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The structure of the calcium silicate hydrate phases
present in hardened pastes of white Portland
cement/blast-furnace slag blends
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The C-S-H gels present in both water- and alkali-activated hardened pastes of white Portland
cement/blast-furnace slag blends have been studied by solid-state ?Si magic angle spinning
nuclear magnetic resonance (NMR) spectroscopy and analytical transmission electron
microscopy (TEM). Structural data are obtained by NMR for the semi-crystalline C-S-H gels
in the alkali-activated systems and extended to the nearly amorphous gels in the water-
activated systems by peak broadening; unambiguous chemical analyses are determined in
the TEM. The following conclusions apply to both the semi-crystalline and nearly
amorphous C-S-H gels: (1) aluminium substitutes for silicon at tetrahedral sites; (2)
aluminium only substitutes for silicon in the central tetrahedron of pentameric silicate
chains; (3) the results strengthen confidence in dreierkette-based models for the structure of
C-S-H. Compositional similarities suggest that these conclusions will be true for OPC/slag
blends, and possibly also for OPC/pulverized fuel ash blends indicating that the same
structural model applies to C-S-H gels in a wide range of hardened cement pastes.

1. Introduction
The cementing medium in modern Portland cement-
based concretes can include several inorganic by-
product materials, including ground granulated blast-
furnace slag (ggbs)*, pulverized fuel ash (pfa)’, and
microsilica.'” Whatever its exact composition, the
main hydration products and principal binding
phases in all calcium silicate-based pastes and con-
crete are calcium silicate hydrate (C-S-H) gels. Under-
standing the nature of C-S-H is therefore important.

In any given system there are generally two mor-
phologically distinct types of C-S-H: inner product
(Ip), formed within the boundaries of the original
anhydrous grains, and outer product (Op), formed in
the originally water or solution-filled spaces. Ip re-
gions most commonly have a compact, fine-scale and
homogeneous morphology whereas Op C-S-H ex-
hibits a strongly linear, directional morphology as
seen by transmission electron microscopy (TEM). In
blast-furnace slag/Portland cement blends, this fibril-
lar character is gradually replaced as the fraction of
slag is increased by a C-S-H with a foil-like morpho-
logy [1].

The composition and the degree of structural order
of C-S-H phases depends on the nature of the system:

*a by-product of the manufacture of pig-iron
ta by-product from coal-fired power stations
ta by-product from the silicon industry
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for example, in water-activated Portland cement-
based systems the C-S-H is nearly amorphous whereas
more crystalline phases can be formed by hydrother-
mal reaction or by the reaction of cement with concen-
trated alkali hydroxide solutions. In most systems of
commercial interest C-S-H gels are at best poorly
crystalline, and generally nearly amorphous. Al-
though this has made studying the structure of C-S-H
phases difficult, the weight of experimental evidence
indicates a structural relationship with the crystalline
mineral 1.4-nm tobermorite and possibly with jennite.
Studies by trimethylsilylation (TMS) [2] and solid-
state nuclear magnetic resonance spectroscopy
(NMR) [3, 4] have established that C-S-H in young
pastes consists mainly of dimeric silicate chains. The
TMS studies have indicated that in older pastes some
of the dimers are linked by monomers to form pen-
tamers [5, 6], and then possibly the dimers and pen-
tamers are linked by monomers to form octamers [57;
thus suggesting a 2, 5,8, ... (3n — 1) chain length se-
quence, where n = 1,2, 3, etc. This led Taylor [7] to
propose a model based on finite silicate units derived
from the “dreierkette” structures of 1.4-nm tober-
morite and jennite by the omission of some or all of
the bridging tetrahedra. Fig. la shows a schematic
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Figure 1 (a) Schematic representation of a pentameric silicate chain
of the type present in Taylor’s model [7]. Q; and Q, units are
identified; the middle Q, unit is the “bridging” tetrahedron. (b)
Same as (a), but with AI** substituted for Si** in the bridging
tetrahedron. (c) Same as (a), but with AI3* substituted for Si** in
a non-bridging Q, tetrahedron.

representation of a pentameric silicate chain of the
type present in Taylor’s model. The O atoms at the
bottom of the figure are also part of the central CaO,
layer.

In ordinary portland cement (OPC) and blended
cements, C-S-H accommodates substituent ions, the
most important of which is aluminium [ 1, 8]. The only
technique capable of giving unambiguous composi-
tions for C-S-H gels present in hardened cement
pastes is X-ray microanalysis of thinned sections in the
TEM. Using this technique, Richardson and Groves
[1, 8] showed that over a range of ggbs/OPC blends
there was a linear relationship between an increase in
the R/Ca ratio (where R is a trivalent cation, mainly
AI*") and an increase in the Si/Ca ratio. Taylor
[9, 10] considered that the higher Al contents could be
accounted for by considering the analysed volume to
be a very intimate mixture of C-S-H with a low Al
content with layers of AFm structure (AFm (Al,O5-
Fe,O;-mono) phases have the general formula
[Ca,(Al Fe)(OH)s]- X - xH,O where X denotes one
formula unit of a singly charged anion, a half a for-
mula unit of a doubly charged anion) and have layer
structures derived from that of calcium hydroxide by

4794

the ordered replacement of one Ca®* ion in three by
Ae®*" or Fe?*)). This would appear unlikely because it
would mean that the lower Ca/Si ratio system would
have to have more AFm — a Ca-rich phase — than the
higher Ca/Si ratio systems. It is also unlikely that such
a mixture would occur on such a fine scale (< 300 nm)
so as to produce a smooth compositional trend from
the small regions analysed in the TEM. There is now
direct experimental evidence against this postulate;
electron energy loss spectroscopy (EELS) studies of
C-S-H in KOH activated blast furnace slags [11, 12]
and 9/1 slag/OPC [13] have shown that the Al is in
predominantly 4-fold co-ordination: admixture with
an AFm phase would have shown in addition Al
present in 6-fold co-ordination.

Richardson and Groves took the compositional re-
lationship to support a structural limitation on the
level of Al substitution where Al substitutes for Si at
tetrahedral sites. This led them to propose a general
model for the structure of substituted C-S-H gels
[14,15], in which the mean silicate chain length in-
creases as the Si/Ca ratio increases, with Al substitu-
ting for Si in bridging tetrahedra of a dreierkette chain
structure. The model may be represented as:

w(Sil - aR¢[14] )(Sn - 1)0(9n - 2)}
IZ/Jcr(sn—1)(OH)w+n(y—2)Can-y/2‘mHzo (1)

{Ca,,H

where,
0<y<2 n2-y)<w<2n
2<y<4 0sw<2n
4<y<6, 0<w<n6-—y)

The model — which is based on a tobermorite-like core
(that of the formula contained within the braces)
— consists of a highly disordered layer structure com-
prising finite silicate chains of length 3n — 1. For indi-
vidual structural units n=1,2,3, ... etc. but it has
effective non-integer values for mixtures of units of
different length. In immature cement pastes dimer is
the most abundant silicate species (n = 1). These are
linked during polymerization by bridging tetrahedra
to form pentamer (n =2) and higher polymers; in
formula 1 there are n — 1 bridging sites. R is
a trivalent cation, mainly AI**, in tetrahedral co-
ordination and 1°* is an interlayer ion, either a mono-
valent alkali cation or Ca?*, charge-balancing the
R3* substitution for Si**. Aluminium is assumed to
only substitute for Si in the bridging tetrahedra of the
dreierketten structure, thus, 0 <a<n—1/3n — 1.

The model can be interpreted in terms of either of
the two most common approaches to the structure of
C-S-H, namely a mixture of structural units based on
the minerals jennite and 1.4 nm-tobermorite [7] or
tobermorite-based units in “solid-solution” with
Ca(OH), [16-20]. From the tobermorite/Ca(OH),
viewpoint it is better to represent the model by for-
mula 2,

Ca Hen— 2x)(SI1 a a )(3n l)O(9n 2)Ia/c(3n 1)

zCa(OH), -mH,0 )



where,

x=73(6n—w); z=3w+n(y—2)

Note that when n = 1 (i.e., a dimer) formula 2 reduces
to that used by Glasser et al. [21] to describe the
C-S-H predominant in young OPC pastes.

Taylor’s model distinguishes clearly between main
layer and interlayer Ca®* ions but his assertion [9]
that no distinction is made in Richardson and Groves’
formulations is not true. For example, in formula 14 of
reference [14],

{CaZnHwSi(3n— 1)0(9n— 2)} (OH)w+n(y— 2)
Can.y/z mH20 (3)

the 2n Ca?* ions within the braces are always main
layer Ca?* ions, while there are always n — w/2 inter-
layer Ca?* ions required for charge balance. The
position of the remainder of the n-y/2 Ca** ions
outside the braces depends on the structural viewpoint
adopted. From the tobermorite/Ca(OH), viewpoint
they occur in layers of Ca(OH), sandwiched between
silicate layers of tobermorite-like structure while from
the jennite/tobermorite viewpoint they form part of
the main layer (as = Si-O—-Ca—-OH). The parameters
in the formula may of course vary from one region to
another of the gel accounting for the local variations
in composition observed by TEM.

In Taylor’s model there is one silanol group per
three tetrahedral sites [ 7], which is given by w = n in
formula 1, and this is probably the most reasonable
assumption for Portland cement-based systems cured
at normal temperatures — a point supported later in
this paper. However, the compositions and mean
chain lengths of some C-S-H gels put them outside
this assumption [22] so the extra flexibility in the
possible degree of protonation inherent in formula 1 is
necessary.

Significant progress has been made towards estab-
lishing satisfactory experimental verification for the
substituted general model; it successfully links the
chemical composition and silicate anion structure of
low Ca/Si ratio C-S-H phases [ 14]; and it is supported
by the work of Brydson et al. [11] and Richardson
et al. [11,22] on the determination of the location of
Al in semi-crystalline substituted C-S-H gels. The lat-
ter were formed by the reaction of a ggbs [11, 12] and
synthetic slag glass [12, 22] with 5M KOH solution.
The single-pulse 2°Si and 'H-2°Si cross-polarization
(CP) magic-angle spinning (MAS) NMR spectra for
these gels gave conclusive evidence for the Al substitu-
ting for Si solely in the central tetrahedron of pentam-
eric linear chains, as illustrated in Fig. 1b. This
followed from the absence of a peak corresponding to
Qy(1A1)} units on the 2°Si CP MAS NMR spectra;
such units would be expected if — assuming no chain

terminating Al-Al substituted for Si at tetrahedral sites
other than in the bridging tetrahedra, as in Fig. 1c.
There could be no significant numbers of chain termi-
nating Al as this would have produced higher Al/Si
ratios calculated by NMR than derived from analyti-
cal TEM which gives unambiguous compositions for
the C-S-H gels; in fact, there was good agreement.

However, is this model for the structure of sub-
stituted C-S-H gels valid for those present in water-
activated pastes at compositions relevant to concrete?
Such phases are nearly amorphous which makes them
less-easily studied by NMR; a decrease in long-range
structural order leads to broader NMR peaks and
reduced resolution. We have approached this problem
by comparing the nature of the C-S-H gels formed in
slag/white Portland cement (WPC) blends when ac-
tivated by water and by 5SM KOH solution: structural
data is obtained by NMR for the semi-crystalline C-S-
H gels in the KOH-activated systems and extended to
the water-activated systems by peak broadening; un-
ambiguous chemical analyses are determined in the
TEM. The results are presented in this paper.

2. Experimental procedures
The commercial slag was supplied by AEA Techno-
logy Harwell Laboratory. The oxide composition is
given in Table 1. Powder X-ray diffraction (XRD)
revealed no crystalline phases. The cement used was
a white Portland cement from the Aalborg company
(Bogue composition (wt %): 65% C3S, 22% C,S, 4%
C;sA, 1% C,LAF). A white Portland cement was used
because of its low Fe content; the presence of para-
magnetic ions causes peak broadening in NMR.

Pastes of 9/1 and 1/1 ggbs/WPC were mixed with
a water: solids ratio or solution:solids ratio of 0.4 and
placed in sealed plastic tubes for curing in a water bath
at 25°C. Freshly ground samples were used for X-ray
diffraction and NMR. For TEM, the reaction was
stopped by outgassing under vacuum. Sections of the
hardened pastes were prepared for TEM by argon
ion-beam milling as reported elsewhere [24]. After
they had been coated with carbon, specimens were
examined in a Jeol 2000FX TEM equipped with
a Tracor Northern TN5500 X-ray microanalysis sys-
tem. The microscope was operated at 200 kV. Calib-
ration factors were established using akermanite
(Ca,MgSi,0,), wollastonite (CaSiOj), CazAl,0O,
CaSO,, K,SO, and FeS.

Specimens for NMR spectroscopy were ground to
a powder and packed into zirconia rotors. The single-
pulse 2°Si and 'H-2°Si cross polarization (CP) spectra
were acquired using a Bruker MSL-200 spectrometer
(magnetic field 4.7 T; operating frequencies of
200.13 MHz for 'H and 39.76 MHz for 2°Si). The
spectra were acquired with MAS at ~ 3 kHz in 7 mm

*In silicates, solid state 2°Si MAS NMR can provide quantitative information on the fractions of silicon present in different tetrahedral
environments, Q, (0 < n < 4), where Q is a silicate tetrahedron and n denotes the number of oxygens which bridge to adjacent tetrahedra.
Increased polymerization of the Q, building units causes characteristic up-field chemical shifts. In aluminosilicates the shifts are further
influenced by the replacement of Si by Al in tetrahedra adjacent to a given Si site, generally producing down-field shifts of ~ 3 — 5 ppm per
Al [23]. There are thus 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 [23].
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TABLE 1 Oxide composition of the ggbs determined by
wavelength dispersive X-ray analysis (mean + o,_; 73 analyses)

Oxide wt% Oxide wt%

Na,O 0.27 +0.07 K,O 0.65 4+ 0.14
MgO 7.83 +0.26 CaO 40.73 + 0.90
ALO, 1227 + 0.46 TiO, 0.64 + 0.08
SiO, 36.13 +0.68 MnO 0.65 +0.17
S2- 0.83 +0.12 FeO low

rotors, and with high-power proton decoupling at
a field of approximately 60 kHz. The single pulse
spectra were acquired over 32000 — 42 000 scans us-
ing a pulse recycle delay of 2s and a flip angle of
45°. Approximate spin-lattice relaxation time (T';)
measurements indicated that saturation effects were
not significant for the hydrate peaks. The CP spectra
were acquired over =& 30000 scans with a contact
time of 1 ms and a recycle delay time of 2 s. For CP,
the Hartmann—-Hahn condition was set using kao-
linite [25]. The 2°Si chemical shifts are given relative
to tetramethylsilane (TMS) at 0 ppm, with kaolinite
used as an external standard at — 91.2 ppm. For all
spectra, 2048 points were acquired at a sweep width of
15151 Hz, apodized with 10 Hz of exponential line
broadening, and zero filled to 8192 point prior to
Fourier transformation. The spectra were iteratively
fitted to Voigt line shapes using the software Igor [26]
with additional macros written by Brough [27]. The
full procedure is outlined in the Results section.

Samples for thermal analysis were crushed, washed
in propan-2-ol, filtered, and stored in a vacuum desic-
cator. A Mettler DSC 20 differential scanning calori-
meter was used over a temperature range of
50-600°C at a heating rate of 10°C min~! and in an
atmosphere of air.

3. Results and discussion
3.1. Hydration products and microstructure
The Ca(OH), present in slag/OPC blends is generally
observed as large plates, most commonly in the Op
region [ 1, 8]. This was the case in the water-activated
pastes studied here, but in the KOH-activated pastes
it occurred as microcrystals intimately mixed on
a nanometer scale with layers of C-S-H; this is illus-
trated in Fig. 2, a TEM micrograph of a typical region
in the KOH-activated neat WPC paste. This admix-
ture of phases is most clearly evident in the central and
lower right of the micrograph; inset is a selected area
electron diffraction pattern of the central region show-
ing reflections characteristic of microcrystalline
Ca(OH),. The presence of microcrystalline Ca(OH),
is consistent with the broader peaks observed in the
powder XRD traces of the KOH-activated pastes than
in those with water. Regarding the models for the
structure of C-S-H, the presence of finely admixed
C-S-H and Ca(OH), is consistent with — but not proof
of — treating the C-S-H as a low Ca/Si ratio C-S-
H-Ca(OH), “solid-solution.”

The microstructures of the water activated
ggbs/WPC blends were very similar to ggbs/OPC
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Figure 2 A typical region of Op in a KOH-activated neat WPC
paste. Inset is a selected area electron diffraction pattern from the
central region showing reflections characteristic of microcrystalline
Ca(OH),. The mean Ca/Si ratio of 12 regions giving similar patterns
was 6.7 + 2.3 indicating that the regions consist of Ca(OH), micro-
crystals admixed with C-S-H at the nanometre level.
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Figure 3 Mg/Si against Al/Si ratio plot for analyses of slag Ip
present in the slag/WPC 9/1 pastes. (®) 9:1/water; (——-)
Al/Si = 0.1257 + (0.4268 x Mg/Si) R? =0.95; (¢) 9:1/KOH and
(—) Al/Si = 0.1562 + (0.3843 x Mg/Si) R? = 0.78.

pastes: the microstructures are similar to those de-
scribed in reference [1]. As in those pastes the C-S-H,
which is nearly amorphous, is present in two mor-
phologically distinct forms: Ip and Op. The C-S-H in
the KOH systems is also present as Ip and Op but it is
semi-crystalline, giving electron diffraction patterns
similar to the example in reference [22] for C-S-H in
a neat ggbs/KOH paste. Ip could again be considered
an intimate mixture of C-S-H and a Mg, Al hydroxide
type phase. This is illustrated on Fig. 3 for the 9/1
pastes: for example, the Al/Mg ratio of the Mg, Al
hydroxide phase in the water-activated paste is 0.43.

3.2. Chemical composition of the C-S-H gels
Fig. 4 incorporates some earlier data of Richardson
and Groves’ [1, 15] for a range of ggbs/OPC blends
hydrated at 20°C for 14 months (water/cement
(W/C) =0.4) (@), some ggbs/KOH pastes made with
the same slag (W), and a synthetic slag/KOH paste (A)
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Figure 4 Al/Ca against Si/Ca ratio plot of TEM analyses of Op
C-S-H present in various slag containing systems. Each point cor-
responds to a mean value of 20 to 50 analyses which are unambigu-
ously of Op C-S-H. The filled and open symbols correspond to
systems with different slags and with ordinary and white Portland
cements respectively. The regression line is for the filled symbols
only. The figure also includes plots of AFm (x) and Ca(OH), (+)
against Si/Ca ratio of the Op C-S-H present in the slag/OPC blends.
Note that although there is no AFm or Ca(OH), present in neat
slag/water systems AFm is present when slag is activated by KOH
solutions; these data are not shown. Point % corresponds to the
approximate composition of the C-S-H in an OPC/28% wt pfa
blend [28]. (®) OPC/slag blends [1, 15]; () 100% slag/5m KOH;
(A) synthetic slag/5m KOH [22]; (O) 50% WPC 50% slag/water;
() 50% WPC 50% slag/5m KOH; (A) 10% WPC 90% slag/water;
(©) 10% WPC 90% slag/5m KOH; (0) 100% slag/5mM KOH. The
lines represent: (—) Si/Ca = 0.4277 + (2.366 x Al/Ca) R?* = 0.98; (----)
Si/Ca = 0.7873 — (0.0017 X AHc,0m,) R? = 0.83 and (—-) Si/Ca =
0.8065 — (0.0243 x AHpy) R? = 0.95.

[22]. Fig. 4 shows that the decrease in Ca/Si ratio and
increase in Al/Ca ratio is accompanied by a reduction
in the levels of Ca(OH), and AFm as determined by
differential scanning calorimetry.

The maximum Ca/Si ratio possible for C-S-H in
these systems (indicated by the point at which the
regression line meets the x-axis) would appear to be
~ 2.3, and the maximum Ca/Si ratio possible for C-S-
H with no Ca(OH), or AFm present is & 1.25. Inter-
estingly, these compositions correspond to the max-
imum compositions in Taylor’s model for jennite- and
tobermorite-based structural units (Jgimer Ca/Si=
2.25; TgimerCa/Si = 1.25). This would appear to agree
with his contention that there are generally n silanol
groups per structural unit, i.e, w =n in formula 1.
Structural units with all their bridging tetrahedra
occupied by AI** would also have a Ca/Si ratio of
1.25 if the extra charge were balanced by either alkali
cations or H™.

Although the Op C-S-H was often admixed with
Ca(OH), on a very fine scale as in Fig. 2, it was also
present alone in areas sufficiently large to enable
chemical analysis, for example in Fig. 5 (centre and
lower right). The compositions of the Op C-S-H gels
present in both the KOH- and water-activated
ggbs/WPC pastes are included on Fig. 4 (open sym-
bols) for comparison with the ggbs/OPC blends and
slag/KOH. It can be seen that they fall on the same
compositional trend line, despite having different
Portland cements and different blast-furnace slags.
This suggests that the results of this study are prob-
ably relevant for Portland cement-containing systems
in general. It is also likely that they are also relevant to
pfa/OPC blends; point % on Fig. 4 corresponds to the

Figure 5 TEM micrograph of an Op region in the KOH-activated
neat WPC paste. Op C-S-H not admixed with Ca(OH)j, is present in
the centre and lower right of the micrograph.
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Figure 6 Single pulse 2°Si MAS NMR spectra for the water-ac-
tivated (a) 9/1 and (b) 1/1 slag/WPC blends hydrated for 3 weeks.
Approximate chemical shifts for the expected hydrate peaks are
shown i.e., Qq, Q,(1Al), and Q,(0Al).

approximate composition of the C-S-H in an OPC
28 wt % pfa blend [28]. The proximity of this point to
the compositional trend line suggests that there
may be a universal compositional relationship for the
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Figure 7 Single pulse 2°Si MAS NMR spectra for the 5M KOH-
activated (a) neat slag, (b) 9/1, and (c) 1/1 slag/WPC blends hydrated
for one, three, and four days respectively. The hydrate peaks are
well-defined with approximate chemical shifts of — 78.7 ppm (Q;),
— 81.7 ppm (Q;(1Al)), and — 84.5 ppm (Q,(0ALl)).

C-S-H phases present in all cementitious calcium
alumino-silicate systems.

3.3. NMR results

Fig. 6(a and b) shows the single-pulse 2°Si NMR
spectra for water-activated 9/1 and 1/1 ggbs/WPC
blends. The Q, peaks correspond to unreacted slag
and belite (the sharp component); it is assumed that all

the alite has reacted. Both the spectra appear to have
three hydrate peaks, Q;, Q,(1Al), and Q,, but they

are not well-resolved; it would not be possible to
deconvolute these spectra without more information.

Fig. 7(a—c) shows the corresponding spectra for the
KOH-activated blends, and also for the neat
slag/KOH paste; the hydrate peaks are very clearly
defined. These spectra were deconvoluted and the
results used to aid deconvolution of the water-ac-
tivated spectra in Fig. 6(a and b).

3.3.1 Procedure for the deconvolution of the
NMR spectra

The spectra were iteratively fitted to Voigt line shapes
using the software Igor [26] with additional macros
written by Brough [27]. The fitting function used can
handle four peaks (centre bands), each with first order
spinning side bands. The 28 fitting coefficients are
summarized in Table II.

The stages in the deconvolution procedure were as
follows:

3.3.1.1 Stage 1. A baseline was fitted to the spectrum
using the regions between the peaks and sidebands.

3.3.1.2 Stage 2. Since the spectra have five centre
bands and the program can only handle four it was
necessary to model one of the peaks and subtract
a contribution from it from each of the spectra. The
belite peak was selected because it is sharp and well-
defined and a good model could be easily obtained
from a spectrum of a hydrated KOH-activated WPC
whose alite had reacted completely. This peak was
then superimposed on the KOH-activated spectra and
the intensity and linewidth altered so as to give a re-
sidual peak shape centred on =~ — 73 ppm that was
characteristic of the unreacted slag: the alite in the
blends was assumed to have reached a high degree of
reaction. This assumption is considered reasonable
since the alite in the neat WPC of the same age had
largely reacted and the presence of slag would be ex-
pected to enhance the degree of early alite reaction [29].

3.3.1.3 Stage 3. The spectra resulting from stage
2 had four distinct centre bands. The centre bands
were then iteratively fitted to Voigt lineshapes (a con-
volution of Lorentzian and Gaussian). It was found
necessary to constrain the linewidths of the smaller
hydrate peaks (Q,(0Al) and Q,(1Al)) to be the same as
the largest (Q,).

TABLE II Designation of the coefficients used in the fitting function [27]

KO — K3 Baseline (4th order polynomial)

K4 Spinning speed

1st peak 2nd peak 3rd peak 4th peak

slag Qi Q(1Al) Q,(0AI)

K5 K11 K17 K23 Intensity — left side band
K6 K12 K18 K24 Intensity — centre band
K7 K13 K19 K25 Intensity — right side band
K8 K14 K20 K26 Peak position in ppm

K9 K15 K21® K27* Linewidth

K10 K16 K22° K28® Lineshape

Same as K15
®Same as K16
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Figure 8 (a) Single pulse 2°Si MAS NMR spectrum for the 5m
KOH-activated 1/1 slag/WPC blend. The hydrate peaks are well-
defined. (b) Results of the deconvolution of (a): the fitted spectrum
(the sum of the 5 peaks) plus the three constituent hydrate peaks
with chemical shifts of — 78.7 ppm (Q;), — 81.7 ppm (Q,(1Al)), and
— 84.7 ppm (Q2(0Al)). MCL = 3.60; Al/Si = 0.12.

When the centre bands had been fitted satisfactorily
their coefficients were fixed and those for the first
order side bands unconstrained, but with the
lineshapes and linewidths fixed at the values derived
for the main peaks. The intensity values used in calcu-
lating the Al/Si ratio and mean chain length thus
included components for the centre bands and first
order spinning side bands.

The mean chain length (MCL) and Al/Si ratio were
calculated from the peak area using Equations 4 and 5:

2
CL =
MCL ( o > (4)
Q1 + Q(0AI) + 3(1Al)
Al/Si = 2Q,(1A) (5)

Q1 + Q2(0Al) + Q,(1AI)

3.3.1.4 Stage 4. Stages 1 and 2 were repeated for the
water-activated pastes. The fitted peaks resulting from
the deconvolution of the KOH spectra were then
superimposed onto the water-activated spectra. Four
peaks were then iteratively fitted to these spectra with
their coefficients initially set to those for the KOH
peaks. The coefficients for the lineshape and linewidth
of the Q,(1Al) and Q,(0Al) peaks were set to those for
Q; ie., K15 was used instead of K21 and K27, and
K16 instead of K22 and K28. Again, when the centre
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Figure 9 (a) Single pulse ?°Si MAS NMR spectrum for the water-
activated 1/1 slag/WPC blend. (b) Results of the deconvolution of
(a): the fitted spectrum (the sum of the 5 peaks) plus the three
constituent hydrate peaks with chemical shifts of — 78.9 ppm (Q,),
— 81.5 ppm (Q,(1Al)), and — 84.5 ppm (Q,(0Al). MCL = 4.05;
Al/Si = 0.10.

bands had been successfully fitted, the first-order side
bands were included.

It is apparent that the KOH- and water-activated
spectra are similar except that the hydrate peaks are
broader in the case of water activation. The chemical
compositions of the C-S-H are quite similar.

Fig. 8(a and b) to 11(a and b) show the results of the
deconvolution process; the (a) plots are the raw data
and the (b) plots include the fitted spectrum (the sum
of the 5 peaks) plus the 3 consituent hydrate peaks.
Included in the figure captions are the Al/Si ratio and
mean chain length calculated from the results using
Equations 4 and 5.

3.3.2 Compositional results and structural
implications

Table I1I summarizes the compositional results. It can
be seen that the compositions derived from the decon-
volution of the NMR spectra are in excellent agree-
ment with those from TEM. The assumptions made,
namely those used in the deconvolution procedure,
that there are no chain-terminating Al, and that Al
only substitutes for Si at tetrahedral bridging sites,
would seem therefore to be well-founded. Al only
substituting for Si at tetrahedral bridging sites
is certainly true for the water-activated 9/1 blends
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Figure 10 (a) Single pulse 2°Si MAS NMR spectrum for the SM KOH-activated 9/1 slag/WPC blend. The hydrate peaks are well-defined. (b)
Results of the deconvolution of (a): the fitted spectrum (the sum of the 5 peaks) plus the three constituent hydrate peaks with chemical shifts of
— 787 ppm (Q;), — 81.7 ppm (Q,(1Al)), and — 84.5 ppm (Q,(0Al)). MCL = 4.21; Al/Si = 0.17.
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Figure 11 (a) Single pulse 2°Si MAS NMR spectrum for the water-activated 9/1 slag/WPC blend. (b) Results of the deconvolution of (a): the
fitted spectrum (the sum of the 5 peaks) plus the three constituent hydrate peaks with chemical shifts of — 79.0 ppm (Q,), — 81.1 ppm

(Q>(1A1), and — 84.5 ppm (Q,(0Al). MCL = 6.45; Al/Si = 0.17.

TABLE III Composition of C-S-H in the blends as determined by TEM and NMR

GGBS:WPC/ TEM Op TEM Ip NMR
activator
Mean +0,-1 (n) Mean +0,-1 (n)

1:1/water Ca/Si 1.56 0.17 (27) 1.56 0.12 (21)

Al/Si 0.10 0.02 0.11 0.04 0.10
1:1/KOH Ca/Si 1.63 0.15 (20) 1.47 0.14 (21)

Al/Si 0.14 0.04 0.12 0.03 0.12
9:1/water Ca/Si 1.26 0.05 (20) 1.27 0.09 (20)

Al/Si 0.19 0.03 0.15 0.03 0.17
9:1/KOH Ca/Si 1.14 0.11 (22) 1.16 0.09 (23)

Al/Si 0.19 0.05 0.16 0.04 0.17

TEM = composition determined by analytical transmission electron microscopy.

Op = outer product C-S-H.
Ip = inner product C-S-H.

NMR = composition determined by 2°Si nuclear magnetic resonance spectroscopy assuming no chain-terminating Al.

because there is no Q(1Al) peak on the CP spectrum,
Fig. 12a. There is a small peak at ~ — 74 ppm on the
CP spectrum for the 1/1 water-activated paste,
Fig. 12b. However, this is most porbably due to a hy-
drated monomeric species, Q. It is reasonable that

' might be present in the 1/1 and not 9/1 pastes as it
is most likely to be associated with the hydration of
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the alite phase and not the slag; in a study of
a C3S/Si0, hydrated mix using selective 2°Si isotropic
enrichment the Qf was found to be associated exclus-
ively with the C;S [30].

Table IV summarizes the NMR results. The Al/Si
ratios of the C-S-H in the water- and KOH-activated
pastes are very similar but the MCL is slightly greater
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Figure 12 "H-?°Si CP MAS NMR spectra for (a) 9/1 and (b) 1/1
water-activated slag/WPC blends.

TABLE 1V Composition and mean chain length of C-S-H gels
present in the blends

WPC:BFS Al/Si MCL B(%) Byater/Bron(%)
1:1/water 0.10 4.05 54 75

1:1/KOH 0.12 3.60 72

1:9/water 0.17 6.45 63 76

1:9/KOH 0.17 421 83

Al/Si = composition determined by solid-state 2°Si nuclear mag-
netic resonance spectroscopy assuming no chain-terminating Al.
MCL = mean chain length determined by solid-state 2°Si nuclear
magnetic resonance spectroscopy assuming no chain-terminating
Al

B = bridging tetrahedra occupied by Al/bridging tetrahedra occu-
pied by Al and Si.

in the water system. It is interesting to note that B,,/B
is the same for the two blends ie., in both, KOH
activation produces four thirds as much Al substitu-
tion as does water.

The nature of the NMR spectra and the excellent
agreement between the Al/Si ratio measured directly
and the Al/Siratio calculated from the NMR data give
considerable confidence in models for the structure of
C-S-H based on broken dreierkette chains with Al
substituting for Si only at “bridging” sites. The
measurements of mean chain length, Al/Si ratio and
Ca/Si ratio allow the calculation of some of the para-
meters of the models. In formula 1 the value of
a/(1 —a) and 3n — 1 are given directly by the Al/Si
ratio and mean chain length respectively but the cal-
culation of the value of y requires, in addition to these

TABLE V Values of y and g based on alternative assumptions
about charge compensation

WPC:BFS y V q q

1:1/water 2.82 2.60 0.69 0.71
1:1/KOH 2.51 2.26 0.73 0.76
1:9/water 1.63 1.25 0.87 0.94
1:9/KOH 0.77 0.42 1.06 1.17

y = value of y calculated on the assumption of charge compensation
by K*/Na*

y' = value of y calculated on the assumption of charge compensa-
tion by Ca?*

q = value of ¢ calculated on the assumption of charge compensation
by K*/Na*

q' = value of g calculated on the assumption of charge compensa-
tion by Ca?".

values, both the Ca/Si ratio of the C-S-H and an
assumption as to the nature of the charge compensation
for the substitution of Si by Al If this does not involve
Ca?" ions, i.e., it occurs by interlayer K* and Na™, y
is given by; y = (2x(1 — a)(3n — 1)/n) — 4 where x is the
Ca/Si ratio. The assumption of charge compensation
entirely by Ca leads to a slightly smaller value of
y given by; y = ((2x(1 — a) — a)(3n — 1)/n) — 4. In the
formulation proposed by Taylor [9, 10] for his model
of a mixture of tobermorite- and jennite-like structural
units,

Cay[(Sig-a—,Ra DAOIS—ZA)HZp
(Ca, K3, Naz)s - p+a2lg (OH)gq —g-mH,O  (6)

the value of g can be similarly calculated. Values of
y and g based on alternative assumptions about
charge compensation are given in Table V. The values
of y and ¢ represent, in opposite senses, the extent to
which the structure contains Ca in excess of that in
a simple brokenchain tobermorite-like structure. On
the Taylor model a value of ¢ between 0.5 and 1 rep-
resents a mixture of jennite- and tobermorite-like
units, with g = 1 corresponding to pure tobermorite.
On the model of Richardson and Groves the incorpo-
ration of extra Ca is interpreted in a more general way
and y increases as Ca is added to the tobermorite-like
structure. With w = n a value of y = 1 implies a purely
tobermorite-like structure; a value of y below 1 implies
that extra H is incorporated in the chains above the
value w = n.

From the values in Table V it can be seen that as
the proportion of WPC in the blend with slag in-
creases the C-S-H incorporates an increasing amount
of Ca above that expected for a tobermorite-like
structure. It should be noted that this extra Ca cannot
simply be present as an intimate mixture of crysta-
lline calcium hydroxide. This is known because in
the analysis of the C-S-H gel in the electron micro-
scope, the region analysed is routinely checked by
electron diffraction for the absence of Bragg reflec-
tions from calcium hydroxide or other crystalline
phases. When microcrystalline calcium hydroxide
mixed on a scale of 10 nm does occur it is readily
detected in the electron microscope as in Fig. 2; other
examples of this have been reported [31]. It may also
be noted that for a given blend composition the more
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crystalline C-S-H in pastes activated by KOH are
closer to the tobermorite structure, but only to a
modest extent.

4. Conclusions

The C-S-H gels present in both water- and alkali-
activated hardened pastes of white Portland ce-
ment/blast-furnace slag blends have been studied by
solid-state 2°Si magic angle spinning NMR spectro-
scopy and analytical TEM. The C-S-H produced with
water-activation is nearly amorphous whilst that
produced by alkali-activation is semi-crystalline.
Nevertheless, the following conclusions apply to both
degrees of structural order: (1) aluminium substitutes
for silicon at tetrahedral sites; (2) aluminium only
substitutes for silicon in the central tetrahedron of
pentameric silicate chains; (3) the results strengthen
confidence in dreierkette-based models for the struc-
ture of C-S-H. Compositional similarities suggest that
these conclusions will be true for OPC/slag blends,
and possibly also for OPC/pfa blends indicating that
the same structural model applies to C-S-H gels in
a wide range of hardened cement pastes.
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