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Abstract

Calcium silicate hydrates (C-S-H) are the main binding phases in all Portland cement-based systems. This paper considers the mor-
phology, composition, and nanostructure of C-S-H in a range of hardened cements. Inner product (Ip) C-S-H present in larger Portland
cement grains typically has a fine-scale and homogeneous morphology with pores somewhat under 10 nm in diameter. Ip from larger slag
grains also displays this morphology, but is chemically distinct in having high content of Mg and Al. The hydrated remains of small parti-
cles—whether of Portland cement, slag or fly ash—contain a less dense product with substantial porosity surrounded by a zone of rela-
tively dense C-S-H; this has implications for the analysis of porosity and pore-size distributions on backscattered electron images. In ce-
ment-slag blends, the fibrillar morphology of outer product (Op) C-S-H is gradually replaced by a foil-like morphology as the slag loading
is increased. It seems likely that this change in morphology is largely responsible for the improved durability performance possible with
slag-containing systems. The Ca/Si ratio of C-S-H in neat Portland cement pastes varies from ~1.2 to ~2.3 with a mean of ~1.75. The Ca/
(Si + Al) ratio of C-S-H in water activated cement-slag pastes (0-100% slag) varies from ~0.7 to ~2.4; these limits are consistent with
dreierkette-based models for the structure of C-S-H. Al substitutes for Siin C-S-H only in the “bridging” tetrahedra of dreierkette chains;
this is true for a range of systems, including blends of Portland cement with slag, fly ash, and metakaolin. These data support Richardson
and Groves’ general model for substituted C-S-H phases. The bonding of C-S-H to other products of hydration is generally good.

© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Calcium silicate hydrates (C-S-H) are the main binding
phasesin all Portland cement-based systems; their exact na-
ture is central to the science of cement and concrete. This
article presents data principally for the C-S-H phases
present in neat Portland cements, in blends of Portland ce-
ment with ground granulated blast-furnace slag, and in al-
kali-hydroxide activated sags; data are aso reported which
illustrate the similarity of the C-S-H phases present in
blends of Portland cement with fly ash and metakaolin to
those with slag.

2. Experimental
2.1. Materials

Details of the materials used in this work are given else-
where: ordinary Portland cement-granulated blast-furnace
dag blends [1,2]; white cement-slag blends [3]; white ce-
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ment-fly ash and white cement-metakaolin blends [4]; slags
activated by KOH solution [5]; synthetic slag-glass [6].
White cement was needed for the nuclear magnetic reso-
nance (NMR) spectroscopy work because of itslow Fe con-
tent; the presence of paramagnetic ions causes peak broad-
eningin NMR.

2.2. Specimen preparation and experimental details

The dag- and pozzolan-Portland cement blends were
prepared by mixing the required amounts of solids with de-
ionized water (water/solids (W/S) ratios given in the text or
figure captions); the slurries were then placed in plastic
tubes which were sedled in plastic bags before placing in
cure baths set at 20°C (ordinary Portland cement-slag
blends) or 25°C (blends of white cement with slag, fly ash,
or metakaolin). The blends which were activated with KOH
solution were also cured at 25°C [solution/solids (S/S) ratios
given in the text or figure captions]. The neat slags which
were activated with KOH solution were mixed at a §/S of
0.4 and cured at 20°C in afog room. Details of sample prep-
aration and experimental procedures for analytical transmis-
sion electron microscopy (TEM) and for X-ray mapping in
an electron microprobe analyser (EMPA) are given else-
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where [1,7]. Freshly ground samples were used for NMR.
Specimens were ground to a powder and packed into zirco-
nia rotors. Single-pulse *Si and *H-°Si cross polarization
(CP) spectra were acquired using Bruker MSL-200 (mag-
netic field 4.7 T; operating frequency of 39.76 MHz for
25j) and MSL-300 (magnetic field 7.1 T; operating fre-
quency of 59.62 MHz for °Si) spectrometers. The single
pulse spectra were acquired over 2000 - 32000 scans using
flip angles (30 - 45°) and pulse recycle delays (2 - 20s) suf-
ficient to minimize saturation of the hydrate peaks. For CP,
the Hartmann-Hahn condition was set using kaolinite [8].
25 chemical shifts are given relative to tetramethylsilane at
0 ppm, with kaolinite used as an external standard at —91.2
ppm. All spectra were apodized with 10 Hz of exponential
line broadening and zero filled to 8192 points prior to Fou-
rier transformation. The spectra were iteratively fitted to
voigt line shapes using the software Igor with additional
macros written by Brough [9]. The full procedure is out-
lined in [3]. The experimental detailsfor the trimethylsilyla-
tion (TMS) work aregivenin Lu et a. [10].

3. Resultsand discussion
3.1. Morphology and spatial distribution of C-S-H

3.1.1. Reference microstructure

Forty years ago Taplin [11] thought it “convenient to
designate those products which lie within the original
boundaries of the clinker particles ‘inner’ products, and
those which lie ‘outside’ ‘outer’ products.” The scheme has
been adopted widely (afew examples are [2,7,12-19]) and,
athough there is not necessarily an exact correspondence
between the positions of the outer boundaries of inner prod-
uct (Ip) and the original grains[20], it is straightforward and
iswell-supported for arange of cement systems by evidence
from the high resolution technique of transmission electron
microscopy (TEM) [1,2,3,7,20-28] and by X-ray mapping
of flat polished sections (using Mg as a chemical marker)
[1,2,29,30]. More recently, Diamond and Bonen [31]—who
considered “inner” and “outer products’ to be poorly suited
as descriptive terms—proposed a hew nomenclature based
on the interpretation of backscattered electron images of flat
polished sections. They suggested two primary morphol ogi-
ca entities, “phenograins’ and “groundmass,” with the
most important distinction being the gross porosity of the
groundmass and the size of the phenograins. Phenograins
were defined as any distinct grain greater than around 10pm
in size embedded in the groundmass. They could be com-
posed of severa different classes of material: “superficialy,
partialy, or fully hydrated clinker grains, distinguishable
crystals of calcium hydroxide, or filler particles in some ce-
ments.” The groundmass was defined as*” . . . CSH in either
skeletal or amorphic form embedded in intersecting pores.”
The solid part of the groundmass would be composed of “ . . .
CSH, CH, and smaller amounts of calcium monosulfoalu-
minate hydrates, ettringite, and other phases;” these phases

are generaly not well-resolved by backscattered electron
imaging. Much valuable information has been gained using
this technique, but the utility of a classification system
based solely on the interpretation of images with such mod-
est resolution is limited. This is well-illustrated, for exam-
ple, by Taylor's observation [32,33]—cited by Diamond
and Bonen in support of their classification—that fully hy-
drated small grains become indistinguishable from outer
product (Op); in fact, most are readily observed in the TEM
[1,2,25]. The direct imaging of thinned sectionsin the TEM,
which is amuch higher resolution technique, has provided a
good understanding of the composition and spatial distribu-
tion of the phases present in hardened cements, including
the levels at which different phases are intermixed. Given
this knowledge, the phenograin-groundmass classification
would seem to have little application outside the description
of backscattered electron images. As a drawback, it intro-
duces yet another set of terminology to Cement Science.

3.1.2. Morphology of Ip C-S-H formed within
larger grains (>~5 um)

TEM has shown that the Ip C-S-H present in larger ce-
ment grains typicaly has a fine-scale and homogeneous
morphology. An example of |p C-S-H with this morphology
is shown in Fig. 1; this Ip region also contains some unre-
acted belite and CH. The scale of the fine porosity in thislp
is very difficult to determine since at higher magnification
the pores coarsen rapidly in the electron beam [2,20]; the
high Ca/Si ratio C-S-H present in hardened Portland cement
pastesis particularly unstable. It is possible to take an image
a low magnification (say, X20 000) and then enlarge a re-
gion. Groves published such a micrograph from a hardened
C;S paste (Fig. 4 of [20]); he considered that the areas of
light contrast—which had diameters somewhat under 10
nm—might be interpreted simplistically as voids. While the
C-S-H had been dried aggressively during specimen prepa-
ration, this size of pore corresponded reasonably well to the
results from small-angle neutron scattering experiments
[34,35]. An example similar to Groves Fig. 4, but from an
ditegrain in aPortland cement paste, isshownin Fig. 2. An
example of Ip C-S-H which had coarsened in the electron
beam, in this case in a hardened Portland cement paste, is
shown in Fig. 3 [36]. Great care should be exercised when
manipulating ion-thinned cement specimensin the TEM be-
cause it is quite possible for an operator to be unaware that
damage has occurred [2]. It is of interest, in this respect, to
note the similarity of the Ip C-S-H in Fig. 3 to that in Fig.
1(a) of Viehland et al. [28]. The lp in Viehland et a.’s fig-
ure also appears to have experienced much beam damage. It
is possible that the nanocrystalline regions reported later in
their paper actualy represent a decomposition product
rather than C-S-H. In support of thisview, it is notable that
in a later study Viehland et a. [37] were unable to obtain
comparable images for the crystaline calcium silicate hy-
drates 1.4 nm tobermorite and jennite which would be ex-
pected to be much more stable in the electron beam than
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Fig. 1. Transmission electron micrograph showing an Ip region in amature
Portland cement paste which contains Ip C-S-H with the fine-scale mor-
phology (centre-right), unreacted belite (left), and CH (surrounding the
belite).

high Ca/Si ratio Ip C-S-H. Indeed, Ewart et al. [38] found
that tobermorite could be studied at moderate magnifica-
tions (say, x50 000) for quite long periods without evident
loss of crystallinity or other damage; this is not possible
with Ip C-S-H in hardened Portland cements [2]. When
Ewart et a. attempted high resolution imaging of their to-
bermorite they observed lattice fringes, but only as a tran-
sient phenomenon. After the initial loss of lattice fringes
from the hydrate crystal as it damaged, a more stable high
resolution image devel oped which represented a decompo-
sition product of the initial hydrate.

In Portland cement-slag blends—whatever the slag load-
ing—or in alkali-hydroxide activated dags, Ip from larger
dag grains commonly displays the typical compact fine-
scale homogeneous morphology, but it is chemicaly dis-

Fig. 2. Transmission electron micrograph showing Ip C-S-H in a Portland
cement paste.

Fig. 3. Transmission electron micrograph showing Ip C-S-H in a mature
Portland cement paste which had coarsened in the electron beam.

tinct in having high content of Mg and Al [1,3,25-27]; laths
or platelets are also often observed which are particularly
rich in Mg and Al [1,25,26,39-41]. Slag Ip with the fine-
scale homogeneous morphology and Op C-S-H with the
fine foil-like morphology as observed in the TEM and scan-
ning electron microscope (SEM) are shown in Fig. 4 (slag
activated with 5M KOH hydrated for 12 months at 20°C,
S/S=0.4).

3.1.3. Morphology of Ip C-S-H in small
fully hydrated grains (<~5 um)

The hydrated remains of relatively small particles—
whether of Portland cement, slag, or fly ash—contain aless

Fig. 4. TEM (&) and SEM (b) micrographs showing from left to right unre-
acted slag, |p with the fine-scale compact morphology, and fine foil-like
Op C-S-H in amature KOH-activated slag paste.
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Fig. 5. Transmission electron micrograph showing low density Ip sur-
rounded by a rim of relatively dense C-S-H and fibrillar Op C-S-H in &
mature Portland cement paste.

dense product with substantial porosity, surrounded by a
zone of relatively dense C-S-H [1,2,24,25]. Examples from
TEM for alite, dag, and fly ash particles have been pub-
lished previously [1,2,24,25]; an example for a Portland ce-
ment grain is shown in Fig. 5. For backscattered electron
imaging cement samples must be sectioned, dried, impreg-
nated with resin, and polished flat [42]. Therelatively dense
outer rim of these small particles may make it difficult for
resin to penetrate the porous interior, which may then be re-
moved during subsequent polishing. This is most likely for
the smallest particles since they tend to have the most com-
plete dense outer rims. Such grains would appear asisolated
pores on the polished sections used for backscattered elec-
tron imaging. It is possible that many of the particles into
which resin has penetrated may also be identified asisolated
pores, or “hollow-shells,” since the lower density C-S-H
will appear dark on backscattered electron images. This is
illustrated in Fig. 6(a), which shows a region of a Portland
cement mortar. Careful examination of this image shows
that most of the hollow shells contain some material. Fig.
6(b) is an enlargement of a part of the image which contains
a small fully hydrated grain (centre-left) and the edge of a
large partialy hydrated grain (right). The small particle has
a well-defined rim and there is material within its interior.
The Ip is darker, and so less dense, than that present in the
larger grain. In the analysis of backscattered electron im-
ages, the darkest shades of grey are taken to be porosity. In
Figs. 6(c) and (d), the porosity was assigned arbitrarily as
the lowest 32 bins of the greyscale histogram to show the
most distinct pores; the corresponding pixels are repre-
sented as white on the images. Additional bins were as-
signed as porosity in Figs. 6(e) and (f). The threshold was
chosen by comparison with the histograms and analysis
techniques used by other workers [42,43,44] such that they
would probably have assigned a similar number or fewer
bins of the greyscale to porosity. Many of the white pixels
fall within inner product regions: the interior of the fully hy-

drated particle in the enlarged area has been analysed as an
~6 X 4 pm pore or “hollow shell.” Since it is very likely
that this grain contained a low density C-S-H with foil-like
morphology, it is clear that porosity and pore-size informa-
tion derived from the analysis of backscattered electron im-
ages should be interpreted with care.

3.1.4. Morphology of Op C-SH

Jennings et a. [22] introduced a classification of C-S-H
morphology based on observations in the TEM of ion-
thinned sections of hardened C,S pastes, and compared it
with an earlier one based on the secondary electron imaging
of fracture surfaces [13]. Groves et d. [7], aso using TEM,
found it difficult to make a sharp distinction between Jen-
nings et a.’s type 1 and type 3 morphologies, and preferred
instead to characterize all Op C-S-H in hardened C;S or
portland cement as “fibrillar.” Since the morphology of the
C-S-H is affected by the amount of available space, it seems
unlikely that there are just two distinct Op morphologies—
such as Jennings et al.’s types 1 and 3—nbut rather fibrils
possessing a range of aspect ratios dependent upon space
constraints. Examples of fine fibrillar C-S-H are shown in
Figs. 5and 7 (top).

There has been some discussion in the literature, noted
by Groves [45], as to whether the morphology of this Op
C-S-H should be referred to as “fibrillar” or “crumpled-
foil.” “Fibrillar” is preferred by this writer, with “foil-like”
reserved for the distinctive morphology of the low Ca/Si ra-
tio Op C-S-H present in slag and pozzolan-containing sys-
tems, which lack the linear directional aspect characteristic
of the high Ca/Si ratio C-S-H present in C;S or Portland ce-
ment pastes [1,27,46]. In cement-slag blends, as the slag
loading is increased the fibrillar (linear, directional) mor-
phology is gradualy replaced by the foil-like morphology
[1]. An example of foil-like C-S-H is shown in Fig. 8. The
foil-like morphology appears to be more efficient at filling
space without leaving large interconnected capillary pores;
it seems likely that this change in morphology of Op C-S-H
from fibrillar to foil-like is largely responsible for the im-
proved durability performance possible with slag- and poz-
zolan-containing systems.

While the morphol ogies of C-S-H observed by direct im-
aging of ion-thinned sections in the TEM may be to some
extent artefacts of specimen preparation, (1) the shape of AFt
relicts embedded in C-S-H is consistent with the observed
morphologies being a good representation of the true mor-
phologies[2], and (2) the C-S-H morphologies are very simi-
lar to those observed by TEM examination of replicas of
fracture surfaces, which provide an image of the specimen
totally without contact with vacuum or electron beam [45].

3.2. Chemical composition of C-S-H

Many compositional data for C-S-H in hardened cement
pastes reported in the literature have been determined from
energy dispersive X-ray analyses in an SEM (for example
[47]). Because the X-ray generation volume in an SEM is
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relatively large (several um?3), the composition of C-S-H
can often only be estimated after considering contributions
from other phases intimately admixed with the C-S-H (for
example [30,47,48]). This is not necessary with the higher

Fig. 6. (a) Backscattered electron image showing aregion of aflat polished
section of a Portland cement mortar hydrated for 28 days (W/C = 0.5,
25°C). (b) Enlargement of a part of (a) which contains a small fully
hydrated grain (centre-left) and the edge of alarge partialy hydrated grain
(right). (c) and (d) Same as (a) and (b) but with the pixels corresponding to
the darkest 32 bins of the greyscale histogram set as white. (e) and (f) Same
as (c) and (d) but with more bins of the greyscale histogram assigned as
porosity (see text for details).

resolution technique of TEM, where C-S-H can be analysed
free of admixture with other phases[29]. Fig. 9 showsa Ca/
Si ratio frequency histogram for X-ray microanalysesin the
TEM of C-S-H present in hardened Portland cement pastes
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Fig. 7. Transmission electron micrograph showing fine fibrillar Op C-S-H
(top) and CH in amature Portland cement paste.

aged 1 day to 3 1/2 years (data largely from [2]). Thisisa
large set of data which illustrates the extent of composi-
tional variation possible for C-S-H present in neat portland
cement pastes (hydrated at 20°C; W/C=0.4): from a Ca/Si
ratio of ~1.2 to ~2.3 with a mean of ~1.75. It should be
noted that the distributions vary with age: C-S-H present in
young Portland cement pastes displays a bimodal Ca/Si ra-
tio distribution which becomes unimodal with age [2]. Ip C-
S-H generally has a higher mean Ca/Si ratio than Op [2]; re-
ports of the opposite using analysis in the SEM [47,48,49]
can probably be attributed to admixture with other phases.

Microanalysisin the TEM [1,26] has shown that in Port-
land cement-slag blends the composition of C-S-H changes
as the proportion of dlag is increased, the Al/Ca ratio in-
creasing linearly with increasing Si/Ca ratio according to
Eq. (1) [3,50],

Si/Ca = 04277+ (2.366 x Al/Ca) 1’ = 0.98 @

500 nm

Fig. 8. Transmission electron micrograph showing foil-like Op C-S-H in 8
water-activated slag paste hydrated for 3 1/2 years at 40°C (W/S = 0.4).

0 I- " " " 1 n " n n 1 " " " 1 " " " I'
0.5 1.0 1.5 2.0 25

Ca/Si Ratio

Fig. 9. CalSi ratio frequency histogram for C-S-H in Portland cement
pastes aged 1 day to 3 1/2 years (493 TEM microanayses of C-S-H free of
admixture with other phases).

This trend is confirmed by results from elemental mapping
in an electron microprobe. Fig. 10 shows two scatter graphs
from EMPA data for 50% cement 50% slag cement blends,
aged 4 weeks and 14 months. Eq. (1), derived from analyses
in the TEM of Op C-S-H free of admixture with other
phases, is represented as the solid line in Fig. 10. Both re-
gions were dominated by alite grains, either partidly (4
weeks) or fully (14 months) hydrated. The bulk of the data
points—corresponding to alite Ip—fall close to the trend
line. Data for other cement-slag blends containing 10, 50,
83, and 90% dlag, which also fall closeto the trend line, are
given elsewhere [41]. This linear trend suggests that thereis
a structural limitation on the incorporation of Al into C-S-H;
Richardson and Groves assumed that Al is confined to the
“bridging” sites of dreierkette-based silicate chains [50].
Fig. 11 shows a Ca/(Si+Al) frequency histogram incorpo-
rating 1186 individual TEM microanalyses of C-S-H present
in a wide range of water-activated cement-slag systems
(containing from 0- 100% dlag; see Table 1 for details).
This figure illustrates the range of composition possible for
C-S-H phases in Portland cement-slag systems: it is signifi-
cant that there are very few analyses with Ca/(Si+Al) less
than 0.83 or greater than 2.25 (the minimum and maximum
values in Taylor’'s model for the structure of C-S-H [51])
with no analyses <0.67 or >2.5 (the minimum and maxi-
mum values in Richardson and Groves model [52]).

3.3. Nanostructure of C-S-H

Much information has been gained in recent years on the
nanostructure of C-S-H in hardened cements, principaly
from the techniques of trimethylsilylation (TMS) and solid-
state nuclear magnetic resonance (NMR) spectroscopy. The
two techniques are complementary: TMS gives semi-quanti-
tative data on the fractions of Si present in different anionic
species [33], whilst 2SI NMR gives quantitative data on the
fractions of Si present in silicate tetrahedra with different
connectivities. Both techniques have shown that dimeric sili-
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data of an area (56 X 56 pm; 1-pwm increments; 3136 analyses) in a 50%
Portland cement 50% slag paste hydrated for 4 weeks. (b) Al/Caagainst Si/
Ca atom ratio plot for the EMPA mapping data of an area (58 X 60 pm;
1-pm increments; 3480 analyses) in a 50% Portland cement 50% dlag paste
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Fig. 11. Ca/(Si+Al) ratio frequency histogram for C-S-H in a wide range
of water-activated cement-slag systems (0-100% slag). The plot includes
1186 individual TEM microanalyses of C-S-H free of admixture with other
phases. System details are given in Table 1.

cate species predominate in the C-S-H formed during the
first 24 hours after mixing C;S, B-C,S, or Portland cement
pastes (W/C=0.4-0.5; 15 25°C) [53-58]. TMS has shown
that the C-S-H formed subsequently consists of both dimeric
and higher polymeric species, mainly linear pentamer and
octamer, suggesting a2,5,8 . . . (3n-1) sequence of linear sil-
icate chain lengths [56-58]. In C,;S pastes the proportion of
dimer passes through a maximum at ~6 months but remains
at ~40% even after prolonged curing [57]: the distribution

Tablel
Breakdown of TEM microanalyses contributing to Fig. 11
Slag Cement/ Temp. No. of
[6] % activator % WIS (°C) Age analyses
- - B-C,S 100 04 20 im 26
- - CsS 100 04 20 312y 68
- - C;S 100 04 20 26y 31
- - OPC 100 04 20 1d 32
lw 51
3m 39
ly 274
2y 46
312y 51
SC 10 OPC 90 04 20 14 m 18
SC 25 OPC 7% 04 20 14m 26
VL 50 WPC 50 04 25 3w 48
SC 50 OPC 50 04 20 3m 25
SC 50 OPC 50 04 20 14m 35
SC 50 GCsS 50 04 20 im 51
SC 50 GCsS 50 04 60 im 46
SC 67 OPC 33 04 20 14m 26
SC 75 OPC 25 04 20 14m 21
SC 83 OPC 17 04 20 14m 22
VL 90 WPC 10 04 25 3w 25
SC 90 OPC 10 04 20 14m 36
SC D CS 10 04 20 18m 49
SC 100 - - 0.4 20 12m 30
14m 26
40 312y 44
SC 80 Ca(OH), 20 04 20 312y 22
SC 80 Ca(OH), 15 04 20 14m 18

Gypsum 5
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Fig. 12. TMS-GPC chromatogram of a white Portland cement paste
hydrated for 3 months at 20°C; W/C = 0.55.

of anion sizes in the higher polymer fractions of C;S and
Portland cement pastes are essentially the same [57]. The
type of data obtained from the two techniques are illustrated
on Figs. 12 and 13, which show respectively trimethylsilyla-

| | | | |
-60 -70 -80 -90 -100
ppm

Fig. 13. S SP (bottom) and *H-**Si CP MAS NMR spectra of a white
Portland cement paste hydrated for 5 months at 25°C; W/C = 0.4.

A

60 -70 -80 -90 -100
ppm
B
| | | I |
60 -70 -80 -90 -100

ppm

Fig. 14. (a) Single-pulse 2°Si NMR spectrum for a water-activated 50%
white Portland cement 50% dlag blend hydrated for 5 months at 25°C; W/S =
0.4. (b) Single-pulse 2°Si NMR spectrum for a 5M KOH-activated 50%
white Portland cement 50% slag blend hydrated for 5 months at 25°C;
S/S=04.

tion-gel permeation chromatography (TMS-GPC) and °Si
MAS NMR data for hydrated white cement pastes. The
monomer on Fig. 12 isdue principally to unreacted belite, al-
though the H-°Si CP MAS NMR spectrum, Fig. 13 (top)
indicates a small amount of hydrated monomer as a reaction
product, consistent with the data of Clayden et d. and
Rodger et al. [59,60]. Dimer is the predominant silicate spe-
cies in the C-S-H, with linear pentamer as the next most
abundant, with some linear octamer. The trimer and tetramer
labelled on Fig. 12 have been attributed to side-reactions
[10]. 2SI MAS NMR can provide quantitative information
on the fractions of silicon present in different tetrahedral en-
vironments, Q" (0 < n < 4), where Q isasdilicate tetrahedron
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and n isthe number of oxygens which bridge to adjacent tet-
rahedra. On the 2°Si single pulse spectrum of Fig. 13 (bot-
tom), the peak at —71.3 ppm is due to unreacted belite (Q°),
and the broader peaks at —79 and —85 ppm are due respec-
tively to end- (QY and middle-chain (Q?) groups present in
the C-S-H [61]. An average chain length can be calculated
from the 2°Si single pulse data from Eq. (2):

CL = B )

In cement-slag blends, the C-S-H aso contains Al—the Al/
Caratio varying with Si/Caratio according to Eq. (1)—and
this will affect the NMR spectra [62,63]. In alumino-sili-
cates the characteristic up-field chemical shifts caused by
the increased polymerization of the Q" building units are
further influenced by the replacement of Si by Al. There are
15 possible Q"(mAl) structural units where Q is a silicate
tetrahedron connected via oxygen bridges to m Al and n-m
other Si atoms, with n=0 to 4 and m=0 to n. Fig. 14(a)
shows the 2°Si single pulse NMR spectrum for a 50% white
Portland cement 50% slag blend hydrated for 5 months at
25°C (WIS = 0.4). As with the neat Portland cement spec-
trum, Fig. 13 (bottom), the sharp peak at —71.3 ppm is due
to unreacted belite; there is also a contribution from unre-
acted dag (a broad peak centred at around —73 ppm
[27,64]). There appear to be three hydrate peaks, but more
information is needed to deconvolute the spectrum. Such in-
formation can be obtained by activating the blends with 5M
KOH solution [3]: the hydration products and microstruc-
tures obtained by alkali activation are similar to water acti-
vation with the difference that the CH is microcrystalline
and the C-S-H is structurally better ordered, resulting in nar-
rower NMR linewidths and so improved resolution. Thisis
illustrated in Fig. 14(b), which again shows a spectrum for a
50% cement 50% slag blend but in this case activated with
5M KOH solution. The hydrate peaks in this spectrum are
very clearly defined and the results from its deconvolution
can be used to aid deconvolution of the spectrum from the
water-activated paste. Richardson and Groves [3] reported
results for cement-slag blends containing 50 and 90% slag.
As for C;S and neat cement systems, peaks at ~—79 ppm
and ~—85 ppm were attributed to Q* and Q? species respec-
tively. A pesk at ~-82 ppm was assigned as Q*(1Al), con-
sistent with the assignment of peaks at similar positions in
the Si NMR spectra of Al-substituted tobermorites
[65,66]. The average Al/Si ratios for the C-S-H—calculated
from the deconvoluted peak areas using Eq. (3)—were in
excellent agreement with those measured directly in the
TEM, thus supporting strongly the assignment of the peaks
and the assumption that Al was not present in chain-termi-
nating tetrahedra.

1.2
Al/si = —2LUAD 3
Q'+ QX(0AI) + Q*(1AI)

The average chain lengths were calculated using Eq. (4):

CL = 2

- - @
0 Q' 0
K+ Q%(0Al) + 3Q°(1A I

The assignment of the peak at ~—82 ppm solely to Q?(1Al)
followed earlier work on the location of Al in semi-crystal-
line C-S-H phases formed by the reaction of a slag and a
synthetic slag glass activated by 5M KOH solution [27,67]:

Q' Q? Q? Q? Q'
° 4 oH
\ /
Si

\
HO 0/ 0

NN \/O\/
NN A A

(a)

o

Q' Q*(1A1) Q*(1A1) Q'
°%  OH
\o/
Al
o b o bl Nl g
/
/ / \/ SI/ \SI\
O ©
(b)
Q' Q* Q*1A1) Q'(1A1)
o + oH
\ 7/
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/7 \ o
HO o o o /o
\e/ \Sl

VAR ANVASAN
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Fig. 15. (a) Schematic representation of a pentameric silicate chain of the
type present in dreierkette-based models for the structure of C-S-H. Q* and
@ units are identified; the middle Q? unit is the ‘bridging’ tetrahedron. (b)
The same as (a), but with AI®* substituted for Si** in the bridging tetrahe-
dron. (c) The same as (a), but with AI** substituted for Si** in anon-bridg-
ing tetrahedron.



1140 |.G. Richardson / Cement and Concrete Research 29 (1999) 1131-1147

(a)
T ¥ 1L e :-:5-2:'.5:;:::.
. I I I |
60 -70 -80 -90 -100 60 -70 -80 -90 -100
ppm
(b)
| I I 1
60 -70 -80 -90 -100 60 -70 -80 -90 -100
ppm
(©
/ ", Nl
| I I T | S I
60 -70 -80 -90 -100 60 -70 -80 -90 -100
ppm ppm

Fig. 16. Single-pulse 2°Si NMR spectra (left) and fits (right) for three 5M K OH-activated slags (hydrated for 7 days at 20°C, S/S = 0.4) with (a) high Al con-
tent, (b) intermediate Al content, and (c) low Al content.
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the single pulse 2Si and *H-2Si CP MAS NMR spectra
gave conclusive evidence that Al substituted for Si only in
the central tetrahedron of pentameric silicate chains (or in
every third tetrahedron in octameric chains). The data were
interpreted in terms of a dreierkette model for the structure
of C-S-H, as illustrated in Fig. 15. Since there were no
QY(1Al) units (chemical shift =~—75 ppm) on the #Si CP
MAS NMR spectra Al could—assuming no chain-terminat-
ing Al—only be substituted for Si in “bridging” tetrahedra
(see Fig. 15); QY(1Al) units would be expected if Al substi-
tuted for Si at non-bridging sites. There could not have been
significant numbers of chain-terminating Al because there
was good agreement between the Al/Si ratios derived from
NMR and analytica TEM [27,67]; chain-terminating Al
would have produced higher Al/Si ratios from NMR than
from TEM, which gives compositions for C-S-H free of ad-
mixture with other phases.

The association of the peak at ~—82 ppm with Al iswell-
illustrated by Fig. 16 which shows S SPMAS NMR spec-
tra for three KOH-activated slags with high, intermediate
and low Al contents. In the slag with high Al/Si, the peak at
—82 ppm is very prominent—in fact, assuming the above
assignment of peaks, the bridging sites of the C-S-H struc-
ture would be almost saturated with Al—and it becomes
markedly less prominent with reduced Al/Si ratio. Results
of deconvolution of the spectraare: (@) high Al content (Al/
Si of anhydrous slag = 0.62) Al/Si of C-S-H = 0.34, CL =
9.8, % hydration = 53; (b) intermediate Al content (Al/Si of
anhydrous dag = 0.36) Al/Si of C-S-H = 0.25, CL = 7.3,
% hydration = 42; and (c) low Al content (Al/Si of anhy-
drousslag = 0.17) Al/Si of C-S-H = 0.11, CL = 5.2, % hy-
dration = 45. The Al/Si and CL of the C-S-H were calcu-
lated using Egs. (3) and (4). Spectra similar to that for the
intermediate Al-content slag have been published previ-
oudly for activation with KOH [27] and NaOH [68] solu-
tions. The excellent agreement between the Al/Si ratios de-
rived from the deconvolution of NMR spectra and from
microanalysis in the TEM for a range of systems is illus-
trated on Fig. 17. Despite these data, the assignment of the
pesks at ~—79 ppm, ~—82 ppm and ~—85 ppm to Q,
Q?(1Al) and Q? species respectively has been questioned re-
cently by Faucon et al. [69,70,71]. In studies on synthetic
C-S-H phases, they suggested that Al could aso enter non-
bridging tetrahedra, especiadly in C-S-H with higher Ca/Si
ratios. It is possible to test Faucon et al.’ s assertion using tri-
methylsilylation since from its standpoint substituents are
not part of the silicate anions [33]. If Al substituted solely at
bridging sites then the 3n-1 sequence of chain lengths
would be maintained: a C-S-H with its bridging sites satu-
rated with Al would give just dimeric derivatives. Substitu-
tion at bridging and non-bridging sites would produce en-
hanced amounts of trimer and tetramer (enhanced because
some trimer and tetramer are produced by side reactions
[10]).

Fig. 18 shows the TMS-GPC data for a 50% white ce-
ment 50% slag blend activated with 5M KOH solution, sim-
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Fig. 17. Plot of Al/Si ratio of C-S-H measured directly in the TEM against
Al/Si ratio calculated from NMR spectra for a range of slag-containing
cement pastes; details of the systems are given in [6].

ilar to that reported in [3] in which the C-S-H had Ca/Si =
1.55 and Al/Si = 0.13. The monomer is due to unreacted
belite and slag-glass; the slag-glass may also have contrib-
uted avery small amount of dimer and trimer [64]. The pre-
dominant derivative is dimer, with the curve consistent with
the 3n-1 sequence of chain lengths. Since there is no en-
hancement of the proportions of trimer and tetramer com-
pared with the neat white cement paste, Fig. 12, the data
support the view that Al substitute for Si solely at bridging
sSites.

Fig. 19 shows the TMS-GPC data for a synthetic slag
glass activated with 5SM KOH solution, similar to that re-
ported in [67] in which the C-S-H had a Ca/Si = 1.10 and
Al/Si = 0.21. The data are very similar to the neat cement
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Fig. 18. TMS-GPC chromatogram of a KOH-activated 50% white Portland
cement 50% slag paste hydrated for 5 1/4 years at 20°C; SIS = 0.5.
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Fig. 19. TMS-GPC chromatogram of a KOH-activated synthetic slag glass
hydrated for 5 3/4 years at 20°C; /S = 0.4.

paste, Fig. 12, despite the much higher Al/Si ratio: again,
the data support the view that Al substitute for Si solely at
bridging sites since there is no enhancement of the propor-
tions of trimer and tetramer. Microanaysis in the TEM of
the C-S-H present in the 5M KOH-activated slag system
with high Al/Si ratio—the NMR spectrum of whichisgiven
in Fig. 16 for 7 days hydration—shows that it has a very
high Al content (Al/Si = 0.33, Ca/Si = 1.10). Assignment
of the peaks on Fig. 16 at ~—79 ppm, ~—82 ppm, and
~—85 ppm solely to Q', Q*(1Al), and Q? species, respec-
tively, would mean that the bridging sites were almost satu-
rated with Al. The large amount of dimer on the TMS-GPC
curve, Fig. 20, confirms this conclusion.

In al the above three cases—including the higher Ca/Si
ratio blend system—the TMS-GPC data are consistent with
the 3n-1 sequence of chain lengths with dimer as the pre-
dominant species:. the data show unequivocaly that the
C-S-H in these hardened cements contain Al substituted for
Si solely at bridging sites. The data support strongly the as-
signment of the peaks on the Si NMR spectra at ~—79
ppm, ~—82 ppm, and ~—85 ppm solely to Qt, Q¥ (1Al),
and Q? species, respectively.

The approach adopted in [3] for cement-slag blends can
aso be used for Portland cement blends containing other
mineral additions. Figs. 21 and 22 show #Si MAS NMR
spectra for blends of white cement with fly ash (30%) and
metakaolin (20%). On Fig. 21 the broad peak at ~—105
ppm is due to unreacted fly-ash. The unreacted metakaolin
gave avery broad peak at ~—100 ppm. The spectrafor the
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Fig. 20. TMS-GPC chromatogram of a KOH-activated slag with high Al
content hydrated for 2 1/4 years at 20°C; S/S = 0.4.

water-activated pastes are very similar to those for blends
containing slag, Fig. 14(a) and [3]. Again, the hydrate peaks
in the KOH-activated spectra are clearly defined and the re-
sults from the deconvolution of these spectra can be used to
aid deconvolution of the water-activated spectra. TMS-GPC
data again show that Al substitutes for Si solely at bridging
sites because the observed chain lengths follow the 3n-1 se-
guence, for example Figs. 23 and 24; there is no significant
enhancement of the proportions of trimer and tetramer com-
pared with the neat white cement paste, Fig. 12. Any unre-
acted pozzolan would make no (fly ash [64]) or only a very
minor (metakaolin [72]) contribution to the TMS-GPC data.
The C-S-H in the KOH-activated metakaolin system, Fig.
22, issimilar to that present in the high Al content slag (Fig.
16); the alumino-silicate chains are on average very long
and the bridging sites are nearly saturated with Al which
leads to predominantly dimeric TMS derivatives. The hy-
dration products and microstructure of the fly ash and me-
takaolin blended systems are discussed in greater detail
elsewhere[4].

The C-S-H phasesin all the systems discussed in this pa-
per can be described by Richardson and Groves dreier-
kette-based model for the structure of substituted C-S-H
[50], which can be represented by formula (5):

{ CaZnHW(Si 1—aR£14] )(3n—1)o(9n—2)} 0

c+
§(3n—1) E(OH)W+ n(y-2) O
c

Ca,y [MH,0 (5)
2
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Fig. 21. Single pulse ®Si (bottom) and *H-?*Si CP MAS NMR spectra of (@) KOH-activated and (b) water-activated 70% white Portland cement 30% fly ash
pastes hydrated for 4 months at 25°C; /S = 0.5.

where R is a trivalent cation, mainly AI®*, in tetrahedral bridging tetrahedra of the dreierkette structure, and there are
co-ordination and 1°* is an interlayer ion, either a monova n-1 bridging sites[Eq. (6)],
lent alkali cation or Ca?*, charge-baancing the R®* substi-
tution for Si**. Since Al substitutes for Si solely in the

n-1
<as< )
0<a ] (6)
(a) (b)
| T T T T T 1 I T T T T T ]
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Fig. 22. Single pulse °Si (bottom) and*H-?*Si CP MAS NMR spectra of (a) KOH-activated and (b) water-activated 80% white Portland cement 20% metaka-
olin pastes hydrated for 4 months at 25°C; S/S = 0.55.
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Fig. 23. TMS-GPC chromatogram of a KOH-activated 70% white Portland
cement 30% fly ash paste hydrated for 7 months at 20°C; S/S = 0.5.

The model, and the limits placed on the variables, are
discussed in detail elsewhere [50,52].
3.4. The bonding of C-S-H to other phases

The strength of hardened Portland cement pastes de-
pendsin part on the ability of the C-S-H to bond effectively
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Fig. 24. TMS-GPC chromatogram of awater-activated 80% white Portland
cement 20% metakaolin paste hydrated for 3 months at 20°C; W/S = 0.55.

500 nm

Fig. 25. Transmission electron micrograph showing fibrillar Op C-S-H well-
bonded with CH in aC;S paste hydrated for 3 1/2 years at 20°C (W/C = 0.4).

to other products of hydration, most notably to calcium hy-
droxide. CH generally occurs as massive crystals but is also
admixed with C-S-H at the micron-scale. Bonding with Op
C-S-H is often excellent [2,20], asillustrated in Fig. 25, but
isless-good where the interface is parallel to the basal plane
of the CH. In such cases, the fine-fibrillar Op C-S-H bonds
to athin layer of C-S-H which tends to form along the crys-
tal surface, asin Fig. 7 [2,20]. Where the two make contact
the bond between CH and Ip C-S-H isvery good [2,20].

Intimate nanoscale mixtures of C-S-H and microcrystal-
line CH have been observed in cements with very low wa-
ter:cement ratio [73], in pozzolanic cements [74], and in
Portland cements activated with KOH solution [3].

Another example of nanoscale mixture of C-S-H with a
crystalline phase is found in the slag Ip of slag-containing
cements. As noted in section 3.1.2, Ip from larger slag
grains commonly displays the typica compact fine-scale
homogeneous morphology, but it is chemically distinct in
having high content of Mg and Al. Laths or platelets are
also often observed which are particularly rich in Mg and
Al. Microanalysis in both EMPA and TEM of slag Ip in a
range of systems has shown a linear relationship between
the increase in Mg/Ca ratio and Al/Caratio [1,3,27], with
the Al/Caratio at Mg/Ca = 0 similar to that of the Op C-S-H.
This relationship is due to different levels of admixture
within the analysed volume of a single-phase C-S-H com-
positionally equivalent to Op C-S-H (with any Al as Al4)
and a Mg,Al-rich hydroxide phase (with All®) [50,67,75],
and the generalized formula[Eq. (7)]:

[R2:,Rg+(OH),1"" (R~ [jH,0 )
r
where R?* = Mg?"; R®" = AlI®T or Fe*"; and R~ = OH™,
SO,2~, COz2". For hydrotalcite-like phases in general
~0.2 < k < 0.33[76,77], whilst in slag-containing cements
kistypicaly ~0.3[1,6].
A strong mutual attraction between the main layers of
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Al-substituted C-S-H and the Mg,Al-hydroxide phase due
their opposite charges [see Egs. (5) and (7)] might be an ex-
planation for the very fine level of admixture present in the
Ip regions with the homogeneous morphology, such as that
illustrated in Fig. 4 [78]. It is certainly true that Ip with this
morphology is more common in those systems with the
greatest level of Al substitution for Si in the C-S-H, with
fewer well-defined platelets. A similar explanation has been
given to account for the apparent ability of C-S-H to destroy
AFm phases [33] (in formula (7), AFm phases have R?>" =
Ca, R®" = AI®T or Fe®"; R~ = OH™, SO,2°, CO,*7, or
other common anions; k has afixed value of 0.33).

4, Conclusions

1. Taplin's [11] long-standing “inner-outer” classifica
tion of the products of cement hydration is supported
strongly by the high resolution technique of transmis-
sion electron microscopy of ion-thinned sections. The
more recent “phenograin-groundmass’ classification
due to Diamond and Bonen [31] would seem to have
little application outside the description of backscat-
tered electron images.

2. Ip C-S-H present in larger Portland cement grains typi-
caly has a fine-scale and homogeneous morphology
with pores somewhat under 10 nm in diameter. This
product isvery unstable in the electron beam in the TEM
making work at higher magnifications difficult. Ip from
larger dag grains dso displays this morphology, but is
chemically digtinct in having high content of Mg and Al.

3. TEM shows that the hydrated remains of small parti-
cles—whether of Portland cement, slag, or fly ash—
contain aless dense product with substantial porosity
surrounded by a zone of relatively dense C-S-H. This
has implications for the analysis of porosity and pore-
size distributions on backscattered electron images.

4. In cement-slag blends, the fibrillar morphology of Op
C-S-H isgradually replaced by afoil-like morphology
as the slag loading is increased. It seems likely that
this change in morphology is largely responsible for
the improved durability performance possible with
dag-containing systems.

5. The Ca/S ratio of C-S-H in neat Portland cement
pastes varies from ~1.2 to ~2.3 with amean of ~1.75.

6. The Ca/(Si+Al) ratio of C-S-H in water activated ce-
ment-slag pastes (0-100% dag) varies from ~0.7 to
~2.4; these limits are consistent with dreierkette-
based models for the structure of C-S-H [51,52].

7. Al substitutes for Si in C-S-H only in the “bridging”
tetrahedra of dreierkette chains; thisistrue for arange
of systems, including blends of Portland cement with
dag, fly ash, and metakaolin. The C-S-H in these sys-
tems can be described by Richardson and Groves
model for the structure of substituted C-S-H [50].

8. The bonding of C-S-H to other products of hydration
is generally good.
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