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The morphology of outer-product (Op) C-S-H in 20-year-old slag-cement pastes appeared in most blends to
be finer than at younger ages. The Ca/Si and Ca/(Si+ Al) ratios of the Op C-S-H decreased with increasing
slag content, and the Al/Si ratio increased. The Ca/Si ratio of C-S-H in the slag-containing pastes was lower at
20 years than at 14 months and the amount of Ca(OH), was reduced indicating that additional slag must
have reacted. The mean aluminosilicate chain length of the C-S-H was very long in all the samples and
would be expected to have increased with age. The TEM-EDX and NMR data are consistent with
nanostructural models for C-S-H. The Mg/Al ratio of the Mg-Al layered double hydroxide phase (LDH) was

C-S-H (B)
TEM (B) lower at 20 years than at 14 months in all cases except for the neat slag paste; aluminium hydroxide-based
NMR structure might be interstratified with those of the Mg-Al LDH.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The majority of research on the microstructure of cementitious
materials involves hydration periods of up to perhaps three years,
which is the maximum age possible in a typical PhD project. The
service life of concrete structures is of course much longer than this,
and the materials used to encapsulate intermediate level radioactive
wastes must be effective over extremely long timescales. It is therefore
important to know if significant changes occur to the microstructure of
hardened cements over periods beyond three years, and, in particular,
if the nature of the main binding phase is affected, which in all Portland
cement-based systems is a calcium silicate hydrate (C-S-H). The
chemical composition, morphology and nanostructure of C-S-H are
known to be very variable, being influenced by many factors, including
the composition of the cement, the water to cement ratio, the curing
temperature, the degree of hydration, and the presence of chemical
admixtures and supplementary cementing materials (SCM) [1].
Ground granulated blast-furnace slag (GGBS) is a widely used SCM
that is blended with ordinary Portland cement (OPC) at replacement
levels of up to 90% slag. Although there are many publications
concerning various aspects of blended cements that incorporate GGBS
(some of which are discussed in [1]), there have been few studies on
the nature of the C-S-H in such systems, and none that concern C-S-H
present in mature samples, other than the paper that reports the first
results from the current work [2]. The composition and morphology of
C-S-H in 14-month-old samples of varying GGBS/OPC ratio have been
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characterized by transmission electron microscopy (TEM) [3], and
samples from the same batches were extant at the outset of the current
study. The purpose of this work was, therefore, to examine the nature
of C-S-H in those 20-year-old samples and compare the results with
data on the same mixes at 14 months old [3]. The samples were
examined using 2°Si and 2”Al magic angle spinning (MAS) nuclear
magnetic resonance spectroscopy (NMR), X-ray diffraction, thermal
analysis with evolved gas analysis, and analytical TEM.

2. Experimental

The oxide compositions that were supplied with the anhydrous OPC
and GGBS are given in Refs. [2,3]. The slag was largely glassy with a small
amount of melilite. The composition of the slag glass was determined by
electron microprobe analysis of powder, embedded in resin, ground and
polished flat. The microprobe was a Cameca Camebax (operating voltage
of 15 kV and probe current of 3x 10~ 8 A) and the data were collected
using wavelength dispersive spectrometers. In total, 392 particles were
analysed with the following results (mean atom ratio+1 standard
deviation): Ca/Si=1.09 4 0.06, Ca/(Al + Si) =0.804-0.04, Al/Si=0.37 +
0.02, and Mg/Si=0.324-0.02.

Pastes were prepared by mixing the required amounts of solids with
de-ionised water at a water to solids ratio of 0.4 (ml/g). The samples
were cast in plastic tubes, sealed in polyethylene bags and cured in a
water bath at 20 °C from 1986 to December 1994 after which they were
removed from the water bath and simply stored - still sealed in the
tubes and bags - in the ambient conditions of an office at the University
of Leeds. Data collected on samples aged 14 months have been
published in Refs. [3,4]. The experimental details for the techniques
used to examine the 20-year-old samples in the current work are
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described in the previous paper [2]. In addition to those techniques, 2’Al
MAS NMR spectra were collected at a field strength of 9.4 T (operating
frequency of 104.2 MHz for 2’Al; spinning speed 14.0 kHz; no 'H
decoupling) using a pulse delay of 0.2 s, a pulse width of 1.0 ps and an
acquisition time of 10 ms, for 10,000 repetitions. The samples were spun
for no longer than 40 min in order to prevent dehydration of the sample
and any consequent loss in intensity of peaks [5]. The extent of slag
reaction in each paste was estimated by comparing the intensity of
the peak due to glassy slag determined from the deconvolution of
the single-pulse 2°Si NMR spectrum of the paste with that from the
corresponding anhydrous blend, which was acquired using the same
experimental parameters (anhydrous material had been kept for
20 years as well as the pastes). A Voigt analytical peak shape was used
to fit the slag resonance, which was found to give acceptable fits,
although there was some variation in peak shape between pastes; this is
in contrast with previous work where the use of Voigt peaks gave values
for unreacted slag that were higher than in the anhydrous material and
were thus clearly incorrect (Method 2 in Ref. [6]).

3. Results and discussion
3.1. X-ray diffraction and thermal analysis

X-ray diffraction traces for the neat cement paste and the blends
are shown in Fig. 1, together with schematic diagrams for relevant
phases. The data are all plotted with the same intensity scales. The
crystalline phases present in the neat cement paste included CH, AFt,
hydrogarnet, a small amount of residual cement (including calcium
aluminoferrite), a small amount of calcite and possibly some AFm that
contains carbonate ions. The presence of the last two indicates that
the neat paste was very slightly carbonated. The blended pastes
contained progressively smaller amounts of CH as the slag fraction
increased, and a hydrotalcite-like phase (i.e. a Mg-Al layered double
hydroxide (Mg-Al LDH)). Thermal analysis techniques combined
with analysis of the evolved gases were used to complement the XRD
data. An example of these data is given in Fig. 2, which is for the blend

containing 50% slag; the loss of mass below 400 °C is due to the
decomposition of the C-S-H, AFm and Mg-Al LDH phases, and the
sharp loss between 400 and 500 °C is due to CH. The mass spectroscopy
data showed that no carbon dioxide was evolved during the thermal
analysis experiments other than a very small amount for the neat
cement paste, indicating that none of the slag-containing pastes had
carbonated, which is in agreement with the XRD results. The amount of
calcium hydroxide in the blends is given in Table 1, together with the
amount as a percentage of the value expected on the basis of simple
dilution, R?%Y; in all cases R*®Y is much less than 100%, which indicates
that less calcium hydroxide is present than expected on that basis, due
to the reaction of the glassy slag to produce C-S—H. R*%Y is also less than
the equivalent value at 2 years (R?) in all the blends, which is
consistent with additional slag reaction occurring between 2 and
20 years; the 2-year data are from Ref. [7].

3.2. 29Si MAS NMR

Fig. 3 shows the single-pulse 2°Si MAS NMR spectra — and the
results of the deconvolution of the spectra - for all the pastes except
for the neat cement, which is presented and discussed in Ref. [2]; the
spectrum for the blend containing 90% slag was also presented in that
paper but the deconvolution procedure has been repeated using an
additional peak (see discussion below). The broad peak on the spectra
that has a chemical shift at about — 73 ppm is mainly due to unreacted
glassy slag, although there is likely to be a small peak due to hydrated
monomer (Q°) in some of the pastes that is essentially superposed
on the slag peak. The —73 ppm peak is particularly intense in the
spectrum for the neat slag, indicating that a large amount of slag has
remained unreacted, which is consistent with the slow rate of reaction
of unactivated slag.

The spectra were initially fitted using three peaks for the C-S-H
(Q', Q*(1Al) and Q?(0Al) at approximately — 79, —81.5 and — 85 ppm
respectively) but this was not satisfactory for the pastes with 50, 75
and 100% slag because the Al/Si ratio calculated using the deconvo-
luted peak intensities was much higher than that measured directly by
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Fig. 1. X-ray diffraction traces for the pastes containing0, 10, 25, 50, 75 and 90% slag. Schematic X-ray powder diagrams are included for relevant phases: HT = hydrotalcite; HG = hydrogarnet.

The data are all plotted with the same intensity scales.
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Fig. 2. Thermal analysis data for the paste containing 50% slag.

TEM-EDX (see Section 3.4), which is in contrast with results for a
number of other systems (for example see Fig. 17 in Ref. [8]). The
difference between the two values can be reduced by the inclusion of a
fourth C-S-H peak that has a similar chemical shift to Q*(1Al) but
which is not associated with aluminium (since this has the effect of
reducing the NMR Al/Si ratio). Peaks within the appropriate chemical
shift range have been observed in samples of aluminium-free synthetic
C-S-H, for example by Klur et al [9] who considered them to be due to
‘bridging’ tetrahedra in dreierkette silicate chains, i.e. additional Q*
species, which they labelled Q?° or Q%, depending upon the suggested
local chemical environment. Q2 is used as a label in this work for the
fourth C-S-H peak but it must be emphasized that intensity due to
bridging tetrahedra must also be present in the main Q? peak
(otherwise, for example, the C-S-H in the neat cement paste -
where a Q%8 peak is not needed - could not have silicate chains with
dreierkette conformation). Unfortunately, because of the limited
resolution of the spectra in Fig. 3, the only way that the fourth peak
could be incorporated meaningfully was to simply allocate a
proportion of the Q?(1Al) peak to Q2 such that the Al/Si ratio
calculated from the deconvoluted peak intensities was the same as
that measured by TEM-EDX (the Al/Si of the Op C-S-H was used
although the results of the regression analysis of the data for slag inner
product indicate that the average value for all the C-S-H in some of the
blends might be lower, Section 3.4). The results from the deconvolu-
tion of the spectra are given in Tables 1 and 2: Table 2 summarizes the
chemical shifts of the hydrate peaks and Table 1 includes the
percentages of cement and slag reacted, the mean aluminosilicate

Table 1

Results from thermal analysis and the deconvolution of the single-pulse 2°Si NMR
spectra for the neat and blended cement pastes. MCL = mean aluminosilicate chain
length for C-S-H; B = bridging tetrahedra occupied by Al/bridging tetrahedra occupied
by Al and Si. % CH = calcium hydroxide as % of ignited weight determined by
thermogravimetry; % CH®*P = % CH x fraction OPC in the paste. R*% is the amount of CH
in the blends as a percentage of the value expected on the basis of simple dilution; R is
the corresponding percentage after about 2 years hydration (the 2-year data are from
Ref. [7]).

% GGBS %CH %CH™ R R AlSi MCL B (%) %cement % slag
in paste reacted reacted
0 28 28 100 100 0.08 56 33 96 -

10 18 25 72 91 0.12 6.7 47 97 77

25 12 21 57 87 011 71 42 100 67

50 10 14 71 76 0.14 138 43 98 68

75 3 7 43 68 0.16 16.1 47 94 60

90 1 3 33 43 018 143 53 100 36

100 0 0 - - 0.19 o 50 - 22

chain length (MCL) of the C-S-H and its Al/Si ratio (which is, of course,
the same as measured by TEM-EDX for five of the blends).

Inspection of Fig. 3 reveals a striking reduction in the intensity of
the Q' peak (i.e. in chain-end groups) as the slag loading increases,
which translates as a dramatic increase in the mean length of the
aluminosilicate anions (MCL, Table 1). Unfortunately, the MCL in the
C-S-H present in these pastes at 14 months was not determined;
however, the MCL in similar systems is much shorter at younger ages
(e.g. 3.4 in a 2-year-old neat OPC paste [10] and 6.5 in a 3-week-old
GGBS-O0PC paste containing 90% slag [11]), which suggests that the
MCL will have increased in all systems as a result of sample age. The
proportion of bridging tetrahedra in the dreierkette chains that
contain AI>* rather than Si** (B in Table 1) is quite similar for most of
the blends, varying between 42 and 53%.

The degree of reaction of the silicate phases in the Portland cement
fraction of the pastes was high in all cases, with only small amounts of
residual belite present (Fig. 3 and Table 1). Whilst the percentages of
slag reacted given in Table 1 must be considered approximate, the
results nevertheless indicate that around two thirds of the glassy slag
appears to have reacted in the blends with <75% slag, about a third in
the blend with 90% slag, and just a fifth in the neat slag paste.

3.3. 27Al MAS NMR

27A1 MAS NMR spectra can be difficult to interpret because of the
quadrupolar interaction, which leads to a field-dependent shift in
resonance position and a broadening of the peaks that can result in
severe overlap [12]. Resonances for aluminium that is in 4-fold
coordination to oxygen atoms (Al'*l) are generally observed in the
range 50 to 80 ppm and those for 6-fold coordination (Al'®!) in the
range — 10 to 20 ppm; chemical shifts for penta-coordinated Al (AI©®!)
are intermediate between Al and All®!. The single-pulse 2’Al MAS
NMR spectra for the 20-year-old pastes are shown in Fig. 4. The main
aluminium environments are octahedrally coordinated, with three
peaks between 0 and 20 ppm; there are generally relatively minor
amounts of tetrahedral aluminium, (indicated by a broad peak at
around 65 ppm) and penta-coordinated aluminium (a small peak at
around 35 ppm). The 65-ppm peak is due to unreacted glassy slag
[13,14] and there is also a contribution in this region from
tetrahedrally coordinated aluminium in the C-S-H. The three
octahedral peaks are at approximately 13, 9 and 4 ppm. The peak at
~13 ppm is assigned to an AFt phase [15,16], which is known to be
present from XRD and TEM. It seems probable that the peak at
~9 ppm is a convolution of resonances from an AFm phase [15] and a
Mg-Al LDH phase, both of which are also known to be present from
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Fig. 3. Single-pulse 2°Si MAS NMR spectra for pastes with (a) 10, (b) 25, (c) 50, (d) 75, (e) 90, and (f) 100% GGBS (magnetic field 7.05 T; spinning speed 6 kHz; pulse recycle delay 2 s;
pulse width 4 ms; acquisition time 20 ms). The spectra are scaled to their tallest peak. The figures include the experimental spectrum (middle), the fitted peaks (bottom), and the
residual (top; x 1). The chemical shifts of the hydrate peaks (in ppm) are given in Table 2. The larger of the two superposed peaks at ~—81.5 ppm is Q*(1Al) and the other is Q*®.

XRD and TEM: a chemical shift of ~9 ppm has been reported in
studies at the same field for hydrotalcite-type phases [17-19] and for
monosulfate [16]. A third octahedral peak has been observed
previously in hardened Portland cement pastes, which could not be
assigned to any of the well-known aluminate species [20]. Andersen
et al. concluded that the peak - which was at 4.1 ppm at the field
strength used in this work — was due to an amorphous or disordered
aluminate hydrate, which they denoted as the ‘third aluminate
hydrate’ (TAH) [20]. Whilst Andersen et al. observed no correlation
between the quantity of TAH formed in neat cement pastes with the

bulk ALO5 content of the cement [20], the intensity of the Al
resonance at =4 ppm in Fig. 5 does appear to increase with bulk Al,03
content (because the Al,O3 content of the slag is greater than that of
the cement); a plausible reason for this observation is discussed in
Section 3.4.

3.4. Transmission electron microscopy with X-ray analysis

The most distinctive feature of the neat cement paste is the
fineness of the morphology of outer-product (Op) C-S-H [2], which
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Table 2

29Si chemical shifts for the hydrate peaks (in ppm).
% GGBS in paste Q! Q2(1A1)/Q%® Q2(0AI)
0 —78.9 —81.9 —84.9
10 =782 —81.9 —85.3
25 —79.1 —81.6 —85.1
50 —79.2 —81.2 —84.9
75 —79.5 —81.2 —84.7
90 —79.2 —81.0 —844
100 - —81.2 —84.7

appears to be finer than at younger ages [4]. This is also true for many
of the samples that contain slag: Fig. 5, for example, shows a region of
very fine C-S-H in the paste that contains 10% slag; indeed, regions of
Op C-S-H were sufficiently fine in most of the pastes that it was often
difficult to distinguish between Op and Ip when examining the
samples in the microscope. In this paste, as in the neat cement paste
(see Fig. 4 of Ref. [2]), the fibrils of C-S-H appear to consist of
agglomerations of particles of varying length that are around 5 nm in
their smallest dimension.

There is a progressive change in morphology of the Op C-S-H as the
amount of slag in the blend increases, essentially changing from fibrillar
to foil-like; this was also observed at 14 months [2], although after
20 years - as noted above - the fibrillar morphology is generally finer.
Fine Op C-S-H is present on the left-hand-side of Fig. 6 (25% slag), with
an enlargement shown in Fig. 7; the striations are relicts of AFt. C-S-H
with fine-fibrillar morphology is also present in much of Fig. 8 (50%
slag), although in that case its designation as outer product is debatable
given that in many instances it surrounds laths of the Mg-Al LDH phase,
which at younger ages are only found in inner product regions [3].
Similarly fine Op C-S-H is also present in the paste containing 75% slag
(Fig. 9). Whilst some fibrillar Op C-S-H was also present in the paste
with 90% slag, it was largely foil-like, and essentially the same as it was at
14 months [2,3]. With 100% slag, the Op C-S-H consisted entirely of
crumpled foils (Figs. 10 and 11); which was again the same as at

AFm/Hydrotalcite
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80 60 40 20 0 20  -40
ppm

Fig. 4. 2’Al MAS NMR spectra for pastes with 0, 10, 25, 50, 75, 90 and 100% GGBS. The
spectra are plotted with the same intensity scale.

Fig. 5. A TEM micrograph that illustrates fine, dense C-S-H in the paste containing 10% slag.

14 months [3]. The particle size-related variation in morphology of inner
product C-S-H that was noted at younger ages [ 3,4]| was still observed in
these 20-year-old pastes: i.e. a fine, dense morphology around partly
reacted grains but a coarser, foil-like morphology where there was no
residual unreacted cement; a good example is present at the top of Fig. 6.
The presence of CH crystals in the majority of the samples and some
laths of the Mg-Al LDH phase is in agreement with XRD and thermal
analysis results.

Areas of Op C-S-H and inner product in all the pastes were
analysed by EDX in the TEM (=200 nm in diameter). Each region for
analysis was first checked by selected area electron diffraction (SAED)
for the presence of crystalline phases that might be intermixed with
the C-S-H. The numbers of analyses taken are given in Table 3 together
with the mean values and standard deviations of the Ca/Si ratio for
both Op and Ip, and the Ca/(Si+ Al) and Al/Si ratios for Op C-S-H.
Some of the analyses that were nominally of C-S-H were excluded
from the statistical analysis on the basis of compositional trends that
suggested a contribution from a phase other than C-S-H, such as AFt,
which is very unstable in the electron beam (and as a consequence it is
not revealed by SAED). The analyses that correspond to more than one

Fig. 6. A TEM micrograph that illustrates fine, dense Op C-S-H, Ip C-S-H and AFt relicts
in the paste containing 25% slag.
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Fig. 7. An enlargement of a region of Fig. 6 that shows intermixing of C-S-H and relicts
of AFt.

phase are evident in Figs. 12-16, which are Al/Ca against Si/Ca scatter
graphs of the TEM-EDX data for the pastes with 10, 25, 50, 75 and 100%
slag (the equivalent plots for the 0 and 90% pastes are given in Ref. [2]),
and in Fig. 17, which includes Mg/Si against Al/Si scatter graphs for the
same pastes. The plots in Fig. 17 clearly demonstrate that the slag inner
product in these pastes consists of a mixture of C-S-H with varying
amounts of a Mg-Al LDH phase: the gradient of the linear regression
line is the Mg/Al ratio of that phase; the Al/Si ratio of the C-S-H that is
mixed with it, which is the value at Mg/Si =0, is lower than the value
for the Op C-S-H in a number of the blends (Table 3). The regression
analysis included all analyses that contain the Mg-Al LDH phase,
regardless of whether they were originally identified morphologically
as Ip or Op (it was, as noted above, often difficult to decide whether a
region was Ip or Op); for convenience, all such analyses are included in
the table as Ip, but are displayed in Figs. 12-17 with the symbol

'
-

Fig. 8. ATEM micrograph of a region in the paste containing 50% slag that illustrates fine
C-S-H intermixed with laths of a Mg-Al LDH phase.

Fig. 9. A TEM micrograph that illustrates fine, dense Op C-S-H in the paste containing
75% slag.

appropriate for the original morphological identification. The fact that
inner product consists of a mixture of two phases that both contain
aluminium is the reason why the Ca/(Si+ Al) ratio is not given in
Table 3 for Ip C-S-H.

The inaccuracy of the Al/Si ratios for the pastes containing 50, 75 and
100% slag derived from the NMR data without the use of a fourth C-S-H
peak (see Section 3.2) is confirmed by inspection of the TEM-EDX data
for the neat slag paste. A balance for the main cations - Ca%™, Si*™, AP,
and Mg?" - for that paste should be straightforward if the chemical
compositions of all the phases have been determined correctly, because
those ions are present in only one reactant (the glassy slag), the calcium
and silicon ions are only present in one of only two products (C-S-H),
and magnesium is only present in the other product (the Mg-Al LDH;

Fig. 10. A TEM micrograph that illustrates foil-like Op C-S-H in the neat slag paste.
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Fig. 11. An enlargement of a region of Fig. 10 that shows foil-like Op C-S-H.

there is no Mg present in the C-S-H, Fig. 17). This means that the mean
Ca/Si ratio of the C-S-H (that was determined by TEM-EDX) should be
the same as that for the glassy slag (determined by EMPA), which is
indeed the case (Ca/Si*™*®=1.0940.06 (N=392); Ca/Si“> ™" =1.08 &
0.06 (N=59)). The relative amounts of the C-S-H and Mg-Al LDH
phase can be determined easily (because the former is the only product
that contains calcium and silicon and the latter magnesium). The values
determined by TEM-EDX for the Mg/Al ratio of the Mg-Al LDH phase
(1.79) and for the Al/Si ratio of the C-S-H (0.19) are entirely consistent
with the composition of the glassy slag determined by EMPA (which is
given in Section 2). The overall reaction can be summarized in oxide
notation as follows (for simplicity, it is assumed that the interlayer
anions in the Mg-Al double hydroxide are all OH™, as in the mineral
meixnerite, which is [MggAl,(OH)6](OH),-4H,0, or MgAH;3):

C1095A0.185Mo 32 + XH—C4 095Ag 095Hy + 0.09M; 53AH, (1)

Slag glass water C-S-H Mg-AlILDH.

The consistency of the compositions measured for the slag glass,
C-S-H and Mg-Al LDH indicates that the Al/Si ratio of the C-S-H

Table 3

977

determined by TEM-EDX is correct, and that the value calculated from
the NMR spectrum fitted with three C-S-H peaks is therefore too
high.

As expected, the Ca/Si and Ca/(Si+Al) ratios of the Op C-S-H
decrease with increasing slag content, and the Al/Si ratio increases. The
Ca/Si ratio of Op C-S-H in the neat paste is higher at 20 years [2] than
at 14 months [4], and the value for Ip C-S-H is about the same. In
contrast, the values for both Op and Ip C-S-H in the slag-containing
pastes are all lower at 20 years than they were at 14 months, Fig. 18; the
difference is statistically significant in most cases. Perhaps surprisingly,
there are good linear correlations between the two ages: the full lines in
Fig. 18 are linear regression fits for the slag-containing blends: (a) for Op
C-S-H, Ca/Sizoy=0.290+0.703(Ca/Sij4m), *=0.95; (b) for inner
product, Ca/Sizgy =0.325 + 0.662(Ca/Siyam), ?=097.

The Mg/Al ratio of the Mg-Al LDH phase is essentially unchanged
with time in the neat slag paste, but in all other cases it is much
reduced: Fig. 19 shows a comparison of the Mg/Al ratio at 20 years
and at 14 months in the pastes containing 10%, 25%, 50%, 75%, 90% and
100% slag; the data for the 20-year-old pastes are given in Table 3 and
those for 14 months are as reported in Ref. [3]. At 14 months the value
was above 2 in all cases except for the neat slag paste, but at 20 years
all but the paste containing 10% slag has a ratio <2, which means that
in most of the pastes the Mg/Al ratio is either the same as, or less than,
the probable minimum value possible for hydrotalcite-like phases (i.e.
2,[21,22]); as an example, whilst hydrotalcite itself has a Mg/Al ratio
of 3 ([MgsAl(OH)6]CO3-4H,0), another Mg-Al carbonate LDH,
quintinite, has a ratio of 2 (i.e. the probable minimum value,
[Mg4Al;(OH)12]CO3-3H50 [23]). We noted in Ref. [2] that a plausible
explanation for this observation is that there are layers of AI(OH)s-
based structure interstratified with those of the Mg-Al double
hydroxide. This explanation is supported by the 2’Al NMR results in
Fig. 4, which show that the intensity of the Al'®! resonance at ~4 ppm
appears to increase as the slag content increases: increased intensity
of the 4 ppm peak thus coincides with a reduction in the Mg/Al ratio of
the Mg-Al LDH phase (Table 3 and Fig. 17). At first sight, the
assignment of the peak at ~ 4 ppm is not consistent with 2’Al NMR

Mean Ca/Si, Ca/(Al + Si), and Al/Si atom ratios for C-S-H in all the cement pastes obtained using TEM-EDX (N = number of analyses; S.D. = standard deviation), and the Al/Si ratio
determined by deconvolution of the single-pulse 2°Si MAS NMR spectra when fitted using three (‘No Q?%') or four C-S-H (‘With Q?%") peaks.

Ca/Si Ca/(Al +Si) Mg/Al* Al/Si
TEM NMR
% GGBS N Mean S.D. Mean S.D. Mean S.D. No Q%8 With Q?°
0 Op 47 1.84 0.15 1.68 0.13 - 0.10 0.03
Ip 10 1.67 0.12 1.54 0.11 0.08 0.01
All 57 1.81 0.16 1.66 0.14 0.09 0.03 0.08
10 Op 53 1.60 0.18 1.40 0.19 217 0.15 0.06
Ip 24 1.60 025 0.03"
All 77 1.60 0.20 0.12
25 Op 44 1.56 0.10 1.41 0.10 2.00 0.1 0.02
Ip 15 1.50 0.15 0.03°
All 59 1.55 0.12 0.13 0.11
50 Op 28 1.33 0.15 1.17 0.13 1.98 0.14 0.02
Ip 31 1.32 0.08 0.09°
All 48 1.32 0.12 0.20 0.14
75 Op 35 1.31 0.05 1.13 0.04 1.89 0.16 0.01
Ip 19 1.31 0.12 0.10°
All 54 1.31 0.08 0.23 0.16
90 Op 51 1.19 0.1 1.01 0.10 1.82 0.18 0.02
Ip 18 1.13 0.12 0.17°
All 69 1.18 0.11 0.20 0.18
100 Op 41 1.09 0.06 0.92 0.06 1.79 0.19 0.02
Ip 18 1.05 0.06 0.19"
All 59 1.08 0.06 0.23 0.19

2 The Mg/Al ratio is the value for the Mg-Al LDH phase that is intermixed with C-S-H, which is derived from the regression analysis of the Mg/Si-Al/Si plots for all analyses that
contain this phase, regardless of whether they were originally identified morphologically as Ip or Op; for convenience, all such analyses are included in the table as Ip, but are
displayed in Figs. 12-17 with the symbol appropriate for the original morphological identification.

> The Al/Si ratio of the Ip C-S-H is the value determined from the regression analysis of the Mg/Si-Al/Si plots at Mg/Si = 0.
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Fig. 12. (a) Al/Ca against Si/Ca atom ratio plot of TEM-EDX analyses of Ip ([J) and Op (O) C-S-H present in the paste containing 10% slag. The other symbols represent the
compositions of tobermorite- (T) or jennite-based (]) structural units with different levels of protonation of the silicate chains: the minimum level (¢; w/n=0), an intermediate level
(A; w/n=1), and the maximum level (x; w/n=2). Points are included on the figures that represent tobermorite-based units with chain lengths of 2, 5, 8, 11, 14, 17 and . Most of
the units are saturated with Al (i.e. all the occupied bridging sites are occupied by Al rather than Si). The only exceptions are units with 11 tetrahedra, which in addition to those
saturated with Al (i.e. Al/(Al+Si) =3/11, which are labelled simply as T11), are also represented with one or two of the three bridging sites occupied by Al (i.e. Al/(Al +Si) =1/11or
2/11): units with one or two Al ions are labelled as T11(1Al) and T11(2Al) respectively. T11 units with the same degree of protonation but different content of Al are joined by dashed
lines. Dashed tie lines join points for T11 structural units with points on the Si/Ca axis that represent jennite-based dimer (with different degrees of protonation). (b) As (a) except
that dashed tie lines now join points for structural units of the same length but different degrees of protonation with CH (at the origin).

studies of gibbsite, y-Al(OH)s. Gibbsite has two non-equivalent
aluminium atoms, Al(1) and Al(2) [24]; the most prominent resonance
on ?’Al MAS NMR spectra is due to one of the sites, Al(1) [15]. The
isotropic chemical shift (5°°), quadrupolar coupling constant (Co) and
asymmetry parameter (1)) that have been determined for Al(1) using
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synthetic gibbsites [15,25] indicate that the resonance at the field used
in this study (9.4 T) should be at a chemical shift of around 8 ppm, not
4 (the values given in Refs. [15,25] are similar, giving predicted shifts of
7.9 and 8.3 ppm respectively). The chemical shift expected at the
lower field of 7.1 T is about 6 ppm, which is in good agreement with
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Fig. 13. As Fig. 12 but for the paste containing 25% slag.
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Fig. 14. As Fig. 12 but for the paste containing 50% slag.

the value observed by Slade et al. for one of two highly crystalline
synthetic preparations (6.0 ppm) but not the second (4.7 ppm) [26].In

addition, Slade et al. also examined a natural gibbsite that was of

‘lower crystallinity’ than the synthetic preparations, which had a
chemical shift of 4.4 ppm. It is therefore evident that the exact position
of the Al(1) resonance at a given field is affected by the crystal size
and degree of structural order of the gibbsite, so it is quite possible that
the 4-ppm peak present in Fig. 4 is indeed due to poorly ordered
layers of Al(OH)s-based structure intermixed with those of the Mg-Al
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double hydroxide. If this assignment of the 4-ppm peak in these slag-
cement blends is correct, then it seems plausible that similar layers
could also occur in neat Portland cement pastes interstratified with
layers of AFm, which is of course also a layered double hydroxide phase
(that has a fixed M?*/M>™ ratio of 2). It should be noted, however, that
the Al(OH)s-based structure cannot always be associated with an LDH
phase since a 4-ppm peak has been observed as the only octahedral
peak in spectra for some synthetic C~-A-S-H preparations [27,28],
although spectra for preparations with Ca/(Si+ Al) ratios relevant to
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Fig. 15. As Fig. 12 but for the paste containing 75% slag.
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Fig. 16. As Fig. 12 but for the neat slag paste.

neat Portland cement pastes do in addition have a peak assigned to
AFm [20].

3.5. Nanostructure of C-S-H

The results from the deconvolution of the 2°Si NMR spectra
provide some information on the nature of the aluminosilicate anions
in the C-S-H. Additional nanostructural insight can be obtained by
comparing the distribution of the TEM-EDX analyses with the
compositions of different units in Richardson and Groves' structural
models [29,30]: points that represent various structural units are
included in Figs. 12-16; an explanation of the different symbols and
tie lines on the figures is given in the caption. The points for those
units have been included to enable straightforward comparison
with recent work on other systems [31-33] but there are of
course many other structural units that have been omitted for the
sake of clarity, some of which are particularly relevant to this
discussion; details of those units are given in Table 4. The values of
the mean aluminosilicate chain lengths and B (given in Table 1)
should be noted before inspection of Figs. 12-16, and the positions of
relevant structural units identified. The tie lines on the graphs that
are on the left-hand side of the figures (i.e. Figs. 12(a)-16(a))
represent the T/] nanostructural viewpoint whilst those on the right-
hand side (Figs. 12(b)-16(b)) represent the T/CH viewpoint. The
relative positions of the TEM-EDX analyses and points representing
the appropriate structural units (i.e. units based on the MCL and B,
Table 1) are sensible. All the data for the paste containing 10% slag
are compatible with T/J-based structure that has long-chain Al-
substituted T units mixed with J-based dimer; since some of the
data are also compatible with the T/CH viewpoint, it is possible that
the C-S-H could consist of a mixture of T-, J- and CH-like structure.
The NMR and TEM-EDX data can be used to establish structural-
chemical formulae that represent average units in the C-S-H in
terms of the T/] or T/CH viewpoints [30]; an example is given next
for the paste containing 10% slag and values for the models' vari-
ables for the C-S-H present in the other blends are given in Table 5.

In terms of the T/] viewpoint, the C-S-H in the 10% slag paste is
represented by (2), assuming a minimum degree of protonation
of the aluminosilicate chains and that the substitution of Si** by
AP is balanced entirely by Ca®* ions (the NMR Al/Si ratio is used
since it lies intermediate between the TEM-EDX values for Op and
Ip C-S-H):

{Cas | (Sig59A0.11)67021.1 } - (OH)s g3 - Cay 44 -MmH,0 (2)

The presence of hydroxyl groups outside the braces indicates that
in terms of the T/J viewpoint, there must be much J-like structure. In
terms of the T/CH viewpoint, the average structural unit is
represented by Eq. (3):

Cay 7(Sig 89Alg.11)6.7021.1 - Cag 36 - 1.51Ca(OH), - mH,0 (3)

Both the T/] and T/CH approaches can account for the data for the
paste with 25% slag, Fig. 13. Inspection of the graphs for the paste with
50% slag (Fig. 14) shows that the TEM-EDX points for Op C-S-H are
close to the positions for appropriate units (T14(2Al) and T17(2Al)
that have minimum degrees of protonation, Table 4) with only a small
amount of CH- or J-like structure necessary. Similarly, the data for the
75% paste (Fig. 15) are close to appropriate units (T17(3Al) and T17
(2Al) that have minimum degrees of protonation, Table 4), as are
those for the 100% slag blend, Fig. 16 (long-chain Al-substituted T
units with B~ 60%, and degrees of protonation between the minimum
(w=0) and intermediate (w=1) levels).

Outer-product C-S-H can thus be envisaged to consist of
interstratified layers of Al-substituted T-based structure with J- and/
or CH-like structure; AFm-type (i.e. Ca-Al LDH) layers are also likely.
Inner product has in addition layers of Mg-Al LDH (and probably AH3-
like structure) and we have suggested elsewhere that the very fine
intermixing in the Ip region observed by TEM is due to the fact that the
main layers of Mg-Al LDH and Al-substituted C-S-H are oppositely
charged [8]. The contents of interlayer regions must vary consider-
ably, depending on the local nanostructure: for example, in addition
to water molecules, interlayers would contain calcium and alkali
cations in Al-substituted T-based structure and a variety of anions in
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Fig. 17. Mg/Si against Al/Si atom ratio plots of TEM-EDX analyses of Op C-S-H (O), inner product ([) and hydrotalcite (®) in GGBS/OPC blends containing 10% (a), 25% (b), 50%

(c), 75% (d), 90% (e) and 100% slag (f).

Ca-Al and Mg-Al LDH-based structure (or would be vacant in layers of
CH- or AHs-based structure). Whilst the interlayers of most LDH
phases contain a single layer of anions and water molecules, more
complex interlayer structures do occur [22], for example, double layers
of anions and water molecules, such as in Mg-Al sulfate LDHs [34], and
double layers of anions and cations, such as sulfate and sodium ions
[35], as in the Mg-Al LDH mineral motukoreaite [36], or sulfate and
magnesium ions, as in the Mg-Al LDH mineral mountkeithite [37]. It is
plausible that similar complex arrangements might occur in some
hardened cement pastes; for example, perhaps with sulfate and calcium
ions, as in the double-layer mineral wermlandite [38], which has the
formula [Mg7(Alos7Feo.43)2(OH)1s]* [ (Cao.sMgo.4) (S04)2(H20) 12> .

4. Summary and conclusions

This study involved the characterization of 20-year-old slag-
cement pastes and comparison of the results with data on samples

from the same mixes at earlier ages, which have been published
previously. The crystalline phases present in the neat cement paste
included CH, AFt, hydrogarnet, a small amount of residual cement, a
small amount of calcite and possibly some AFm that contains
carbonate ions. The presence of the last two indicates that the neat
paste was very slightly carbonated. None of the slag-containing pastes
had carbonated. The blended pastes contained progressively smaller
amounts of CH as the slag fraction increased, and a Mg-Al layered
double hydroxide (Mg-Al LDH). The Mg/Al ratio of the Mg-Al LDH
was lower than at 14 months in all cases except for the neat slag paste.
27Al NMR spectra had three octahedral peaks at approximately 13, 9
and 4 ppm. The peak at 13 ppm is due to AFt and the peak at 9 ppm is
probably a convolution of resonances from AFm and the Mg-Al LDH
phase. The peak at 4 ppm appeared to increase as the Mg/Al ratio of
the LDH phase reduced: a plausible explanation for this observation is
that the 4 ppm peak is due to Al in layers of AHs-based structure
interstratified with those of the Mg-Al LDH.
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Fig. 18. Comparison of the Ca/Si atom ratio of C-S-H in GGBS/OPC blends containing
0%, 10%, 25%, 50%, 75%, 90% and 100% slag at 20 years and 14 months old. Points
correspond to mean values (+1 standard deviation) determined by TEM-EDX
analysis of Op C-S-H (O) and inner product ([1) (slag Ip for all pastes except the neat
OPC); data for the 20-year-old pastes are given in Table 4 and those for 14 months are
as reported in Ref. [3]. The full lines are linear regression fits for the slag-containing
blends: (a) for Op C-S-H, Ca/Sizoy = 0.290 4 0.703(Ca/Siy4m), ?=0.95; (b) for inner
product, Ca/Sizgy = 0.325 + 0.662(Ca/Siy4m), 1% =0.97.

The degree of reaction of the silicate phases in the Portland cement
fraction of the pastes was high in all cases. Around two thirds of the
glassy slag appeared to have reacted in the blends with <75% slag,
about a third in the blend with 90% slag, and just a fifth in the neat slag
paste. The amount of CH in the blends is consistent with additional
slag reaction occurring between 2 and 20 years.

Mg/Al ratio at 20 years

1.5 —— T T
15 16 17 18

19 20 21 22 23 24 25
Mg/Al ratio at 14 months

Fig. 19. Comparison of the Mg/Al ratio of the hydrotalcite-like phase (HT) at 20 years
and 14 months old in GGBS/OPC blends containing 10%, 25%, 50%, 75%, 90% and 100%
slag. Points correspond to values determined by TEM-EDX analysis of HT intermixed
with C-S-H; data for the 20-year-old pastes are given in Table 3 and those for
14 months are as reported in Ref. [3].

Table 4
Details of selected structural units referred to in the text (see Table 1 for the definition
of B, and Ref. [29] for w).

Structural unit Degree of protonation Si/Ca Al/Ca B (%)
T8(1AI) Minimum, w=0 0.78 0.111 50
T14(2Al) Minimum, w=0 0.80 0.133 50
T14(2Al) Intermediate, w=1 0.96 0.160 50
T17(2Al) Minimum, w=0 0.83 0.111 40
T17(3Al) Minimum, w=0 0.78 0.167 60
T17(3Al) Intermediate, w=1 0.93 0.200 60

The morphology of outer-product (Op) C-S-H appeared to be finer
than at younger ages in most of the pastes; indeed, regions of Op C-S-H
were sufficiently fine in most of the pastes that it was often difficult to
distinguish between Op and Ip when examining the samples in the
microscope. Op C-S-H was largely foil-like in the paste with 90% slag
(and essentially the same as it was at 14 months) and consisted entirely
of crumpled foils in the neat slag paste. The particle size-related
variation in morphology of inner product (Ip) C-S-H that was noted at
younger ages was still observed at 20 years: i.e. a fine, dense
morphology around partly reacted grains but a coarser, foil-like
morphology where there was no residual unreacted cement. The Ca/Si
and Ca/(Si+ Al) ratios of the Op C-S-H decreased with increasing slag
content, and the Al/Si ratio increased. The Ca/Si ratio of Op C-S-H in the
neat paste was higher at 20 years than at 14 months and the value for Ip
C-S-H about the same. In contrast, the values for both Op and Ip C-S-H
in the slag-containing pastes were all lower at 20 years than they were
at 14 months; the difference is statistically significant in most cases. The
mean aluminosilicate chain length of the C-S-H was very long in all the
samples and would be expected to have increased with age. The
positions of the TEM-EDX analyses of C-S-H on Al/Ca-Si/Ca graphs are
consistent with appropriate nanostructural units in Richardson and
Groves' model. Outer-product C-S-H can be envisaged to consist of
interstratified layers of Al-substituted T-based structure with J- and/or
CH-like structure; AFm-type (i.e. Ca-Al LDH) layers are also likely. Inner
product has in addition layers of Mg-Al LDH, and probably also AHs-like
structure. The contents of interlayer regions must vary considerably,
depending on the local nanostructure.
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Table 5

Values of variables in Richardson and Groves' model for C-S-H in all the pastes
calculated using the NMR and TEM-EDX data in Table 1; see Ref. [30] and references
therein for details of the model. The values of X and z correspond to the minimum
degree of protonation (i.e. Wjn/n).

% GGBS a n y Wnin/T Winax/M X z
0 0.083 2.20 424 0 1.76 6.60 247
10 0.110 2.57 2.92 0 2.00 7.70 1.51
25 0.099 2.70 3.08 0 2.00 8.10 1.46
50 0.123 493 2.13 0 2.00 14.80 0.33
75 0.138 5.70 1.99 0.01 2.00 17.07 0
90 0.153 5.10 1.18 0.82 2.00 13.21 0
100 0.160 © 0.97 1.03 2.00 £ 0
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