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Abstract

Geopolymers are hydrated alumino-silicates with excellent binding properties. Geopoly-
mers appeal to the construction sector as a more sustainable alternative to traditional
cements, but their exploitation is limited by a poor understanding of the linkage be-
tween chemical composition and macroscopic properties. Molecular simulations can
help clarify this linkage, but existing models based on amorphous or crystalline alu-
minosilicate structures provide only a partial explanation of experimental data at the

nanoscale. This paper presents a new model for the molecular structure of geopolymers,



in particular for nanoscale interfacial zones between crystalline and amorphous nano-
domains, which are crucial for the overall mechanical properties of the material. For a
range of Si:Al molar ratios and water contents, the proposed structures are analysed in
terms of skeletal density, ring structure, pore structure, bond-angle distribution, bond
length distribution, X-ray diffraction, X-ray pair distribution function, elastic moduli,
and large-strain mechanics. Results are compared with experimental data and with
other simulation results for amorphous and crystalline molecular models, showing that
the newly proposed structures better capture important structural features with impact
on mechanical properties. This offers a new starting point for the multi-scale modelling

of geopolymers.
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1 Introduction

Geopolymers, or more appropriately low-calcium alkali-activated aluminosilicate cement, are
inorganic solids obtained from alumino-silicate precursors such as calcined clays e.g. metakaolin
25105-Al, 03, or industrial by-products, e.g pulverised fuel ash (PFA) or ground granulated
blast furnace slag (GGBS). These precursors are activated with alkaline aqueous solutions,
usually based on sodium and potassium, which induce the dissolution of the precursors
and the polymerisation of AlOy and SiO, tetrahedra into a three-dimensional network at
the molecular scale. Some water remains physisorbed while the cations (Nat or KT) are
bound ionically, providing positive charges that maintain overall neutrality and allow for the
Al to be tetra-coordinated. The macroscopic outcome of this reaction is analogous to the

hydration of a cement paste, viz. the setting of a hard binding phase. This so-called "geopoly-



merisation" reaction,! however, is fundamentally different from the hydration of traditional
portland cements and indeed the production of geopolymer binders causes significantly less
CO, emissions compared to portland cement.? It is for this reason that geopolymers ap-
peal to the construction industry, along with their good mechanical strength, as well as
thermal and acid resistance.® On the other hand, the exploitation of geopolymer cements is
still limited by the inability to predict and control their durability. This calls for a better
understanding of the linkage between chemical composition and degradation mechanisms.*
Molecular simulations and nanoscale modelling provide a possible pathway to address this
challenge.

In the field of traditional cement science, molecular models of key hydration products®”
have provided a starting point for a multiscale modelling approach that is now starting to
clarify the nanoscale origin of degradation mechanisms such as creep and shrinkage.®'° The
multiscale modelling of geopolymers is less developed, with the first molecular simulations
having been carried out only very recently.!!'2 Molecular models used in some geopolymer
simulations today are based on fully amorphous (glassy) structures. Experimental character-
isation of these material does indeed show features that are typical of amorphous molecular
structures: a broad peak in X-ray diffraction (XRD) between 20— 25°- 35°, amorphous re-
gions in transmission electron microscopy (TEM) images, an X-ray pair distribution function
(PDF) with only low intensity peaks beyond 5 A atomic correlation distance.'® On the other
hand, the same experiments also show features that are typical of crystalline (or partially
crystalline) structures: XRD peaks corresponding to faujasite, sodalite and zeolite A (es-
pecially in samples prepared at high temperature, e.g. 85°C1?), corresponding short-range

13 and crystalline domains in TEM images.

peaks in the X-ray pair distribution function,
To reconcile these data, geopolymers are sometimes described as nanocrystalline zeolitic net-
works within an amorphous alumino-silicate binding gel: the so-called "pseudo-crystalline"

model. ¢ This leads to two possible scenarios:

1. if one considers the geopolymer as a uniform phase at the molecular scale, than this



phase must be intermediate between amorphous and crystalline;

2. if one refers to the pseudo-nanocrystalline model, then the interfacial zones between
nanocrystals and amorphous gel must be intermediate between the two, and are likely

to significantly impact the overall composite mechanics.

Both of these scenarios call for a representation of geopolymer molecular structures interme-
diate between glassy and crystalline, which is the contribution of this paper.

This paper presents a new molecular model to describe the geopolymerisation product of
sodium silicate activated metakaolin, hereafter referred to as N-A-S-H (sodium-aluminium-
silicate-hydrate). The model is based on a defective crystal structure, obtained by creating
vacancies into a sodalite cage and rearranging atoms to respect Loewenstein’s principle! and
full Q* polymerisation of Al and Si tetrahedra, as indicated by experimental data!”.'® Skeletal
density, ring structure, pore structure, bond-angle distribution, bond length distributions,
X-ray diffraction, X-ray pair distribution function and mechanical properties (tensile stress-
strain curves and non-affine displacements) are computed for a range of Si:Al molar ratios
and water contents, and then compared with available experimental data. Fully amorphous
and fully crystalline model structures are also analysed, to assess the impact of disorder at

the molecular scale.

2 Methodology

2.1 Siliceous baseline structures

Geopolymer molecular structures are created with different chemical compositions, described
by Si:Al molar ratios of 1, 2 and 1.4-1.5 as shown in Table 1.

To consider different levels of disorder, three types of structure are built: a fully crys-
talline, a fully amorphous, and a defective crystal structure. The starting point is to construct

a baseline structure containing only Si and O atoms: not including Al and Na in the initial



Table 1: The three molecular structures studied here: amorphous (Am), crystalline (Cr)
and with defects (De). The Na:Al:H,O molar ratio are set to 1:1:3 for all structures. *Total
number of H and O atoms in water molecules divided by the total number of atoms in the
cell.

Name Si:Al Chemical Cell volume Atoms in Water content
molar ratio  formula (nm?) simulation cell (atom % *)
Am 15 15 3Si0, - 2AL0; - 2Na,0 - 6,0  41.26 1324 51.4
Am_2 2 48i0, -2 Al,04-2Na,0 - 6H,0  38.73 3914 47.4
cr 1 1 28i0, -2 Al,05-2Na,0 - 6 H,0  54.25 6144 56.3
Cr 14 14 2.85i0, -2 Al,04 - 2Na,0 -6 H,0  50.07 5496 52.4
Cr_2 2 48104 -2 Al,04-2Na,O-6H,0O  52.53 4856 47.4
De 1.5 1.5 38i0,-2A1,05-2Na,0 -6 H,0  44.95 4480 51.4
De 2 2 48104 -2 Al;,04-2Na,O-6H,0  46.03 3840 45.0

baseline structures enables a clearer characterisation of their skeletal structures. Adding Al
and Na causes structural distortions, mainly because the Na cations tend to find their equi-
librium positions at the centre of the sodalite rings, altering the (Si,Al)-O-Si bond angles
via electrostatic interactions. The Si-O baseline structures are first energy-minimised at T=
0 K and P= 1 atm, using the Polak-Ribiere version of the conjugate gradient method im-
plemented in LAMMPS. ' The baseline structures are then characterised using ISAACS,?°
quantifying in particular the bond length, bond angle, ring distributions, and pore size dis-
tribution. The ring distribution is computed using the King’s shortest path criterion, with a
ring being a closed path of nodes (Si atoms) and links (Si-O-Si bonds) connected in sequence
without overlap.?’ The pore size distributions are obtained using the method by Pinhero
et al.,?! with probe radius of 0.1 A (after checking convergence starting from probe radius
of 1 A and progressively reducing it). This method is based on Voronoi tassellation and is

implemented in the open source package Zeo+ .22

2.2 Introduction of Al, Na and water

To convert the Si-O only structures into model N-A-S-H structures (crystalline, amorphous

and defective), Si atoms are substituted by Al and Na atoms, and water molecules are added
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with initially random positions using the software Packmol“® as shown in Fig. 1. Periodic
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Baseline: Modified sodalite structure with Addition of Na and H,O Final unit cell
Sodalite cage desired Si/Al ratio to achieve Al:Na:H,0=1:1:3

Figure 1: Simplified schematic of the construction process for a crystalline structure. All
snapshots are obtained using VESTA.?4

boundary conditions are applied in all three directions, and the principles followed for all

structures are:

1. The number of added Na atoms is equal to the number of Al atoms in the struc-
ture, to satisfy charge neutrality, since Al is tetracoordinated and thus the Al-centred

tetrahedron carries a net negative charge in the structure.

2. Three molecules of water (hereafter referred to as "structural water") are added for
each Na atom. Structural water is defined as the minimum amount of water below
which the material will undergo microstructural changes leading to drying shrinkage
and microcracks. Drying shrinkage experiments have shown that extensive shrinkage
deformations start only when the H,0O:Na molar ratio decreases below 3. Such a
threshold ratio of ca. 3 has emerged from experiments in which geopolymer samples
with Si:Al = 1.15 - 2.15 and H,0:Na molar ratio = 5.5 were dried at 150°C.?> The
drying caused a weight loss between 20% and 40% of the initial sample weight that,
given the stoichiometry of the tested samples, was found to be consistent with a molar
ratio H,O:Na = 3.3 - 4.4 for water that is still present in the geopolymer at 150°C.
Similarly, Kuenzel et al.?® ran a series of drying shrinkage experiments on geopolymer

samples showing that, irrespective of the initial amount of water in the mix, extensive



shrinkage started only when the residual water content decreased below H,O:Na =
3. Thus, HyO:Na=3:1 is considered to be a reasonable estimation of structural water

content in the N-A-S-H skeleton.

3. Loewenstein’s principle is always respected, meaning that two Al tetrahedra cannot
be linked by a single oxygen bond, and therefore each Al tetrahedron is always linked
to four Si tetrahedra.! In reality, Na-based geopolymers display some Al-O-Al bonds
but to such a small extent (e.g. 0.18% of T-O-T total bonds for Si/Al = 1.1527) that
imposing a complete absence of Al-O-Al bonds leads to model structures that are more

statistically relevant than what would be obtained if this constraint were removed.

4. No edge-sharing Al tetrahedra. When creating amorphous or defective structures with
Al and Si tetrahedra, e.g. via heating-quenching or packing simulations, some tetra-
hedra often get linked to each other twice via two oxygen bonds.!! This leads to a
significant stretching of some O-T-O angles, which is thermodynamically unfavourable
and unphysical when considering a room-temperature, hydrous structure. This may

have a significant effect on the prediction of mechanical properties.

5. Full Q* polymerisation, to obtain structures that are most statistically relevant, in
agreement with the results of Al and Si nuclear magnetic resonance (NMR) experi-

ments!”.18

2.3 Structural and mechanical characterisation

The N-A-S-H structures are first relaxed via energy minimisation, using the Polak-Ribiere
version of the conjugate gradient method in LAMMPS.' The structures are then equili-
brated at P = 1 atm and T = 300 K wvia 1 ns of molecular dynamics in the NPT ensemble,
also performed using LAMMPS (Verlet time integration scheme and integration timestep
of 0.1 fs). The NPT simulations are followed by 1 ns in the NVT ensemble, to verify the

stability of potential energy and pressure. All the simulations employed the ReaxFF inter-



action potential.?® In ReaxFF the interatomic bonding expressions are both bond-distance
and bond-order dependent, and the atomic charges to compute the long range coulombic
interaction are calculated on the fly by a charge equilibration method. As a result, ReaxFF
is a very flexible force field, and can reproduce chemical reactions for a wide range of struc-
tures. For instance, the same set of parameters can be used for the study of glasses and
crystals with good accuracy.??3° The force field parameters used in this work are based
on the Si/O/H3! set, extended with Al/O/H3? parameters for the study of aluminosilicate
frameworks, and improved with a posteriori specific parameterisation of the Si-O-Al angles
and proton stability on aluminosilicate rings.3* These parameters have been previously used
to investigate silicalite and H-ZSM-5 aluminosilicate zeolites, their thermal stability, and
their acid site chemistry.?* 34 In addition, the Si/O/H subset has been shown to reproduce
the structural features of amorphous (sodium) silicate glasses.?>3% To verify the ability of
the chosen parameters to produce realistic elastic properties of aluminosilicates, the elastic
tensor of faujasite has been computed, a sodalite-based zeolite with structural resemblance

to geopolymers. The NaX faujasite analogue structure3’

was minimised using ReaxFF and
its elastic properties were obtained from the elastic tensor coefficients.®® The unit cell param-
eters are in good agreement with the experimental ones, with limited difference in volume
(1.4%, as shown in Table 2). The cubic symmetry is broken due to finite size effect of the
simulation box and the consequent irregular distribution of Na counterions. The bulk mod-

ulus (K) of the zeolite is in very good agreement with the experimental measurement3® and

DFT simulations?® as shown in Table 2.

Table 2: Comparison between literature data on faujasite and parameters obtained in this
study as part of the validation of the ReaxFF potential.

Faujasite Lattice parameters (A) K (GPa)
Obtained values a—=24.93

b=25.16 36

c=25.56
Literature data a=b=c=25.10 38.7,393540




The equilibrated N-A-S-H structures are then analysed in terms of structural features and
mechanical properties. The X-Ray diffraction patterns were simulated using the CrystalD-
iffract 6.5.0 program®' . The patterns were generated using an instrumental peak broadening
of 0.5° full width at half-maximum. ISAACS is used to compute the Fourier transform of the
structure factor obtained using the Debye equation,?® thus producing the X-Ray pair dis-
tributions. Mechanical tests are simulated with LAMMPS' through tensile deformation of
each simulation box by 1% of its length per step until rupture: strain increments in this range
are typical in molecular simulations, where the absence of macroscopic defects enables signifi-
cantly higher strain and stress levels compared to similar tests performed at the macroscale.?”
This increment has been chosen following a sensitivity analysis of different deformation steps
(varying from 0.1% to 2.5% of the corresponding length of the box). After each deforma-
tion step the structures have been relaxed via energy minimisation (Polak-Ribiere version
of the conjugate gradient method in LAMMPS®). The simulation box dimensions are kept
fixed on the plane perpendicular to the loading direction: this generates a uniaxial strain
scenario like in nanoindentation or in atomic force microscope indentation experiments.*?
The simulated tests lead to stress-strain curves akin to those in Fig. 2, from which one can
compute elastic moduli, strength, and modulus of toughness. The strength is the maximum
stress attained during the deformation process. The modulus of toughness is the area under
the stress-strain curve; it quantifies the energy required to take a unit volume of material
to complete failure. The elastic moduli quantify the amount of stress that produces a unit
strain in the small-deformations regime, viz. when the strain tends to zero. The initial gra-
dient of the stress-strain curve in Fig. 2 is the so-called indentation modulus M, which is an

elastic modulus related to the Young’s elastic modulus E and Poisson’s ratio v by:*3

M1 +v)(1-2v)
(1-v)

Eq. 1 assumes that the material is homogeneous, isotropic, and linear elastic: all these

E= (1)

conditions apply to the model structures in this paper, when the strain tends to zero. For



the uniaxial strain scenario considered in this paper, the Poisson’s ratio, relates the stress in

the loading direction i with the stress in its perpendicular directions j and k:**

14 14
77 11—y [ 1— 1 i ( )

Eq. 2 allows computing the Poisson’s ratio from the stresses in all three directions, these
latter being tracked by LAMMPS at each step of the deformation process. The average

magnitude of non-affine displacements 6,,, has also been computed as

5~ 10 = rias ) 5
N

where N is the number of atoms in the simulation box, r; is the position of atom 7 at

the strain level € after energy minimization at that strain level, and the affine r;,¢¢ is the

position that the same atom ¢ would have had at the same strain level ¢ if no minimisation

was ever performed during the tensile deformation test. Non-affine displacements typically

correlate with the onset and accumulation of plastic deformations, hence with the ductility

or brittleness of the structure.*?

10 -
9 -
8 c*
g
¢ ° €
w 51
»n
o 4 1
& 5.
2 >
1 - a Ultimate
0 tensile strain

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Strain

Figure 2: Stress-strain graphs for defective structure obtained through MD simulation.
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2.4 Additional details depending on the level of disorder

Crystalline structures The crystalline structures built for this work are based on a sim-
ple sodalite framework which is common in zeolites?® (see Fig. 1). Indeed, experiments on
geopolymers obtained from metakaolin precursor show that, under certain conditions, fauj-

asite and/or zeolite A can be formed,?” whose basic building unit is the sodalite cage. 5?2

Amorphous structures The starting structure for the amorphous N-A-S-H product is
an amorphous SiO, glass developed by Sheikholeslam et al.?® This has been preferred over
the amorphous N-A-S-H model structures available in the literature!! because the former
satisfies all the constraints that we listed in Section "Introduction of Al, Na and water",
in particular the Loewenstein’s principle, the absence of edge-sharing tetrahedra, and the
full Q* polymerisation of tetrahedra. A simple Monte Carlo program has been written and
used to substitute Si with Al while respecting Loewenstein’s principle. Only two Si:Al molar

ratios (1.5 and 2) were created; Si:Al = 1 was not achievable due to the disordered topology.

Defective structures The design process for the defective structure is described in
Fig. 3. The starting structure is the crystalline siliceous sodalite (without Al) equilibrated
at P =1 atm. Two SiO, molecules are randomly deleted from the sodalite framework to
create vacancies; this is followed by molecular dynamics simulations at P = 1 atm (NPT en-
semble, 0.01 ns) and then in the NVT ensemble (0.01 ns). This leads to a defective structure
with some O atoms left with dangling bonds. To restore full Q* polymerisation, individ-
ual atoms are slightly displaced by hand, then repeating the NPT equilibration until full
polymerisation is recovered. At this stage of the structure preparation, the simulations are
performed at T = 1000 K to accelerate and enable a more effective relaxation of the structure
before inducing next alterations. Subsequently, the final structures are equilibrated to 300 K
for 2 ns, as explained in Section 2.3, before proceeding to any further characterisation. This

preparation protocol has the advantage of leading to structures with defects that nevertheless
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present some traces of the original crystal. Other preparation approaches, such as quenching,
would lead to structures that are significantly more disordered than the intermediate level
of disorder targeted here. The desired Si:Al ratio is obtained with the same substitution

procedure as for the amorphous structures.

Legend
° “\ H,0
°
°0° o ° /o Q@ ©°o0
o - Iy O o
N 5 7 9 .
0oy O
—— One
Baseline: Vacancies: SiO, structure after Substitution of Si by Al and
Sodalite cage 2 Siand 4 O atoms rearrangements to restore addition of corresponding
deleted from each cage full Q* polymerisation®. Na and H,0O

Figure 3: Simplified scheme of the construction process for a defective structure. All snap-
shots are obtained using VESTA.?* *Some Si atoms are not visualised as tetrahedra due to
the boundary conditions.

Overall, seven different model structures of N-A-S-H have been created and analysed:
three crystalline, two amorphous and two defective. Fig. 4 shows equilibrated structures
with similar Si:Al molar ratios and with the organisation of tetrahedra highlighted. An

increasing degree of disorder is noticeable from left to right in Fig. 4.

3 Results

3.1 Siliceous baseline structures: bond angle, bond length, ring

distributions, and pore structure.

Fig. 5 shows the distributions of internal (O-Si-O) and external bond angles (Si-O-Si). The
internal angle quantifies the distortion of the tetrahedra, whereas the external angle measures

the relative orientation of tetrahedra in the short range (first neighbour). Longer-range
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Legend

“\ H,0
O si
O a
O Na
Crystalline: Defective: Amorphous:
Si:Al 1.4 Si:Al 1.5 Si:Al 1.5

Figure 4: Structures with Si:Al = 1.4 - 1.5 and different degrees of disorder. The organisation
of Al and Si tetrahedra is highlighted. All snapshots are obtained using VESTA.*

topological information will be discussed later in terms of ring analysis. For a tetrahedral
Si-O coordination, the O-Si-O internal angle distribution is expected to display a sharp
peak at 109°.2° This is indeed the result for the crystalline model structure in Fig. 5. The
amorphous and defective structures have a very similar distribution of O-Si-O angles, with
a limited standard deviation, probably a consequence of the overall disorder. This indicates
that the tetrahedra are only weakly distorted, and that there are no edge-sharing tetrahedra,
as also confirmed by visual inspection of the configurations.

The distribution of external Si-O-Si angles shows that the crystalline structure has wider
angles compared to the defective and amorphous structures, and that these latter two have
similar distributions. Experiments shows that the T-O-T angles in polymerised SiO, and
AlO, can range between 120° and 180°,5%5% which agrees with Fig. 5. The smaller angles of
the amorphous and defective structure compared to the crystalline structure, suggest that
the formers may be folded to some extent, which should result into higher densities. This is
confirmed by the density values of the siliceous structures calculated at zero pressure. The
densities of the amorphous and defective structures are similar to each other and respectively
equal to 2.28 g/cm?® and 2.13 g/cm?, whereas the crystalline structure has a lower density of
1.66 g/cm?.

The Si-O bond length distribution in Fig. 6 corroborates this point: the mode of the
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Figure 5: Internal (O-Si-O) and external (Si-O-Si) bond angle distributions for the three
siliceous baseline structures. The area under the curve is normalised to the same constant.

distributions for the amorphous and defective structures are shifted to the left compared to
the bond length value of the crystalline structure. These shorter bonds are consistent with
the disordered siliceous structures being denser than the crystalline one.

The angle analysis in Fig. 5 highlights some differences between crystalline and disordered
structures, but does not indicate any appreciable difference between defective and amorphous
structures. Such a difference emerges instead the pore structure and topology of the structure
over larger length scales. The ring analysis in Fig. 7 provides one such topological measure.
The ring analysis of the crystalline structure is in good agreement with results in the zeolite
literature, with prevalence of rings with size 4, 6, and 8 nodes.?® The ring distributions of
the amorphous and defective structures display a wider range of ring sizes, indicative of the
greater medium-range disorder in these structures. Rings of odd size appear in both, and
the range of possible sizes is significantly broader in the defective structure compared to the
amorphous one, despite a similar size of the simulation cell and a similar number of atoms in
the structure (see Table 1). The differences in ring size distribution between the amorphous

and the defective structure may impact their mechanical performance. On one hand, larger
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Si-O bond length
probability density function
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Bond length (A)

Figure 6: Bond length analysis of the three siliceous baseline structures (time averaged over
50 timesteps).

rings at the expense of smaller ones may indicate the presence of nanopores, which would
decrease density and mechanical properties. On the other hand, the formation of large rings
may provide long-range correlations that may improve the large-strain mechanics of the
system. It is also useful to note that the amorphous and defective structure have very similar
total energy per mole of Si, which means that they are equally probable in thermodynamic
terms (as expected, the crystalline structure has instead a much lower energy).

Fig. 8 shows the pore size distribution of the crystalline structure, correctly peaked
around a diameter of 6.5 A, which is the characteristic size of the sodalite cage shown in the
snapshot. As expected, the pore structure of the crystalline structure is fully interconnected.
The amorphous structure, instead, has a fragmented pore structure with smaller diameters,
peaked around 4 A. The presence of small pores is related to the presence of small rings
with size 3 in Fig. 7. The defective structure shows a pore structure that is indeed interme-
diate between those of the crystalline and of the amorphous structures. The pores are still
interconnected to some extent, although less than in the crystalline structure (see snapshot

in Fig. 8). Furthermore, the pore size distribution displays both a primary peak at ca. 4.5 A,
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Figure 7: Ring size distribution of the siliceous baseline structures. The sum of all histograms
is equal to the number of Si atoms.

close to that of the amorphous structure, and a secondary peak at 6.5 A, which indicates
some persisting features of the original crystal structure from which the defective one was
obtained. The relationship between ring size distribution, pore structure, skeletal density

and mechanical properties will be discussed.

—— Crystalline

Defective Amorphous

o 1 2 3 4 5 6 7 8
Pore diameter (A)

Figure 8: Pore size distribution and snapshots of the porosity of the siliceous structures. All
snapshots are obtained using OVITO.%
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3.2 X-ray diffraction (XRD)

Fig. 9 shows the comparison between experimental X-ray diffraction data and simulations,
highlighting the effect of molecular disorder on the calculated XRD patterns of structures
with comparable Si:Al ratios of 1.4-1.5. For all patterns a peak broadening has been applied
as explained in the methodology. The experimental spectrum is from a metakaolin-based
geopolymer paste with Si:Al = 1.5 cured at 23°C for 28 days. The simulations are not
expected to precisely match the experimental spectrum, because the geopolymer is clearly
not a pure crystal, thus structural disorder, defects, and impurities at all scales will introduce
or smoothen features in the XRD signals which cannot be fully described by a molecular
model only. However, two key features can be targeted and discussed in relation to the model
molecular structures presented here: the broad peak that emerges at 20— 20°- 30°, which
is typical of disordered alkali aluminosilicate gels, and the sodalite-related peaks at 20—
24° and 32°. From the simulated X-Ray diffraction pattern the increased degree of order
from the amorphous to the crystalline structure is appreciable: the amorphous structure
does not display meaningful peaks; the crystalline structure displays sharp peaks typical of
sodalite; the defective structure shows an overall disordered character but with sharper peaks
(sodalite and quartz peaks at 20=27°) compared to the amorphous structure. The red curve
in Fig. 9 is the results of the summation of the three spectra of crystalline, amorphous and
defective structure, considering that the sample has an equal amount of the three systems.
The resulting pattern presents a broad peak between 20=25° and 20—=40° which is clearly
due to the contribution of the defective structure, while the amorphous system just adds
a background noise. As a result, the defective structure better captures the coexistence of
amorphous and crystalline features emerging from the experiments consistently with the two
scenarios depicted in the introduction.

Fig. 10 shows that altering the Si:Al ratio has a very small impact on the overall XRD
signal. By decreasing the Si:Al ratio (thus increasing the number of Al, Na, and H,O) the

sodalite peaks slightly shift towards larger values of the 26 angle. This is true irrespective
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Figure 9: Simulation of X-ray diffractograms for three molecular models with Si:Al = 1.4
(crystalline structure) and Si:Al = 1.5 (amorphous and defective structures) and experi-
mental XRD for a metakaolin geopolymer paste with Si:Al = 1.5. The metakaolin used
is synthesised in the laboratories of Centro Ceramico (BO, Italy). Theoretical peaks for a
siliceous sodalite structure.®” All simulated X-ray diffraction are at room temperature and
ambient pressure. Legend: S = theoretical sodalite peaks.

of the level of disorder, but it is most visible from the crystalline structure, whose results
are therefore shown in Fig. 10. The shift is due to the swelling of the simulation box caused
by the additional water. Since three H,O molecules for each Na atom are considered, and
since one Na atom is added for each Al atom, Cr_2 contains less water and consequently

the crystalline planes are closer and the angle is shifted towards higher values.

3.3 X-ray pair distribution function (PDF)

X-ray pair distribution functions from simulations and experiments are compared in Fig. 11.
The experimental data were discussed up to the first-neighbour peaks, hence the analysis of

the simulations here are focused on the same peaks. All the model structures, irrespective
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Figure 10: Simulated X-ray diffraction patterns of the three crystalline structures, varying
Si:Al and showing the effect of the added water and Na. The curve for Cr_ 1.4 here is the
same one as in Fig. 9, but here the spectrum is shown without peak broadening.

of their degree of disorder, capture two of the experimental peaks in Fig. 11.

o T-O peak (r=~ 1.7 A ). The X-ray pair distribution function obtained from simulation
discerns between peaks associated with Si and Al tetrahedra, whereas the experiment
displays a single broader peak. This difference may be due to two factors combined:
the limited resolution of the experiment compared to the molecular model, and the
possibility that the Force Field in the simulations might slightly overconstrain the in-
teratomic distances to their equilibrium positions compared to the experiment. As
expected, the level of disorder does not affect significantly these peaks in the simu-

lations, because they depend only on the tetrahedral coordination of Al and Si with

O.

o O-0 peak (r=~ 2.7 A ). All the simulations display and correctly locate the first O-O
peak, which depends on the relative position of neighbouring tetrahedra as well as on

the location of water molecules.

Conversely, two of the experimental peaks in Fig. 11 are captured only by the defective
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Figure 11: X-ray pair distribution function of metakaolin-based geopolymers. Comparison

between experiments'® and simulations on structures with Si:Al = 1.4 and 1.5. T: tetrahedral
(Si or Al).

model structure:

e Na-O peak (r ~ 2.3 A ). The defective structure is the only one clearly capturing
this peak. In sodalite-based zeolites, the cations tend to occupy the center of ring
structures; it is likely that the fact that the Na-O peak emerges only in the defective
structure is related to its broader distribution of ring sizes compared to the amorphous

and crystalline structures (see Fig. 7).

e Na-T and T-T peaks (r =~ 3.2 A ). The experiment indicates a single broad peak en-
compassing all the Na-T and T-T first neighbour peaks, and centred at ~ 3.1 A. The
crystalline structure displays a similar cumulative peak but shifted towards 3.3 A. The
amorphous structure displays a broader peak between 3 and 3.5 A, resulting from the
convolution of a broad Na-T peak, a Si-Si peak centred at 3.1 A, and a sharp Si-Al peak
at 3.3 A. The defective structure is similar to the amorphous, to some extent, but the
Al-Si peak at 3.3 A is less sharp and broader, whereas the Si-Si peak at 3.1 A is more

marked. As a result, the overall PDF clearly shows the presence of a peak at 3.1 A,
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as in the experiment. This indicates that the positions of the peaks at ca. 3.2 A are
sensitive to the level of disorder, and that the intermediate disorder in the defective
structure goes in the right direction of reducing the intensity of the Al-Si peak while
increasing the intensity of the Si-Si peak. The agreement with the experiment leaves
room for improvement, in that even in the defective structure the Si-Si and Si-Al peaks
have similar intensity, whereas the experiment shows a prevalent peak at 3.1 A (Si-Si).
However, this limited difference in some T-T distances is not expected to cause any
significant inaccuracy in the skeletal density and mechanical properties that will be

evaluated next in this manuscript.

3.4 Wet skeletal density

Table 3: Skeletal density of metakaolin geopolymers considering structural water (Wet pgg).
The literature data were obtained by He-pycnometry tests,?® comparing nominal density and
pore volume? and from simulations on a fully glassy model structure.!!

Literature data Si:Al Wet psr (g/cm?)
Smilauer et al., 2011°%  1.22 2.372

Duxson et al., 2007%°  1.15-1.65 1.8-1.7

Sadat et al, 20161 1-2 2.03 - 2.50

The wet skeletal density includes the so-called structural water (see Methodology); the
simulations in this work predict wet skeletal densities between ~2.2 and ~ 2.3 g/cm?®, which
are in line with literature results (see Table 3). Fig. 12 shows the trend of density as a
function of the Al:Si (and Si:Al) molar ratios. The higher the Al:Si ratio is, the more Na
and thus water molecules are added to the structure (to keep the molar ratios A:NA:H,O to
1:1:3 as explained in Section 2.2). The values at Al:Si = 0 coincide with the densities of the
siliceous baseline structures computed in Section 3.1. The density of the crystalline structure
increases significantly with the AlL:Si ratio, this is due to the presence of large pores, with
width of ca. 6.5 A (see pore size distribution in Fig. 8). These pores can accommodate Na

and H,O molecules, hence additional mass, without any significant increase of the volume
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Figure 12: Wet skeletal density as function of the Al:Si and Si:Al ratio.

of the structure. On the opposite hand, the amorphous structure has only narrow pores,
therefore the addition of Na and H,O, when the Al:Si is increased, requires some swelling of
the structure. This compensation effects leads to similar densities at different Al contents,
and even a slight decrease as the Al:Si increases (due to the lower density of water compared
to Al and Si). The defective structure sits in between the other two: a moderate addition
of Al, viz at Al:Si < 0.5 (so Si:Al > 2) causes an increase of density similar to that of the
crystalline structure, although less marked because only several "large" pores with width
of ca 6.5 A remain in the defective structure (see Fig. 11). Further increasing of the Al:Si
ratio instead requires the defective structure to swell, hence the density stabilises and even
decreases slightly for Al:Si > 0.5, similar to the trend displayed by the amorphous structure

in the same range of Al:Si ratios.

3.5 Mechanical properties: elastic modulus

Fig. 13 shows the elastic moduli of all the model structures in this paper, averaged over
the three Cartesian axes. The moduli of the crystalline structure are clearly the largest,

followed by the defective structure and then closely by the amorphous ones. This indicates
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that the level of structural disorder has an important impact on the elastic moduli at the
molecular scale. The chemical composition, here quantified by the Si:Al ratio, also plays a
role. Literature data from macroscale experiments indicate that E increases with Si:Al.25
An analogous, albeit weak, trend emerges overall from the simulations, with the crystalline
structure showing a clear increase going from Si:Al = 1 to 1.5, and the amorphous and
defective structures showing a mild increase from Si:Al = 1.5 to 2. On the other hand,
one should note that the experimental measurements are on macroscopic samples, thus the
trend in E may be affected by heterogeneities at larger length scales (e.g. microstructural
characteristics) that molecular simulations cannot describe. The wet skeletal density instead
appears not to be a good predictor of trends in elastic moduli, unlike often observed in
materials with similar chemical compositions at the macroscale. Indeed, by comparing Fig. 13
with Fig. 12 one can immediately appreciate that an increase in Si:Al ratio (Fig. 12 read
from right of left) corresponds to a decrease, whereas Fig. 13 shows that the Young modulus
increases. This means that chemistry and topology at the molecular scale play an important
role in determining the elastic properties of the geopolymer binder on a corresponding length
scale, providing possible targets for material optimisation working up from the nanoscale.
Table 4 summarises data on Young’s modulus available in the literature. Using nanoin-
dentation, Némecek et al.? measured an elastic modulus of ~18 GPa for a N-A-S-H geopoly-
merisation product: these measurements, however, include mesopores with size of several
nanometres, which are not described by the molecular simulations presented here. To ex-
trapolate the experimental nanoindentation results to an equivalent elastic modulus without
mesopores, one can consider the gel solid fraction of 0.6® indicated for the same experiment.
Extrapolation to zero mesoporosity (viz. a solid fraction of 1) using both the self-consistent
and Mori Tanaka homogenisation schemes (see Constantinides et al.*?) are shown in Table 4.
The simulation results in the present paper are indeed in line with the extrapolated nanoin-
dentation results. Table 4 also shows that literature results from molecular simulations on

61

zeolites, such as chlorosodalite® and analcime,%! are also in the same range, as well as results
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Figure 13: Young’s elastic moduli as functions of the Si:Al ratio. Each elastic modulus is
averaged over the three Cartesian directions.

from previous MD simulation of glassy geopolymer gels.!!

Table 4: Literature data for the elastic modulus (GPa), from *simulations and **experi-
ments.

E (GPa)
*kNeémecek et al., 2011°9 - Mori Tanaka 44412
**Nemedek et al., 201159 - Self consistent 88+23
*Sadat et al., 20161 - glassy model structure 60 - 90
*Sanchez-Valle et al., 20055 - analcime 75
*Williams et al., 2006 - chlorosodalite 85

3.6 Mechanical properties: large-strain tensile behaviour

Fig. 14 a illustrates the complete stress-strain graph for all the structures with Si/Al=1.4-
1.5. All the structures sustain stress in the order of several GPa and strain in the order of
0.1-0.5 before leaving the initial linear elastic regime. This is typical for material structures

at the molecular scale,®2?

while defects at larger scales are responsible for the experimentally
observed typical values of macroscopic strength in the order of tens of MPa and correspond-

ing strain at the elastic limit in the order of fractions of the percent. The defective and
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amorphous structures display a similar mechanical behaviour, which is markedly different
from that of the crystalline structure. The crystalline structure undergoes a brittle rupture
and has a higher ultimate tensile stress compared to the amorphous and defective structures.
These latter, instead, are more ductile, i.e. they sustain a high stress for a wide range of
strain (from 0.1 to 0.2 - 0.25) without sudden drops of the stress itself. In particular, the
defective structures can sustain larger stress and strain compared to the amorphous struc-
ture. This implies a better ability to prevent crack propagation and failure (viz. fracture
toughness): a property that can significantly impact the durability of the material. The
different mechanical response to strain can be characterised in more detail by looking at the
non-affine displacements (see description in Section 2.3). Fig. 14 b shows the accumulation
of non-affine displacements as a function of applied strain, only for the Si, Al, Na and O
atoms in the backbone solid structure, which are the depositories of mechanical strength.
The accumulation of non-affine displacements is related to the development of irreversible
deformations.?® Typically, a small level of non-affine displacement (,,) is already accumu-
lated during the initial linear stress-strain response of the material, due to small irreversible
rearrangements that have a negligible impact on the overall mechanics and elastic moduli.*>
All the model structures presented here show such an initial small increase of d,, during the
linear elastic stage (strain < 0.1). Instead, as expected, Ona increases sharply when the struc-
tures leave the linear regime and enter the regime of plastic deformations eventually leading
to failure. Fig. 14 b shows that the crystalline structure accumulates the least non-affine
displacement (almost zero through the whole linear elastic stage), whereas the amorphous
structure has the largest 6,, and the defective structure is in-between. This is a convincing
trend because the ability to accumulate non-affine displacements is expected to increase with
the level of disorder, whereas order and symmetry add constraints to be overcome for 6,4 to
develop. The loss of constraints hence the better mobility (in response to strain) of atoms in
the backbone structure, evidenced by the increase in d,,, with the level of disorder, provides

a rationale for the trend of Young elastic moduli and strength in Fig. 14 a, which are both
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decreasing with the level of disorder.

The results presented in Section 3.1 have shown that the only topological feature dis-
tinguishing the amorphous structure from the defective one are the ring analysis and the
pore structure. This suggests that long-range correlations extending from the molecular
scale to the mesoscale of several nanometres, may play an important role in determining the
large-strain and failure behaviour of geopolymers. However, as for the elastic modulus re-
sults discussed earlier, structural features at even larger scale (microstructure) are also likely
to significantly impact the large-strain behaviour of the material. The results in Fig. 14
therefore should be regarded as the necessary starting point for new multi-scale models of

geopolymer mechanics.
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Figure 14: a. Stress-strain response under tensile load. Curves obtained from molecular
dynamics simulations with strain applied in steps of 1%. Am_ 1.5 (amorphous with Si:Al =
1.5), Cr_1.4 (crystalline with Si:Al = 1.4) and De 1.5 (defective with Si:Al = 1.5). Each
curve is obtained as the average from three repetitions; the shaded areas show the maximum
and minimum stress obtained from the repetitions. b. Non-affine displacement as function
of applied strain for the Si, Al, Na and O atoms in the backbone solid structure.

4 Conclusions

A new molecular model of the geopolymerisation product (N-A-S-H), obtained creating va-
cancies in a sodalite cage, is described in this paper. The resulting defective structures have

been constructed with a range of Si:Al ratios and have been analysed in terms of structure

26



and mechanical properties. The same analyses have also been carried out for fully amorphous
and fully crystalline model structures with analogous chemical compositions. All the struc-
tures, irrespective of their level of disorder, respected a set of crystallographic constraints
including Loewenstein’s principle, full Q* polymerisation, and absence of edge-sharing tetra-

hedra. The main findings are:

e The crystalline structure significantly differs from both the amorphous and defective
ones in terms of bond angle, bond length, and ring size distributions and the pore struc-
ture analysis. By contrast, only the ring size distribution distinguish the amorphous

from the defective structures.

e In terms of XRD spectrum, the defective structure combines an overall amorphous
character, namely a broad halo peak over a wide range of 26 = 20°-30° angles with

sharp peaks that are typical of crystalline features.

e In terms of X-ray pair distribution function, several peaks are captured by all structures
irrespective of their level of disorder. However, only the defective structure captures
the Na-O peak at 2.3 A . Also, the defective structure is the one that best captures the
position and impact of the Si-Si peak, at 3.1 A , on the overall signal. This result may
be a consequence of the unique character of the ring size distribution for the defective
structure, where rings can be much larger compared to those in the amorphous and

crystalline structures.

e The wet skeletal densities of all the model structures in this paper are in the range
of experimental results from the literature. The trends of density with content in
aluminum have been explained based on the pore size distribution of the baseline
siliceous structures. In particular, the filling large pores (ca. 6.5 Ain width) with
water and sodium in the crystalline structure and, to a lesser extent, in the defective

structure, explain the trend of increasing density with increasing Al:Si ratio.
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e In terms of the mechanics, the initial linear elastic stress-strain behaviour is charac-
terised by Young moduli between 45 and 75 GPa, which are in the range of experi-
mental results. The moduli are largest for the crystalline structure and lowest for the
amorphous one, showing a mildly increasing trend with increasing Si:Al ratio. Density
instead is shown not to be correlated with modulus: degree of order and chemical
composition play a more important role. The mechanical behaviour at large strain
indicates that the crystalline structure is the strongest, i.e. it can sustain the highest
tensile load, but its failure is brittle, which is an important drawback in that it favours
crack initiation and propagation. The structural disorder in the amorphous and defec-
tive structures reduces the maximum tensile stress that can be sustained, but it also
leads to a more ductile behaviour which is desirable in mechanical applications. In
particular, the defective structure is superior in that it combines higher strength and
ductility compared to the fully amorphous one. The analysis of non-affine displace-
ments indicates that structural disorder enables more mobility of the atoms in the T-O
backbone structure, when tensile strain is applied. This provides a rational for the

observed detrimental effect of disorder on Young moduli and strength.

The molecular models presented here refer to N-A-S-H obtained from a high-purity
metakaolin precursor activated with typical sodium-based solutions. The approach to obtain
those structure, however, is general and transferrable to modelling geopolymers from other
precursors or activating solutions, e.g. low-calcium fly ash and potassium-based solutions.
Even if complemented with additional chemical features, e.g. impurities, and directed to-
wards other application-specific geometries, the approach presented here would retain its
ability to link chemistry and molecular structure with mechanical performance. By link-
ing chemical composition with structural features, density, and mechanical properties, this
manuscript is a starting point for the development of larger scale models of geopolymers.
Multi-scale models are the key to clarify which fundamental mechanisms control the chemo-

mechanical stability and durability of these materials, and how these mechanisms are affected
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by chemical composition and processing.®%%% Ultimately, this will enable the simulation-
guided optimisation of geopolymer cements, the generation of confidence in their long-term
performance, and the development of adequate design standards to support the deployment

of these more sustainable cements in the construction sector.
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