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Abstract

For first time, an experimental and computational study has been conducted to define a structural model for the C-A-S-H gel forming in alkali-
activated slag (AAS) pastes that would account for the mechanical properties of these materials. The study involved a comparison with the C-S-H

gel forming in a Portland cement paste.

The structure of the C-A-S-H gels in AAS pastes depends on the nature of the alkali activator. When the activator is a NaOH, the structure of the
C-S-H gel falls in between tobermorite 1.4 nm with a mean chain length of five, and tobermorite 1.1 nm with a mean length of 14. When waterglass
is the activator the structure of the C-A-S-H gel is indicative of the co-existence of tobermorite 1.4 nm with a chain length of 11 and tobermorite
1.1 nm with a chain length of 14. This very densely packed structure gives rise to excellent mechanical properties.

© 2011 Elsevier Ltd. All rights reserved.

Keywords: Microstructure-final; Spectroscopy; Mechanical properties; Atomistic modelling; Cements

1. Introduction

Alkali-activated slag (AAS) cement development has been
the object of much research in recent years because of the
energy and environmental advantages of its production over
ordinary Portland cement (OPC) manufacture. Specifically, the
development of these alkaline cements entails the re-use of
industrial waste, the reduction of both energy consumption and
a substantial decline in greenhouse gas emissions, essentially
CO,. These cements are obtained by mixing vitreous granu-
lated blast furnace slag with highly basic solutions such as
waterglass (Na;O-nSiO,-mH;0 + NaOH), NaOH or Na;COs,
among others. In terms of mechanical properties, AAS cements
are comparable to OPC, particularly when waterglass is used
as the activating solution.!? At the same time, they exhibit
greater durability when exposed to acid, sulphates or seawater
than Portland cement systems.3’5 Earlier studies®3 have shown,
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however, that AAS cements and concretes carbonate more read-
ily than OPCs, and that one of the chief technological problems
posed by these alkaline materials when waterglass is the activat-
ing solution is their high autogenous and drying shrinkage rate.
When NaOH or Nay;CO3, solutions are used, however, cement
shrinkage is comparable to the rate observed in OPC.”

The properties exhibited by alkaline cements and concretes
are directly related to the nature and structure of their main
reaction product, C-A-S-H gel. Further to the literature, 10-2:11
the C-A-S-H gel forming in AAS pastes, like the C-S-H gel in
OPC pastes,'? is made up of tetrahedrally coordinated silicate
chains with a dreierkette structure, in which each chain consists
of (3n — 1) tetrahedra. The C-A-S-H gel chains in AAS cements
are longer (with up to 13 tetrahedra) than the C-S-H gel chains
in OPC systems (three to five tetrahedra) and, unlike the latter,
include aluminium in their structure, which replaces the silicon
in bridging positions. This substitution of AI** for Si** gen-
erates a charge imbalance compensated by the uptake of Na*
ions in the gel. On the grounds of MAS NMR and BSE/EDX
findings, a number of researchers'%211 have concluded that the
nature of the alkaline activator used leads to differences in C-
A-S-H gel structure and composition in these AAS cements.
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Fernandez-Jiménez et al. and Brough and Atkinson!%? reported

that the use of waterglass as an alkali activator induces the forma-
tion of a C-A-S-H gel with high Si Q? and Q3 or Q™Y contents
and the formation of long, intertwined chains. Fernindez-
Jiménez et al.!? likewise concluded that when the activator used
is a NaOH solution, the C-A-S-H gel exhibits a high Si Q? unit
content. These authors confirmed the formation of long linear
chains with no Si Q3 units which they did, however, detect in
the C-A-S-H gel when using NayCO3 as the activating solution.
Finally, this effect of the nature of the alkaline activator on C-
A-S-H gel structure has been confirmed to induce differences in
its chemical composition.13 To this respect, Ca/Si in C-A-S-H
gel in AAS is substantially smaller than the C-S-H gel in OPC
systems.

While atomistic simulation techniques have recently been
used to describe the structure and properties of C-S-H gel in
OPCs,'416 they have not yet to be applied to analyse AAS. The
present study for first time a combination of experimental and
modern computational techniques to propose a new model for
C-A-S-H gels found in waterglass- and NaOH-activated AAS
cements. A structural comparison between the C-A-S-H and
C-S-H gels is provided to facilitate the description.

2. Experimental
2.1. Materials, paste preparation and trials

Table 1 gives the chemical composition of the blast furnace
slag and type 42.5R I Portland cement used. The specific sur-
face values for the slag and the Portland cement were 325 and
360 m?/kg, respectively; the vitreous phase content of the former
was 99%.

AAS and OPC pastes were prepared with liquid/solid ratios
of 0.5 and 0.4, respectively. Two alkaline solutions were used
for the alkali-activated slag pastes: waterglass and NaOH, with
a NaO content of 4% of the slag weight. After 28-day storage
in humidity chamber (98% RH, 20 & 2 °C), the AAS and OPC
pastes were tested as described below.

Mineralogy and microstructure: ground samples were charac-

terised using several techniques:

a) Fourier transform infrared (FTIR) spectroscopy. An ATI-
MATTSON Genesis series FTIR-TM spectrometer was
used. The solid samples were prepared by press-forming
pellets containing approximately 1.0mg of sample and
300 mg of KBr.

b) 29Siand?’ Al magic angle solid nuclear magnetic resonance
(MAS NMR). ABRUKER MSL 400 spectrometer was used.
The ?°Si and 2’ Al spectra were obtained at resonance fre-
quencies of 79.49 and 104.2 MHz, respectively. Chemical
shift values were found using tetramethylsilane (TMS) and
a 1-M solution of AlC)3-Cl3-6H,0 as standards for 2°Si and
27 Al respectively.

¢) Back-scattering scanning electron microscopy (BSE/EDX).
A JOEL 5400 microscope fitted with an Oxford-Link

ISIS EDX microanalysis unit was used. The samples were

embedded in epoxy resin, cut, polished and carbon coated.
Mechanical characterisation with nanoindentation trials. These
trials were conducted on 28-day paste samples prepared and
cured as described above, and subsequently cut and polished.
Depth sensing indentation tests were conducted on an MTS
System Co. XP nanoindenter fitted with a 100-nm nominal
edge radius Berkovich tip. The load was applied with a 50-
nN calibrated electromagnetic coil. Indenter displacement was
measured using a capacitive transducer with a resolution of
0.01 nm. The experiment set-up described by Constantinides
et al.!” was followed. Accordingly, an indentations matrix
(17 x 15 indentations spaced at 5-pwm intervals) was formed
on a representative area of the samples. Indentation loads of
300 and 500 uN were used. The Young’s modulus and sam-
ple hardness were estimated for each indentation from the
load—displacement curve using the procedure described by
Oliver and Pharr for a Berkovich tip.

3. Computational method

Atomistic simulations were performed with the force field
method. In this approach, atoms are described as spheres with
characteristic charges and sizes, and the interaction between
electrons and nucleus is defined by a set of parameterised
empirical potentials fitted to the experimental data or ab ini-
tio simulations.'® The potential set for calcium silicate hydrates
taken from the literature'®2! for the present study had been
checked in prior research on the mechanical properties of crys-
talline calcium silicates’>>> and the main phases in cement
pastes. The set was enlarged in the present study to include Al
and Na. As in the case of silicon and calcium, the derived poten-
tials for aluminium and sodium are described in Gale et al.>* and
Higgins et al.>> A Buckingham (two-body) potential function
was chosen for the Al-O and Na—O short-range interactions and
a three-body harmonic (O-Al-O) for tetrahedral coordination.
The species and parameters described in this paper are given in
Table 2.

The starting structures for the simulations were jennite and
the anomalous 1.1- and 1.4-nm varieties of tobermorite.?®? Jen-
nite and tobermorite consist of layers of Ca—O flanked on both
sides by chains of silicates. In tobermorite, all the Ca atoms
in this layer are linked to the silicate chains, while in jennite
the amount of Ca in the layer is higher and some Ca atoms
are partially coordinated to hydroxyl group. Within the tober-
morite family, the difference arise form the interlaminar space
structure and conection between sheets. While in tobermorite
1.4 nm two consecutive layers are connected by interlaminar Ca
atoms forming Si0O—Ca—OSi ionic bonds, the silicate chains of
tobermorite 1.1 nm are connected by a Si—O-Si covalent bond.
Starting from the perfect models, certain silicon atoms in tober-
morite were replaced with aluminium atoms to study the effect of
the latter on the elastic properties of the mineral. The Si replaced
was the atom in the bridging site, identified by experimental
and theoretical evidence to be the most probable position for
this substitution.”®3 The charge imbalance generated by Al
uptake was compensated by including Na* ions in the interlam-
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Table 1
Chemical composition of blast furnace slag and cement.
% wt CaO Si0, AlLO3 MgO Fe 03 SO3 N Na,O K,O L.O.L LR.
Slag 41.37 34.95 13.11 7.12 0.69 0.04 1.92 0.27 0.23 2.02 0.11
OPC 64.41 17.91 5.17 1.30 3.85 2.64 - 0.39 0.78 0.78 0.29

L.O.I.=loss on ignition; I.R. = insoluble residue.

Table 2

Parameters employed to describe the atomic interactions in the C-S-H systems. The letter following the atoms distinguishes the oxygen and hydrogen atoms according
to their nature: water (w), hydroxyl groups (oh). Two different calcium atoms are considered, the one in the Ca-O layers (inter) and the one in the interlaminar space
(intra). For non-laminar CSH crystals the Ca inter parameters were employed. Continues in the next page.

Species Charge core Charge shell Spring K (eV A~2) Reference
Ca inter 2.00 - 4

Ca intra 2.00 - 47

Na 1.00

Ow 1.25 —2.050 209.00 48
Ooh 0.87 —2.270 74.90 21
Hoh 0.40 - 21

Hw 0.40 - 48

Si 4.00 - 49

Al 3.00 - 2
Buckingham A (eV) o (A) C (eVA® Cut off (A)

Ca inter—Osi 1090.000 0.3440 0.00 12.0 47
Ca inter—Ooh 777.000 0.3440 0.00 12.0 4
Ca inter—Ow 777.000 0.3440 0.00 12.0 47
Ca intra—Osi 1090.000 0.3440 0.00 12.0 4
Ca intra—Ooh 1090.000 0.3440 0.00 12.0 47
Ca intra—Ow 777.000 0.3440 0.00 12.0 4
Na—Osi 1271.504 0.300 0.00 12.0 25
Na—Ooh 1271.504 0.300 0.00 12.0 2
Na-Ow 1271.504 0.300 0.00 12.0 2
Si-Osi 1283.907 0.3205 10.66158 12.0 49
Si—Ooh 983.557 0.3205 10.66158 12.0 49
Si-Ow 984.000 0.3210 10.66158 12.0 21
Al-Osi 1142.678 0.2991 0.00 12.0 2
Al-Ow 1142.678 0.2991 0.00 12.0 24
Al-Ooh 1142.678 0.2991 0.00 12.0 2
Osi—Osi 22800.000 0.3210 27.90 12.0 49
Osi—Ooh 22800.000 0.1490 13.90 12.0 49
Osi—Ow 22800.000 0.1490 0.149 12.0 21
Ooh-Ooh 22800.000 0.1490 6.970 12.0 49
Ooh—Ow 22800.000 0.1490 0.149 12.0 21
Ooh-Hw 312.000 0.2500 0.00 12.0 21
Ow-Hw 396.000 0.2500 0.00 12.0 48
Ow-Hoh 312.000 0.2500 0.00 12.0 21
Morse D (eV) o (A72) 0 (A) Cut off (A)

O-H 7.050 3.170 0.943 1.400 21
Lennard Jones A (eVA%) B(eVA12) Cut off (A)

Ow-Ow 39300.00 42.10 12.0 48
Three body harmonic k (eVrad—2) 6 (°) Cut off 1-2-3 (A)

Si—Osi—Osi 2.097 109.470 1.8/1.8/3.2 49
Si—Osi—Ooh 2.097 109.470 1.8/1.8/3.2 49
Al-Osi-Osi 2.097 109.470 1.8/1.8/3.2 2
Al-Osi—Ooh 2.097 109.470 1.9/1.9/3.5 2
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Fig. 1. FTIR spectra for 28-day pastes: (a) cement and (b) waterglass- and NaOH-activated slag.

inar space at an Al/Naratio of 1. The sodium atoms were placed
in the interlaminar space, at an intial distance of ~3.5 A from
the aluminium site, with a random angle around the on the z
axis of the crystal. Si was replaced by Al randomly, and various
configurations and aluminosilicate chain lengths were tested to
find the Al/Si ratio closest to the experimental ratio of ~0.18.
The number of bridging tetrahedra was reduced as necessary to
build finite chains from infinite crystals, inasmuch as this defect
has been suggested as the reason for the appearance of finite
chains in cement pastes. The finite chains were constructed by
omission of the bridging silicate tetrehedra. In tobermorite 14 A,
one has to remove a silicon atom (+4), an oxygen (—2) and an
OH group (—1). With this procedure, the system gains one elec-
tron. To return the unit cell to its neutral state, the extra charge
has been compensated by saturating half of the dangling oxygen
atoms of silicate chains with H so that they form terminal OH
groups. In the case of tobermorite 11 A, the bridging silicates
removed are linked, so each time we detach 2 Si*t, and 3 02,
The charge imbalance is then (—2), and all the dangling O atoms
were saturated with hydrogen. The silicate chain lengths studied
ranged from 2 to 5 in jennite, 2 to 11 in tobermorite 1.4 nm and
2 to 14 in tobermorite 1.1 nm.

The GULP code’* was used to perform the cal-
culations. In this approach, the initial structures are
optimized to the local energy values that minimise lat-
tice energy, while allowing cell parameters and atomic
positions to vary. A Cuasi-Newton—Rapshon minimisation
procedure, an update of the Hessian variation on the

Broyden—Fletcher—Goldfarb—Shannon (BFGS) scheme, was
used. The elastic matrix coefficients were then calculated from
the second derivatives of the energy around the minimum energy
in the relaxed structures. The Hill definition bulk (K) and shear
(G) moduli were calculated from the elastic matrix. C-A-S-H
gel porosity was factored into the model at this stage, re-scaling
the values of the bulk tobermorite crystals as per existing micro-
mechanical models. The self-consistent model has proven to be
the best approach for describing C-S-H gel to date. This model
was developed to find the elasticity of a granular medium con-
sisting of spherical particles of different sizes, given the elastic
properties of these components.>> After rescaling the bulk and
shear moduli, the anisotropic Youngs modulus (E) and Poisson’s
ratio (i) can be calculated trough the relationships:

9G

E=—"_
3+G/K
3-2

V= ————
6+2G/K

The anisotrpic values compare better with the nanoinden-
tation measurements, as this experimental technique give us
average values over all the possible orientations rather than in a
specific direction.
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Fig. 2. 2°Si MAS NMR spectra for 28-day pastes: waterglass- and NaOH-activated slag and Portland cement.

Table 3
2981 MAS NMR signal deonvolution values for 28-day Portland cement and waterglass- and NaOH-activated slag pastes.
Paste Q! (anhydrous) Q! (end of chain) Q? (1Al) and Q%8 Q? Q3 (1A Q?
OPC—28 —68.0 ppm —71.6 ppm —75.0 ppm —79.5 ppm —83.0 ppm —85.3ppm
days Ww=3.70 w=3.70 Ww=3.70 4.02 4.02 4.02

1=23% 1=20.0% 1=10.3% 35.5% 12.3% 19.6%
EW—28  —69.7 ppm —75.4ppm —78.9 ppm —82.0 ppm —85.4ppm  —89.9 ppm —93.4ppm
days W=17.40 Ww=17.40 3.50 3.50 3.50 3.50 3.50

1=7.6% 1=26.6% 12.6% 28.7% 17.9% 43% 2.3%
EN—28 —69.2 ppm —75.4ppm —79.5 ppm —82.3 ppm —85.5ppm  —88.1 ppm
days W=17.00 7.00 2.70 2.70 2.70 2.70

1=9.1% 25.0% 16.1% 28.3% 17.6% 3.9%
4. Results vibrations in portlandite. Another band was detected at around

4.1. Mineralogical, microstructural and mechanical
characterisation

The IR spectrum for OPC pastes (Fig. 1a) contained a nar-
row band at 3640cm~! associated with the O-H stretching

974 cm™!, attributed to the stretching vibrations in the Si—-O
bonds (v3(Si—0)) in the SiOy4 tetrahedra that comprise the C-S-
H gel, and a third at 460 cm™!, assigned to v4(0-Si-O) bending
vibrations. The band at around 967-971 cm ™! on the IR spectra
for NaOH- and waterglass-AAS (Fig. 1b) was associated with
the v3(Si—O) stretching vibrations in the SiO4 tetrahedra that

Table 4

BSEM/EDS microanalysis of OPC and AAS pastes.

Paste Na Mg Al Si Ca Ca/Si Al/Si

OPC 0.26% 0.80% 1.46% 11.79% 25.74% 2.19 0.12
(£0.12) (£0.41) (£0.57) (£0.71) (£1.37) (£0.22) (£0.05)

EW 6.77% 2.27% 3.98% 15.07% 15.02% 0.96 0.27
(£2.53) (£1.22) (£0.64) (£1.19%) (£3.12%) (£0.10) (£0.05)

EN 2.00% 4.25% 5.37% 14.18% 15.30% 1.10 0.37
(£0.79) (£1.50) (£0.70) (£0.59) (+1.84) (£0.11) (£0.05)
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Fig. 3. 27 Al MAS NMR spectra for 28-daypastes: waterglass- and NaOH-activated slag and Portland cement.

Fig. 4. BSEM images of OPC and waterglass- and NaOH-activated pastes.

Table 5
Data collected from histograms in Fig. 5.
Young’s modulus range (GPa) Maximum peak value (GPa) Hardness range (GPa) Maximum peak value (GPa)

CEM 28d Distribution A 16-24 19 0.40-0.50 0.45
Distribution B 25-33 28 0.80-1.00 0.85
Distribution C 34-44 39 1.20-1.40 1.25

EN 28d Distribution A 12-20 15 0.30-0.48 0.37
Distribution B 20-26 23 0.66-0.84 0.73
Distribution C 35-43 38 1.14-1.32 1.24

EW 28d Distribution A 28-34 32 0.84-1.00 0.94
Distribution B 34-40 37 1.08-1.26 1.18
Distribution C 41-47 44 1.35-1.53 1.43
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Fig. 5. Hardness and Young’s modulus histograms plotted with nanoindentation values: (a) Young’s modulus for OPC; (b) hardness for OPC; (c) Young’s modulus

for EN; (d) hardness for EN; (e) Young’s modulus for EW; (f) hardness for EW.

comprise C-A-S-H gel. This v3(Si—O) stretching vibration band
was narrower in the AAS pastes than in the anhydrous slag, indi-
cating the presence of short-range order in the structure of the
gel formed in the AAS pastes. As in OPC pastes, two further
bands were attributed to the bending vibrations in the O-Si-O
(v4(0=Si—0)) bonds, while a band observed at 669 cm™! was
assigned to the stretching vibrations in the Al-O bonds in AlO4
groups. The bands at 3445 and 1630 cm™! detected in the three
pastes were associated with the v1[OH] and v;[OH] bending

vibrations in water, respectively. The spectra also contain bands
at 1465 and 1420cm™! attributable to v3[CO3]>~, while the
12[CO3]1%~ and v4[CO3]3~ vibration bands detected at 875 and
713 cm™!, respectively, confirmed the carbonation of the pastes.

The 2°Si and 27 Al MAS NMR spectra for the AAS and OPC
pastes are shown in Figs. 2 and 3, respectively, and Table 3
gives the deconvolution data for the 2°Si MAS NMR spectra.
The MAS NMR spectrum for OPC paste contained three sig-
nals at —68.0, —71.6 and —75 ppm attributable to the isolated
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QU silicate tetrahedra in the clinker (C3S and C,S). The signals
at —79, —83 and —85 ppm, in turn, were, respectively, assigned
to the Q', Q?B and Q? Si units in the C-S-H gel. The 2°Si MAS
NMR spectra for the 28-day waterglass- and NaOH-AAS pastes
had two signals, at around —69.0 ppm and —75.0 ppm, attributed
to the unreacted Q° and Q! units in the anhydrous slag. A fur-
ther five signals were detected on the 2°Si MAS NMR spectra for
the waterglass- and NaOH-AAS, at —78.0, —82.0, —85.0, —89.0
and —93.0 ppm, and, respectively, attributed to Q', Q? (1Al), and
Q%8, Q? (1Al) and Q3 Si units.!?3% Note that Q3 Si units were
identified in the waterglass—but not in the NaOH-AAS pastes.

The signals on the 2’ Al MAS NMR spectrum for OPC pastes
appeared at: 70 ppm, attributable to the tetrahedral Al present in
the anhydrous phases of calcium aluminate, calcium ferroalu-
minate and alite in the cement clinker; 13.6 ppm, assigned to the
octahedral Al in ettringite; 9.0 ppm, attributed to monosulphoa-
luminate and the unhydrated ferritic phase; 3.3 ppm, associated
with the octahedral Al in the hydrated aluminate phases.?” The
27A1 MAS NMR spectra for the NaOH- and waterglass-AAS
paste had four signals: ~70.0 and ~60.0 ppm, associated with
tetrahedral Al units, and ~40.0 and ~9.0 ppm, associated with
pentahedral and octahedral Al units, respectively.!%37-3 The
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band at around 107 ppm observed the spectra was associated
with a rotation band on the central 2 Al signal due to the presence
of ferromagnetic Fe304 or antiferromagnetic Fe,05.39:40

The SEM/BSE micrographs for the three pastes in Fig. 4
show the difference in their appearance. The white particles are
anhydrous cement or vitreous slag grains. The greyish matrix is
essentially the C-S-H or C-A-S-H gel. This matrix was observed
to be more compact and less porous in the waterglass—AAS than
in the other two materials. The dense microcracking was a result
of the intense drying shrinkage in these materials.*! The Ca/Si
ratio of the gels formed was determined by EDS analysis in this
area (at least 30 analyses per sample). The findings are given in
Table 4.

Fig. 5 shows the Young’s modulus and hardness histograms
based on the measurements taken on AAS and OPC sam-
ples, from which a number of conclusions can be drawn (See
also Table 5). Both mechanical properties exhibited more than

Table 6
Numerical model values for structural parameters.

one distribution pattern in all the samples, an indication that
mechanical behaviour differs in different regions of cement
materials. According to the histograms in Fig. 5(a—d), three
general patterns were present. The existence of three mechan-
ical states in OPC concurs with the general belief that C-S-H
may exhibit low (LD), high (HD)42 or ultra high (UHD) den-
sity states.*3 The present study shows for the first time that
clearly differenciated mechanical states also exist in AAS C-A-
S-H gels, which suggest that the density regimens are intrincis
from the dissolution-precipitation process. The contour maps of
Young’s modulus in Fig. 6 were plotted after interpolating the
results of the nanoindentation findings to locate representative
microstructural areas. A distinct correlation was found between
the microstructure visible in the BSE/SEM images (Fig. 6(a),
(c) and (e)) and the mechanical contour maps (Fig. 6(b), (d)
and (f)). In other words, mechanical behaviour varied with the
microstructural characteristics of the samples.

Model Structural information Elastic property
Chain length AV/Si Ca/Si Q3/Q? E (GPa) K (GPa) G (GPa) nu
J 2 0 2.25 0.0 34.72 239 13.8 0.26
5 0 1.8 0.0 46.27 31.8 18.4 0.26
T14 2 0 1.25 0.0 34.92 26.22 13.66 0.28
5 0.18 1.18 0.0 56.35 40.68 222 0.27
8 0.14-0.23 1.11-1.20 0.0 49.85 35.26 19.75 0.26
11 0.16-0.22 1.05-1.11 0.0 49.52 36.24 19.46 0.27
T11 2 0 1.00 0.0 32.24 22.25 12.81 0.26
5 0.18 0.94 0.20 64.00 55.05 24.5 0.31
8 0.14-0.23 0.86-0.92 0.25 71.82 60.66 27.57 0.30
11 0.16-0.22 0.84-0.89 0.27 69.44 68.34 26.10 0.33
14 0.17-0.22 0.83-0.85 0.28 74.03 66.91 28.13 0.32
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4.2. Atomistic simulation

C-S-H structural models vary depending on the Ca/Si ratio.
At the Ca/Si values typical of OPC (1.5-2.2), the gel com-
prises imperfect and short (dimeric and pentameric) tobermorite
1.4 nm- and jennite-like configurations. The two chief changes
observed, consistently confirmed by NMR experiments, are that
a decrease in the Ca/Si ratio implies an increase in mean chain
length and the appearance of Q> sites. This would explain
why other structural analogues such as tobermorite 1.1 nm
have also been suggested as models'“** for materials with low
Ca/Si ratios. Interestingly, the effect of Al atom uptake into
the C-A-S-H gel structure generates similar changes, for sev-
eral experiments>!~33 and simulations?” have shown that the Al
atoms also lengthen the chains and prompt the appearance of
a three-dimensional structure. Inasmuch as the C-A-S-H gels
in AAS have higher Al/Si and lower Ca/Si ratios than OPC,
tobermorite 1.1 nm, in addition to the 1.4 nm polymorph, clearly
constitutes a structural model worth exploring. As noted in Sec-
tion 3, many tobermorite 1.1 nm and 1.4 nm structures have been
built with different Al/Si ratios and mean chain lengths. Fig. 7
contains a few examples by way of illustration, while Table 6
lists the values of the structural parameters analysed.

4.2.1. Effect of silicate mean chain length on Young’s
modulus

Several atomistic simulations have shown the Young’s mod-
ulus (E) for perfect tobermorite 1.1 nm and 1.4nm to be 77.3
and 49.9 GPa, respectively, in the absence of Al replacements
for Si.!>*223 The greater elasticity in tobermorite 1.1 nm may
be attributed to the higher inter-layer cohesion provided by the
bonding between bridging tetrahedral of consecutive layers. This
contribution of the interlaminar covalent bonds to elasticity can
also be seen by plotting E values versus chain length. Fig. 8a
shows that the Young’s modulus values for both tobermorite
polymorphs rise with increasing mean chain length and tend to
converge at infinity for large chains. The shortening of the alumi-
nosilicate process by removing one bridging tetrahedron induces
defects in the crystalline structure and with them a concomitant
decline in elasticity. One interesting fact is that while for dimers

¢ Tobermaorite 11

a 100 i
5 80

| <
% o o <
3| ©
3 o
O -
= 40 "
g g
3
L 20

0 . T —ff—

0 5 10 15 oo

Chain length

F. Puertas et al. / Journal of the European Ceramic Society 31 (2011) 2043-2056

elasticity is similar in the two varieties of tobermorite, in longer
chains where interlaminar covalent bonding comes into play,
tobermorite 1.1 nm exhibits higher E values than the 1.4-nm
polymorph.

4.2.2. Effect of aluminium atom uptake

The elastic properties values in Table 6 refer to Al-free struc-
tures. The present simulations showed that substituting Al for
Si had no significant effect on elasticity, however. According to
these findings, in tobermorite 1.1 and 1.4 nm both, the disper-
sion around the mean bulk, shear and Young’s modulus values
for a given chain length was under 6 GPa, regardless of the Al/Si
ratio. This invariability is illustrated in Fig. 8b, where Young’s
modulus for T11 (8) and T14 (8) are plotted against the Al/Si
ratio. The negligible effect of replacing Si with Al on elastic-
ity can be readily justified in terms of the similar strength of the
Si—O-Si and AI-O-Si bonds and the key role of the interlaminar
forces.

5. Discussion: a model for C-A-S-H nanostructure

Further to the mineralogical and structural characterisation
conducted on OPC and AAS pastes, the C-S-H and C-A-S-H
gels forming in these pastes, cured under the same conditions
and for the same length of time, exhibited substantial mineralog-
ical and structural differences, findings which concurred with
prior reports.!%38 The C-S-H gel forming in OPC pastes had a
chain-like structure and was characterised by a low Al content,
low £QZ%/Q! ratios and a mean chain length (MCL) of three to
five tetrahedra (see Table 7). Differences in gel structure were
observed in the AAS pastes depending on the nature of the alkali
activator. When it was an NaOH solution, the C-A-S-H gel con-
tained Al in its composition (in chain bridging positions) and
exhibited a high Q? (1Al) content, low Q> unit percentages, an
MCL of nine and high £Q?/Q! ratios. When a waterglass solu-
tion was used as the activator, the C-A-S-H gel formed had high
percentages of Al, high ©Q?/Q' ratios, a higher Q3 unit content
and a mean chain length of around 11 tetrahedra. The presence
of Q3 units in the AAS gels was an indication of intertwining
between the gel chains, with the formation of laminar structures
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Table 7
Data obtained form 2?Si MAS NMR signal deonvolution values.
Paste MCL TQ¥/Qotal Q2 (0AD/Q? (1A]) zQ¥Q! Al/Si
CEM 28 days 3.80 0.47 - 0.90 -
EW 28 days 12.71 0.71 0.62 3.70 0.24
EN 28 days 8.00 0.70 0.62 2.84 0.23

in some areas. The BSEM/EDS findings confirmed the FTIR and
NMR results, for longer, intertwined chains of silicate tetrahedra
lower the Ca/Si ratio in these gels. The results given in Table 4
show that while the Ca/Si ratio in the OPC paste C-S-H gel was
2.19 £ 0.22, the value of this parameter declined to 1.10 £0.11
in the C-A-S-H gel found in NaOH-AAS (EN-AAS) and to
0.96 £ 0.10in the waterglass—AAS (Wg-AAS) material. In other
words, increasing the Al content in the gel raised the mean chain
length, favoured linear chain intertwining and lowered the Ca/Si.

From the standpoint of mechanical performance, the nanoin-
dentation studies showed that, as in C-S-H gel, C-A-S-H gel had
distinct mechanical states. Nonetheless, the structural and com-
positional differences in C-S-H and C-A-S-H gels translated into
differences in their moduli of elasticity and hardness. The data
in Fig. 5 show that the highest strength values were obtained for
Waterglass-AAS gels, followed by the OPC gels and finally the
NaOH-AAS gels. This lower strength in the NaOH-AAS pastes
may be explained by the much higher porosity found in these
pastes than in the waterglass—AAS materials, as confirmed by
the BSEM.

A correlation of the computational results found in this study
to the experimental data on chemical composition, silicate chain
structure and nanoindentation elasticity leads fairly straightfor-
wardly to a suggested structural model for C-S-H and C-A-S-H
gels. The C-S-H gel forming in OPC pastes may be described
as an imperfect tobermorite 1.4 nm. The difference in the Ca/Si
ratio, which is lower in defective tobermorite 1.4 nm than in C-
S-H gel, may be attributed to the co-existence of jennite-like
structures in the latter, whose Ca/Si ratios have been suggested
to be much higher (up to 2.2) in prior empirical and theoretical
studies. The C-S-H samples analysed here, with an experimental
MCL value of 3.8, may be regarded to comprise 60% T14 (5)
and 40% J (2). Note that this population of T14 (5) and J (2) con-
curs very reasonably with the experimental values found for the
Ca/Si, Al/Siand Q3/Q2 ratios (see Table 7). Table 8 also gives the
intrinsic elastic properties of a C-S-H gel consisting of 60% T14
(5) and 40% J (2). As mentioned above, since the nanoinden-
tation measurements also reflect porosity-related effects, they
cannot be directly correlated to the values in Table 8. A self-
consistent (SC) micromechanical model was consequently used

to incorporate the effect of porosity on elastic properties and
thereby establish a more significant correlation. Fig. 9 plots the
Young’s modulus calculated with the model (dots) against pack-
ing efficiency (¢). The coloured bands in the figure depict the
dispersion around the mean values (stars) in distributions A, B
and C.

The existence of three mechanical states is consistent with
prior studies*® that relate these states in C-S-H gel to pack-
ing density: LD, HD and UHD. Moreover, as Fig. 9 shows, the
numerical results accurately predict C-S-H particle packing fac-
tors. The states corresponding to distribution patterns A, B and
C can be readily associated with the LD, HD and UHD varieties,
respectively. The present study yielded packing factors for the
C-S-H states defined of around 0.68, 0.77 and 0.9, which con-
cur extremely well with the estimates provided previously,*>*3
namely 0.69 &+ 0.05, 0.78 +0.02 and 0.89 4 0.03. LD varieties
are normally regarded to be random C-S-H particles, since the
random limit packing factor of spherical particles is 0.64.*> The
packing factors for the HD varieties are similar to the packing
factors for ordered face-centred cubic (fcc) or hexagonal close
packed (hcp) spheres (0.74). The extremely high packing factor
corresponding to the UHD states cannot be explained in terms
of single spherical particles. Vandamme et al.*3 maintained that
this factor would be due to random packing of two spherical par-
ticle classes (1 — (1 — 0.64)?). Interestingly, Ref. 47 explains the
nature of the UHD state as arising from an intimate nanocom-
posite where nanoscale Portlandite reinforces C-S-H by partially
filling the latter’s gel pores, something which matches well with
the aforementioned interpretation based on a biphase mixture
of spheres.*> The existence of the three regimens for differ-
ent systems indicates that the packing density is an intrinsic
characteristic of the hydration reactions. Different packing den-
sities arise from the available space, with looser packing far
from the clinker or fly ash particles, and tighter packing close to
them.

The Ca/Si ratio and the percentage of Q3 sites in the C-A-S-H
gel formed in NaOH-AAS suggest that its atomic scale struc-
ture might be close to the tobermorite 1.1-nm model. Given the
experimental mean chain length, Ca/Si, Al/Si and Q3/Q2 ratios,
these C-A-S-H varieties might well be described to contain a

Table 8

Model values.

Model MCL Ca/Si Al/Si Q3/Q2 E G K nu
OPC (J2+T5) 3.8 1.96 0.0 0.0 47.7 18.84 33.83 0.27
EN 67% T14 (5)+33% T11 (14) 8.0 1.05 0.185 0.09 62.18 24.15 48.73 0.29
EW 44% T14 (11)+56% T11 (14) 124 0.95 0.193 0.15 70.8 26.9 82.31 0.36
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Fig. 9. Porosity versus Young’s modulus for OPC C-S-H, EN C-A-S-H and EW
C-A-S-H.

mix of T14 (5) and T11 (14) components. Assuming the T14
(5) and T11 (14) populations to account for 67 and 33%, respec-
tively, of the total concurs reasonably well with the experimental
observations. While the intrinsic values of the elastic properties
are higher in NaOH-AAS C-A-S-H particles than in the C-S-
H present in OPC (see Table 8), the former ultimately perform
poorly, an obvious result of their high porosity. Fig. 9 shows that
the three mechanical regions can be attributed to NaOH-AAS
C-A-S-H particles with packing factors of around 0.63, 0.68 and
0.79. The first two states fall within category LD (similar to the
random packing limit), whereas the third indisputably lies within
what may be regarded to be an HD state. Unlike OPCs, EN C-
A-S-H gels cannot exist in the UHD state because NaOH-AAS
have no portlandite, which is essential to the existence of that
state.*6

When the activator is waterglass, an educated suggestion
would be that these varieties of C-A-S-H are a mix of T14 (11)
and T11 (14) configurations. Under that assumption, relative

populations of the two structural models of 44 and 56%, respec-
tively, concur well with the experimental results (se Table 8).
Waterglass-AAS C-A-S-H gels exhibit better intrinsic properties
than the other two materials (see Table 8) as a result of their high
relative T11 population. Furthermore, the SC micromechani-
cal model findings (see Fig. 9) corroborate the nanoindentation
results: these gels form a very dense structure. As Fig. 9 shows,
Waterglass-AAS C-A-S-H gels exhibit three mechanical states,
with packing factors of 0.71, 0.73 and 0.79. Given the prox-
imity of these values to the factor for the HD category, they
were classified accordingly. The EW C-A-S-H gels, like their
EN counterparts, have no UHD states as a result of the absence
of portlandite.

6. Conclusions

The conclusions to be drawn from the findings reported and
analysed above are as follows.

1. The C-S-H and C-A-S-H gels forming in OPC and AAS
pastes exhibit compositional and structural differences. The
former is characterised by a chain-like structure, a low Al
content and low £Q?/Q! ratios and a mean chain length of
three to five tetrahedra. In the AAS pastes, the C-A-S-H gels
formed exhibit structural differences depending on the nature
of the alkali activator. When it is an NaOH solution, the C-A-
S-H gel contains Al in its composition (in bridge positions)
and has a high Q2( 1Al) content, low Q3 unit percentages, an
MCL of nine and high £Q?/Q! ratios. When a waterglass
solution is used as the activator, the C-A-S-H gel formed has
high percentages of Al in tetrahedral positions, high £Q?/Q!
ratios, a higher Q3 unit content and a mean chain length of
around 11 tetrahedra. The presence of Q3 units in the AAS
gels is an indication of the gel chain intertwining, with the
formation of laminar structures in some areas.

2. Modulus of elasticity and hardness values were determined
for the gels formed in the OPC pastes, and for the first time
for the gels present in AAS pastes, with nanoindentation tri-
als. The values vary depending on the compositional and
structural characteristics of the gels. The present experimen-
tal study showed for the first time that like the C-S-H gel
in OPCs, the C-A-S-H in AAS can be found in different
mechanical states. This suggests that the presence of dif-
ference packing efficiencies is intrinsic from the hydration
reactions.

3. The tobermorite structures on which the C-A-S-H gels in
AAS pastes can be patterned were established for the first
time, and compared to the gel in an OPC paste, using exper-
imentally validated modelling techniques.

3.1 The C-S-H gel in a 28-day OPC paste corresponds primarily
to tobermorite 14 nm (mean chain length of five tetrahedra)
and jennite (two tetrahedra). The mechanical properties of
C-S-H gels can be explained on the grounds of three types
of packing, i.e., LD, HD and UHD.

3.2 The structure of a C-A-S-H gel obtained in 28-day NaOH-
AAS pastes can be regarded to fall in between tobermorite
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1.4nm with a mean chain length of five and tobermorite
1.1 nm with a mean length of 14 tetrahedra. The high poros-
ity induced by the molecular disorder explains the scant
elasticity of the gel forming under these conditions, which
comprises primarily LD-type states. Although a small pop-
ulation of HD states is present in the gel, the absence of
portlandite prevents the formation of UHD states.

In C-A-S-H gels forming in 28-day waterglass-AAS, the
structure found for the C-A-S-H gel formed is indicative of
the co-existence of tobermorite 1.4 nm, with a chain length
of 11, and tobermorite 1.1 nm, with a chain length of 14
tetrahedra. This very densely packed structure (three HD
states) gives rise to excellent mechanical properties. Like
the C-A-S-H gels obtained in NaOH-AAS paste, the C-A-
S-H gels forming in waterglass-AAS gels have no UHD
states.
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