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Observation of a Mesostructure in Calcium Silicate Hydrate Gels of Portland Cement
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Transmission electron microscopy studies of calcium silicate hydrate (C-S-H) gels in portland cement
have been performed. This is the first study which unambigiously demonstrates the presence of a
mesostructure in the C-S-H gel phase. The mesostructure was found to consist of an amorphous matrix
with a strongly variable composition which was embedded with nanocrystalline regions on the scale of
~50 A or less each with a locally homogeneous composition and with short-range ordered regions on
the scale of~10 A with a variable composition and structure. The mesostructure is believed to form
due to the inability of normal long-range crystallinity to evolve because of gross fluctuations in the local
Ca/Si ratio. [S0031-9007(96)00741-7]

PACS numbers: 81.30.Mh, 81.90.+c

Many models have been proposed over the years tBvidence of short-range structural order (SRO) in
explain the complex crystal chemical observations whiclC-S-H gels has previously been reported using se-
have been reported for calcium silicate hydrate geldected area electron diffraction (SAED) [7,8] and x-ray
(C-S-H) of hardened cement pastes (HCP). Severdiffraction methods [4]. Attempts at obtaining SAED
of the more prominent models include the solid so-patterns have generally failed; however, there are re-
lution model [1] and the nanophasic model [2]. Theports of occasional particles yielding poorly defined
nanophasic model considers C-S-H to consist of gatterns [7,8]. In particular, early investigations by
mixture of tobermorite and jennite structural elementsGrudemo [7] found the presence of a broadened re-
on the nanometer scale. Following this model, subflection between~2.7 and 3.1 A. In addition, x-ray
crystalline regions would exist; however, they woulddiffraction studies have revealed diffuse peaks be-
be confined to small fragments of Ca-O layers (withtween 2.7 and 3.1 A [4], consistent with Grudemo’s
attached silicate chain fragments) that are severaksults. The purpose of this study was to systematically
nanometers long. This model can explain many ofinvestigate C-S-H gels by SAED. In order to better
the crystal chemical observations, macroscopic properharacterize any midscale structures associated with
ties, structural, and compositional trends. In particu-SRO, high resolution electron microscopy (HREM) stud-
lar, it takes into account the importance of the presencees were also performed. In addition, a more complete
of strong fluctuations in the local Z8i ratio. However, investigation has been performed and will be published
the nanophasic model inherently requires that C-S-H iseparately [9].

a microheterogeneous system (i.e., local compositional White portland cement was hydrated at a water to
and/or structural order on the nanoscale); however, noement ratio (wc) of 0.40. All specimens were initially
investigations as of yet have confirmed the presence dbrmed by casting. Specimens were hydrothermally cured
this microheterogeneous nature. [100% relative humidity (rd)] at 80C for 4 weeks.

Various transmission electron microscopy (TEM) andSubsequently, they were aged in a moist environment
electron microprobe analysis (EMPA) studies of HCP(100% rh) at room temperature for approximately 5 yr.
have previously made valuable contributions to the comSimilar results were found on specimens which had not
positional and structural understanding of the C-S-H gebeen hydrothermally cured and had only been cured
phase [3—6]. EMPA studies have revealed the presena room temperature for 6 weeks. The cylinders of
of significant fluctuations in the local €8&i ratio within  hardened paste were then cut into disk shaped specimens.
the gel phase throughout the specimen [3—6]. The localEM specimens were prepared by ultrasonically drilling
Ca/Si ratio has been shown to vary widely, between3-mm diameter disks which were mechanically polished
0.6 and more than 2. Richardson and Groves [6] havéo a thickness of~100 um. The center portions of
reported the presence of a bimodal distribution in thehese disks were then further ground by a dimpler to
local Cg/Si ratio; however, as specimens matured they~10 um, and argon-ion milled to perforation using a
found that the degree of bimodality decreased. The earlijquid nitrogen stage. Care was taken not to damage
presence of bimodality demonstrates that discrete regiorthe specimen, as previously described by Richardson
exist which initially have different G&Si distributions; and Groves [6]. Specimens were coated with carbon
however, this study does not establish the presendeefore examination. Structural investigations were carried
of short-range compositional and/or structural orderout with a Phillips 420 TEM operating at 120 kV and
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with a Hitachi 9000 TEM operating at 300 kV. High reveal several interesting features. First, diffuse rings
resolution lattice imaging and high resolution chemicalwere observed in every pattern. These diffuse rings un-
analysis with a probe size of 50 A were performed usingambiguously demonstrate that the local structure is not
a Hitachi 2000 Field Emission TEM. The results werecompletely disordered, but rather SRO clearly exist. In
taken from an inner product area and had a morphologgddition, the diffuse rings were anomalously broad, in-
similar to that previously reported for a type 1 geldicating a wide distribution ofl spacings. In Fig. 1(b),
[6,10,11]; however, similar results were obtained fromthe inner edge of the ring had @ spacing of 3.2 A,

an outer product area and had a morphology similar to ahereas the outer edge of the ring haddaspacing
type 2 gel. of ~2.6 A. Comparisons of the data in Figs. 1(a)—

SAED patterns were obtained from various randomlyl(c) will reveal that the periodicity of short-range or-
selected regions within the gel, as shown in Figs. 1(a)-€ering in the diffuse rings varied from region to region
1(c). These data were taken using a probe size ofvithin the gel.

0.5 mm in diameter. Inspection of these patterns will In order to get a better understanding of the midscale
structural units giving rise to the short-range ordering ob-
served in the diffuse rings of the SAED patterns, HREM
studies of C-S-H gels were performed. Figure 2 shows a
lattice image taken from the C-S-H gel phase. Figure 2
clearly illustrates the presence of regions of nanocrys-
tallinity, marked as NC in the figure. Inspection of this
figure will also reveal regions with some degree of short-
range order on the scale ef10 A, marked as SRO in
the figure. Also evident in the figure is the presence of
amorphous regions, marked as AM in the figure. Amor-
phous, short-range ordered, and nanocrystalline regions
can be seen to coexist throughout the gel phase. In Fig. 2,
the size of the nanocrystalline regions can be seen to be
~50 A or less. Nearly identical mesostructures with 50 A
nanocrystallities were observed for specimens which had
been cured at room temperature for 6 weeks [9]. We be-
lieve this indicates that nanocrystallinity develops very
rapidly at short times, slowing down drastically for cur-
ing times greater than 8 weeks.

In Fig. 2, the d spacing within the nanocrystalline
regions can be seen to be quite uniform. In consid-
eration of the correlation between compositional and
structural variabilities in C-S-H, we believe that these re-
sults indicate that locally the ¢8i ratio is nearly uni-
form within each nanocrystalline region, as any significant

FIG. 1. Selected area electron diffraction patterns taken from " - .
various regions of the C-S-H gel, clearly indicating the presencéIG. 2. Lattice image of C-S-H gel. Arrows indicate regions
of diffuse rings. The bar on each pattern represénis '. of nanocrystallinity.
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fluctuations in the C£Si ratio within a nanocrystalline Figures 3(a)-3(c) show optical diffraction patterns
region would be expected to give rise to correspondobtained by using a laser beam to cover various nanocrys-
ing fluctuations in thel spacing. To estimate the local talline regions in the corresponding negative of a lattice
composition of single nanocrystalline regions, the beanmimage. Optical diffraction patterns were taken from the
was focused to a spot size 6f50 A and centered on individual nanocrystalline regions, identified as arelas

a nanocrystalline region. Quantitative analysis showedhroughC in the lattice image given in Fig. 3(d). These
that the CdSi ratio varied between 0.4 and 2.0 betweenfigures clearly reveal sharp diffraction spots associated
various nanocrystallities. In general, amorphization wasith crystallinity. Various periodicities could be iden-
not found to occur during the EDAX or lattice imag- tified in the optical diffraction patterns. For example,
ing studies. However, when the electron beam was foin Fig. 3(a),d spacings of 2.8, 2.5, 1.8, and 1.3 A were
cused on a single nanocrystalline region to determine thfound. In addition, the values of thé spacings were
local compositional order, amorphization was observedfound to vary over a considerable range between regions,
In addition, we did not seemingly have significant trou-as can be determined by comparisons of the results
ble with selective evaporation during the investigationsfor the various optical diffraction patterns. The 2.5 A
as the EDAX count rate was constant with time. Theseperiodicity is consistent with the repeat unit of the CaO
results demonstrate that the nanocrystalline regions havegart of the jennite structure, whereas the 2.8 A periodicity
distribution of compositional order parameters. It wouldis approximate to the repeat unit of the CaO part of
appear that a multitude of local compositional order pathe tobermorite structure [10]. In addition, the 1.8 A
rameters may be “frozen-in,” where different nanocrys-periodicity would be found in any structure containing
talline regions have different Z8&i ratios. In a system dreierketten, including both tobermorite and jennite
where global homogenization of the (& ratio is limi- [12]. These results give strong evidence demonstrating
ted by thermal diffusion, the development of longer rangethat the nanocrystalline regions have both tobermorite-
crystalline order may be prevented. However, shortlike and jennitelike structural elements, supporting the
range diffusion can occur quite rapidly over the distancecentral concepts of the nanophasic model conjectured
of several tens of angstroms. Consequently, coarsenirgy Taylor [2].

of the nanocrystalline regions may occur up to a scale of Following the results above from the optical diffrac-
~50 A, but the process is eventually rate limited by thetion patterns, the broad diffuse rings in the SAED patterns
diffusion kinetics. Rather, the system becomes long-timdéetween 2.6 and 3.2 A would seemingly reflect the pres-
metastably trapped into a sequence of near degeneratace of an intimate mixture of tobermoritelike and jen-
C-S-H states with various G8&i ratios and/ spacings. nitelike structural elements. The broadness may reflect

FIG. 3. Optical diffraction patterns for C S-H gel (a)—(c) taken from various regions in the lattice image (d). The bar on each
optical diffraction pattern represerss A~!
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