster, as marked by the red
arrow. The absorption spectrum of each pixel on the arrowwas recorded
by line scan. Spectra of a thin area at location b and a slightly thicker area
at location awere shown in Fig. 8(b). If the sampleswere significantly car-
bonated, two distinguishable peakswould be expected near 285.0 eV and
290.0 eV [34]. On the contrary, the spectra of both locations a and b exhib-
it no obvious peak near 285.0 eV and only aweak peak at 290.2 eV,whose
intensity is of the same order as the noise of the spectra. Compared with
theunambiguous peaks of carbonatedC–S–Hgel [34], it couldbe conclud-
ed that the sample contains a negligible amount of carbon, in agreement
with NMR and XRD.

4. Discussion

Both XRD and NMR studies indicate that the 50-year-old paste has
not been altered by carbonation. No peak seen on either the diffraction
spectra or the 29Si NMR spectrum can be assigned to CaCO3. From the
chemical composition point of view, the sample is merely a mixture of
C–S–H, CH with a negligible amount of unreacted C3S. NEXAFS spectra
of carbon K-edge support this conclusion, as no specific absorption of
carbon atom was observed.

In the XRD results, only one broad peak is assigned to C–S–H in this
study. Compared with previous research on calcium silicate hydrate
Table 4
Energy difference, ΔE, between minor and major peak at Si K-edge.

Sample X (eV) Y (eV) ΔE (eV) Hydration
time (years)

C3S 1847.7 1858.9 11.2 0
Ip C–S–H-1 1848.1 1860.9 12.8 1.5

C3S1.5 Ip C–S–H-2 1848.1 1860.9 12.8 1.5
Op C–S–H-1 1848.1 1861.1 13.0 1.5
Op C–S–H-2 1848.1 1861.1 13.0 1.5

C3S50 C–S–H-3 1848.3 1864.8 16.5 50
C–S–H-4 1848.3 1864.8 16.5 50
crystals [32] and synthesized C–S–H (I) [8], the hydration products
(both Ip and Op) remain disordered along all three-crystal axes, even
after 50 years of curing. Meanwhile theMCL remains below 5, despite al-
most full hydration. This indicates that at ambient temperature and pres-
sure, the poorly crystalline nature of C–S–H gel almost remains
unchanged throughout concrete's typical service life.

Many researchers have discussed atomic models of C–S–H gel, most
startingwith the structures of tobermorite or jennite [32]. The amorphous
nature is accounted by the omission of bridging tetrahedrons and the var-
iation of interlayer Ca andwater content. Numerous work were conduct-
ed on crystallography and Si linkage, yet very few study on the chemical
environment of Ca has been reported. In this study, an important clue
was found in the NEXAFS spectra.

As shown in Fig. 6 and Table 3, C–S–H falls into the category of
aragonite and gypsum, where the coordination structure of Ca is in
poor symmetry. As shown in Fig. 9, the coordination structure of Ca
is 7-fold in tobermorite and 6-fold in jennite Fig. 9. The latter has
an octahedral symmetry, as is found for Ca in CH and calcite. If the
modeling of C–S–H gel starts with jennite, it should be expected
that its NEXAFS spectrum is analogous to CH and calcite. The
NEXAFS spectra of Al-tobermorite were validated by Jackson et al.
[16], exhibiting minor peaks that are less intensive and less distin-
guishable. NEXAFS spectra of both 1.5 years and 50 years old C-S-H
haveweakminor peaks, indicating strongly a non-octahedral coordi-
nation symmetry of Ca atoms. Therefore, the Ca coordination in the
atomic structure of C–S–H in this study can be better described by
a tobermorite structure rather than jennite structure. This is the
first time NEXAFS spectra are applied to demonstrating that at the
atomic scale C–S–H resembles more of a tobermorite structure
where Ca atom has irregularity in its symmetry. As reported herein,
this is important evidence unraveling the structural information of
C–S–H, since the relation between coordination symmetry and
NEXAFS has been proved by both theory and experimental results
of many other minerals [20,36,37].

The tobermoritemodel has a limitation in explaining the Ca/Si ratio of
C–S–H. Richardson [10] demonstrated in his model that the Ca/Si ratio of
tobermorite can be largely increased by a variation in the degree of pro-
tonation or by Ca replacing the bridging SiO4

4−-tetrahedron. These bridg-
ing Ca ions also contribute toNEXAFS spectra; therefore theymust also be
in poorly symmetric coordination, for example the 7-fold irregular sym-
metry as seen in the intralayer Ca sheets in tobermorite (Fig. 10). Due to
the same reason, the “tobermorite–Ca(OH)2 solid solution” model
seems questionable, since the octahedral coordinated Ca atoms in
Ca(OH)2 would yield a strong peak-splitting, which is not the case for
C–S–H.



Fig. 8. C K-edge, scale bar length 1 μm: (a) absorption image, red arrow indicates the route of line scan; (b) NEXAFS spectra of locations a and b on the scan route. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Previous research results using SAXS (small angle x-ray scattering)
and SANS (small angle neutron scattering) [42,43] strongly indicate
that there exists two successive levels of organization in C–S–H gel (Ip
and Op) of OPC. At the atomic level (b5 nm), disordered Si chains, Ca
sheets and water layers form nano-particles. Jennings [11] claims this
particle to be a globular particle of about 5 nm. In contrast, Richardson's
results [10] indicate it to be long thin fibers of 2.5–3.5 nm thick and tens
of nanometers long. It should be clarified that Richardson's observations
quoted here focus on the fibrillar Op C–S–H of pure C3S paste, while
Jennings' results are based on homogenized information of various
types of C–S–H paste. Despite the shape of the particles, they are the
“building blocks” of C–S–H. At a coarse level (5–200 nm), the fine parti-
cles form themicrostructure of C–S–H.Using pure C3S paste as an exam-
ple, the Op C–S–H fibers are formed by the alignment of the long-thin
particles along their longitudinal direction. The featureless microstruc-
ture of Op C–S–H in C3S paste can be described by the packing of glob-
ular particles (several nanometers large). Considering the fact that the
C3S in this study comes from a different source compared to
Richardson's work, and that the age is also different, it can be concluded
that these long-thin particles are naturally the basic building blocks of
fibrillar Op C–S–H in C3S paste. The dimension of these particles and
the way they are aligned do not change during the hydration process.
The thickening of the Op C–S–H fibers is accomplished by more long-
thin particles aligning on the fiber, rather than thickening of the parti-
cles. However, these particles can alter significantly when the contents
of Ca2+ and Al3+ increase in the reaction system. Increasing amounts
of mineral admixture (fly ash, slag, natural pozzolan, silica fume, and
so on) are now used as supplementary cementitious material. It is
thus critical to understand the mechanism of how SiO4

4− tetrahedron
Fig. 9. Atomic structure of 11 Å-tob
andCa2+ form thefineparticles andwhy these particles keep a constant
size during the hydration, and the mechanism of how the addition of
Ca2+ and Al3+ favors the formation of globular particles rather than
long-thin particles in pure C3S paste. As the dominant binding material,
the formation of C–S–H is extremely important. Understanding the
above mechanisms can enlighten the development of high-efficiency
chemical/mineral admixture and design of high-performance concrete.
5. Conclusions

Amulti-scale analysiswas conducted that compared the structure of a
late-age C3S paste to similar paste at earlier age. No evidence of
carbonation was observed in the 50-year-old sample; unreacted C3S
was also rare. The atomic structure of the late-age C–S–H gel can be
described as repeated units of SiO4

4− tetrahedron, CaOx polyhedron and
H2Omolecules. Even after 50 years of hydration, the structurewas still or-
dered only at short length. The coordination state of Ca2+ has irregular
symmetry, rather than octahedral symmetry. Since Ca2+ in tobermorite
shows 7-fold irregular symmetry compared to jennite that has an octahe-
dral symmetry, the short-range atomic scale of the samples is more an
analogy to that of tobermorite rather than jennite. The MCL increased
along with the degree of hydration, from ~3.5 at 1.5 years to 4.18 at 50
years. It is possible that the bridging SiO4

4− tetrahedron is replaced by
bridging Ca2+ at multi-locations, which explains both the short chain
length and Ca/Si ratio. The bridging Ca2+ is also in non-octahedral sym-
metry, as indicated byCa L3,2-edgeNEXAFS. In Si K-edge,major peak shifts
to higher energy with increasing MCL, and so does the minor peak. The
energy gap between major and minor peaks in Si K-edge seems to be
ermorite and jennite [40,41].



Fig. 10. Scheme of short chain in tobermorite-based C–S–H.
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proportional to the MCL, and therefore could be an indicator of degree of
polymerization.

At the nano-scale, Ip C–S–H is featureless and seems to be thefloccu-
lation of globular particles. In contrast, Op C–S–H showed clear radial
growing fashion, rooting on the surface of the Ip–Op boundary. Thick-
ness of Op C–S–H fibers increases along with hydration, from several
tens of nanometers, to ~100 nm at 8 years and eventually to ~200 nm
at 50 years. The fiber was composed, at a finer scale, of thin fibrillar
particles (1.5–2 nm thick and several tens of nanometers long). These
particles are the basic building blocks of Op fibers and tend to align
along the longitudinal direction. Between the fibrillar particles there
exist layers of empty space with thickness of about 1.5 nm, which
could be filled with water before sample was dried out. Considering
such a narrow space, they are most probably physically absorbed
water. The growth of Op fibers is accomplished by more particles
aligned on the fibers, instead of the thickening of the particles
themselves.
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