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Abstract

Growing demand for sustainable building materials is driving research in alterna-
tive cements, but their applicability in the construction field is still limited by an insuffi-
cient understanding of their durability. Geopolymers belong to this group of materials,
since their production involves less carbon dioxide emissions than traditional cement.
Geopolymers are aluminosilicate raw materials (e.g. metakaolin) activated with an
alkali solution. Their binding phase commonly consists in sodium-alumino-silicate hy-
drate (N-A-S-H), which provides strength at the macroscale. Hence, understanding
how mechanical properties emerge during the formation of N-A-S-H is crucial to control
the macroscale performance of geopolymers. This dissertation discusses the results
obtained with an integrated approach combining nanoscale modelling and experiments
to clarify chemo-mechanical behaviour of N-A-S-H, especially at early age. This work
delivers two main contributions. First, it presents a new molecular model of N-A-S-H,
obtained by atomistic simulations. The uniqueness of this model lie in its ability to cap-
ture both amorphous and crystalline features displayed by literature data, whereas the
other existing models only focus on either amorphous or crystalline structures, hence
not fully explaining experimental observations. Second, this work quantifies for the
first time the volumetric changes of geopolymers in the first stages of their formation,
addressing the current lack of literature data on the so-called "chemical shrinkage” of
geopolymers. The results in this work, actually, indicate that geopolymers undergo
chemical expansion, and not shrinkage, and a theoretical model is proposed to explain
this uncommon behaviour. Finally, preliminary considerations on understanding ageing
in geopolymers are presented. In particular, a mesoscale model based on aggregated
nanoparticles is discussed, together with long term experiments on drying shrinkage
and creep behaviour. Overall, this dissertation provides insights into the development
of mechanical properties in geopolymers at early age, addressing some gaps whose
limited understanding is a current barrier for the standardisation and commercialisation
of geopolymers.
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1.1 Why geopolymer cements?

Three quarters of the worldwide energy consumption come from urban areas [43]
and by 2050, 2.5 billion people more than today are expected to live in cities, bringing
68% of the world population to metropolitan areas [44]. Accommodating this transfor-
mation will be challenging, especially for developing countries, that will have to address
an increasing need for new infrastructure, housing and energy systems. Fig. 1.1 shows
the expected percentage of population moving from rural to urban areas in China and
India. Concurrently, also the rest of the world will face increased pressure on existing
infrastructure, since more people are expected to move to denser urban areas and the
existing infrastructures will need to be upgraded both with new constructions and reg-
ular maintenance. All this will cause an increased consumption of building materials.
Data from 2015, reproduced in Fig. 1.2, show that the construction sector is already
the main consumer of extracted materials, accounting for over 45% of the total con-
sumption, three times more than the percentage allocated for the extraction of fossil
fuels, which is commonly considered the main responsible for new extracted materials.

= China urban area China rural area
= = |ndia urban area Indian rural area
100
g ” /
§ 60
g 40 T
o - ==
20 o = L
0
1950 1970 1990 2010 2030 2050

Year

Figure 1.1: Urban and rural population in China and India as a percentage of the total popula-
tion (data from 1950 to 2050) (after United Nations [1]).

Two thirds of the construction materials are cement-based, which represents ca. 30%
of the total worldwide extraction of raw materials [45]. Furthermore, the building sector
is also responsible for ca. 10% of the global anthropogenic CO, emission [43], 85%
of which is directly caused by the production of cement [46]. The main source of CO,
emission in the production of Portland cement, which is the main cementitious material
today, is the production of clinker (ca. 60% of CO, in mass) [46,47]. During clinker pro-
duction, calcium carbonate is transformed in calcium oxide, which releases one CO,
molecule per molecule of product. The fact that CO; release is intrinsic to the chemical
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£
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Figure 1.2: Worldwide extractions by material category in 2015. Data from Global Material
flows database of the UN International Resource Panel [2].

reaction to produce clinker means that improving the efficiency of cement kilns only,
e.g. transitioning to almost carbon-neutral biofuels, would only have a limited impact
on the overall CO, footprint of cement production. This poses a serious challenge,
given that the international target for the year 2050 is an 80% reduction of greenhouse
gas emissions, compared to 1990 [48]. Hence, the chemical composition of cement
needs to be fundamentally transformed to be able to produce cements with intrinsically
lower CO, emissions (e.g. drastically reducing the reliance on calcination of calcium
carbonate). This however raises another issues, having to do with costs.

Currently, cement is used in a wide range of applications, from structural purposes
such as reinforced concrete (25% of its use), mortars (40%), and other cement based
products like roof tiles, pavements and blocks (35% of its use) [45]. The production cost
of cement is relatively low (U.S. price 113 USD/tonne [49] or 85 GBP/tonne) and, as
a result, finding alternative solutions, which can compete on the market, is even more
challenging. Current research efforts are considering a range of solutions that could
be grouped into two complementary approaches: carbon capture and storage (CCS)
or usage (CCU), and new material-based solutions. The latter, which is the main fo-
cus area of this dissertation, encompasses: (i) improvement of cement sustainability
by replacing part of the traditional cement, based on tricalcium silicate, with less CO.-
intensive supplementary cementitious materials (SCM). In this case the traditional ce-
ment is still the main component of the binder, providing mechanical strength and con-
trolling durability; (ii) complete substitution of cement with alternative, more sustainable
binders. Geopolymers are major players in this second category and are the focus of

4



this dissertation. In Australia, geopolymers are currently transitioning from a research
domain to industrial applications, such as airport geopolymer concrete pavement (Bris-
bane West Wellcamp airport) [50], and precast panels used for suspended geopolymer
concrete floors (Queensland’s University GCI building) [51]. Being a novel material ne-
cessitates that every technological improvement of geopolymers must be scalable for
production. This entails both an environmental impact assessment of the new mate-
rial, and the development of standards that regulates the application of geopolymers in
different fields.

1.2 Dissertation layout

This dissertation is organised in five chapters. After this introductory first chap-
ter, Chapter 2 explores available literature data on metakaolin geopolymer pastes,
starting from an overview of geopolymerisation chemistry, continuing with a review of
existing molecular dynamics simulations of calcium silicate hydrate products (C-S-H)
and geopolymers, and concluding with production cycle and sustainability analyses.
Chapter 3 introduces aims and objectives of this dissertation. Chapter 4 provides an
overview of the methodology used for the experiments, together with the methodology
applied to build the molecular scale and mesoscale models of the sodium aluminate sili-
cate hydrate (N-A-S-H) geopolymerisation product. Chapter 5 presents results from the
molecular scale model, from a theoretical model of volume changes during geopoly-
mer formation, and from experiments, as well as first results from the mesoscale model.
Finally, the main conclusions and contributions of this work are drawn in Chapter 5.

1.3 Dissemination

The following contributions are the result of a PhD course started in September
2015. One journal paper has been published in June 2018 and a second one, on the
"Early age volume stability of metakaolin geopolymers” is currently in preparation. In
addition, an award-winning poster has been presented at an international conference
and three conference papers have also been published. The following manuscripts are
the results of this work, and can be found in the Appendix.



Publications
e Journal papers:

e F. Lolli, H. Manzano, J.L. Provis, M.C. Bignozzi, E. Masoero "Atomistic sim-
ulations of geopolymer models: the impact of disorder on structure and me-
chanics.”, ACS Applied Materials and Interfaces, 2018.

e Inprogress F. Lolli, J.J. Thomas, K.E. Kurtis, F. Cucinotta, E. Masoero "Early
age volume stability of metakaolin geopolymers”.

e Conference papers:

e F Lolli, E. Masoero, F. Cucinotta, M. C. Bignozzi, S. Manzi "Experiments and
nanoscale simulations of geopolymers: porosity and molecular structure.”,
36th Cement and Concrete Science Conference, Cardiff (UK), 2016

e F. Lolli, E. Masoero "Towards a mesoscale model of geopolymers: inter-
action potential from the molecular scale.”, EURO-C Computational mod-
elling of concrete and concrete structures, Bad Hofgastein (AU). CRC Press
/ Balkema Taylor and Francis Group, 2018.

e F. Lolli, E. Masoero "A defective crystal model for the molecular structure of
geopolymers: disorder, structure, and mechanics.”, ICCC 15" International
Conference on the Chemistry of Cement, Prague (CZ), 16-20 September
2019.

e Posters:

e Gold prize for best technical poster DTU-COST-RILEM doctoral course:
Service life of cement-based materials and structures. Lyngby, Copenhagen
(DK), 2016.

Conference presentations

e 2016: Presentation Experiments and nanoscale simulations of geopolymers: poros-
ity and molecular structure. 36th Cement and Concrete Science Conference
(Cardiff - UK).

e 2017: Presentation Nanoscale modelling and simulation of metakaolin geopoly-
mer binders. Engineering Mechanics Institute conference (San Diego - USA).
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2017: Presentation Nanoscale modelling and simulation of metakaolin geopoly-
mer binders. American Ceramic Society conference (Atlanta - USA).

2018: Presentation Towards a mesoscale model of geopolymers: interaction po-
tential from the molecular scale. EURO-C conference - Computational Modelling
of concrete and Concrete Structures (Bad Hofgastein - Austria).

2018: Presentation Molecular model of geopolymers with increasing level of dis-
order in the atomic structure. ECI conference - Alkali Activated Materials and
Geopolymers: Versatile Materials Offering High Performance and Low Emissions
(Tomar - Portugal).

Collaborations

April 2016 and March 2017: University of Bologna (DICAM and Centro Ceramico)
(IT). Experimental measurements on metakaolin geopolymers: water sorption,
MIP, XRD. Supervisors: Prof. Maria Chiara Bignozzi, Dr. Stefania Manzi.

June 2017 - May 2018: Georgia Institute of Technology (School of Civil and Envi-
ronmental Engineering) (Atlanta - USA). Durability tests on metakaolin geopoly-
mers: creep test, chemical shrinkage, autogenous shrinkage, calorimetry tests.
Advisor: Prof. Kimberly Kurtis.

Workshops and training

2015: Wienerberger Sustainable Building Academy (WiSBA and TU Graz, AU).
Five international workshops focused on the study of a change of function sce-
nario of Building 2226 by Baumschlager Eberle and in particular about LCC anal-
ysis.

2016: Engineering YES competition (Brighouse, Leeds, UK). Training experience
for research students and staff that introduces participants to setting up a tech-
nology start-up. Awarded Best Teamwork from the Sheffield Rotary Club during
Leeds heat.

2016: DTU-COST-RILEM doctoral course. Service life of cement-based materials
and structures.

2017: 5th Marseille Winter School on Multi-Scale Porous Materials.
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2.1 Metakaolin geopolymers

In this dissertation the term geopolymer will be used as synonym of low-calcium
alkali activated materials.” In particular:

Definition 1

Geopolymers are the product of the activation of an aluminosilicate raw material
through an aqueous alkaline solution at ambient temperature. They are a sub-class
of alkali-activated materials (AAMs) and their distinguishing feature is an overall
amount of silica and alumina greater than 80% in mass as shown in Fig. 2.1.

Definition 2

Alkali activated materials (AAMs) is a term that refers to inorganic binders re-
sulting from the activation of an aluminosilicate source with an alkaline solution
typically sodium hydroxide, sodium silicate, and potassium silicates.

Two main components are required to synthesise geopolymers via the so-called
“geopolymerisation” reaction: a raw material and an activating solution.

e Raw materials. The raw materials commonly used to create geopolymers include
aluminosilicate by-products such as coal fuel ashes and industrial slags, or cal-
cined clays such as metakaolin. These precursors provide Si and Al ions.

e Activating solution. The activating solution is obtained by mixing a silicate solu-
tion (waterglass) and an alkali hydroxide solution (usually sodium or potassium
based). The role of the solution is first to dissolve the raw material and then to
provide alkali ions that contribute to the formation of the geopolymer.

2.1.1 Metakaolin

Metakaolin is a common raw material for geopolymer synthesis, owing to its large
content of silica SiO, and alumina Al,O3; (typically more than 90%w in total [52,53]) and

"There is an open discussion in the scientific community regarding the definition of the term “geopoly-
mer”. Frequently it is considered a synonym of alkali-aluminosilicate materials, and it is widely used in
the literature and in industry to describe this type of cements. A more appropriate alternative phrasing is
“low-calcium alkali-activated aluminosilicate cement”, however, this lacks some of the conciseness and
catchiness of the term “geopolymer”.
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Figure 2.1: Qualitative classification of alkali activated materials and comparison with PC and
calcium sulfo-aluminate cements (after van Deventer [3]).

its high reactivity. Metakaolin is produced by calcination of kaolin clay (Al,Si>Os - (OH),),
a thermal treatment during which the water contained in the kaolin is expelled from the
structure. The resulting material is an amorphous aluminosilicate known as metakaolin
(Al,O3 - SiOy,). This process, called dehydroxylation, is described in Eq. 2.1 and it usu-
ally occurs in the 600-800°C temperature range [54]. This temperature allows the
removal of the bound water, but it is also sufficiently low to avoid the formation of unre-
active mullite (3 Al,O3 - 2 SiO;, in crystalline phase) [55, 56].

The reactivity of metakaolin depends on the presence of strained Al sites. The dehy-
droxylation of kaolinite involves a reorganisation of the Si-O-Al network in which the
Si-O network remains mostly unchanged while the Al-O network is rearranged from
octahedral Al to esa, penta and tetracoordinated Al [56]. Aluminium is therefore read-
ily available for dissolution and its release does not depend on the activating solution
used, contrary to what happens for fly ash where the Al is not as strained, causing
lower reactivity [55,57].

Prior to final storage, the industrial process of calcination involves three phases as
shown in Fig. 2.2:

1. Sourcing kaolin. Kaolin is an abundant natural clay, practically classified as “avail-
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Figure 2.2: Schematic of the industrial production cycle of metakaolin.

able in infinite amount” on the Earth surface [45]. Kaolin can be extracted by min-
ing natural deposits at a depth of ca. 60 m [58]. It is a soft white clay commonly
known as “China clay” and it is used for a wide range of applications from paper
production (ca. 50%) to ceramics (ca. 30%) and other mixed uses [59]. Kaolin
can also be sourced from paper industry waste and mine tailings. The final prod-
uct may have a different particle size and crystallinity depending on its origin, but
this does not influence its applicability for metakaolin production for geopolymer
binder systems [55].

. Grinding, drying and selection. During this phase kaolin is separated from other
impurities, e.g. sand, and is ground and dried to obtain a powder.
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3. Calcination. Two different methodologies are currently available: traditional rotary
kiln calcination and flash calcination.

Rotary kiln calcination. The raw material (clay) is processed in pellet form and
calcined in cylindrical rotary kilns, 60 to 90 m long, with a diameter of 4-6 m and
inclined from the horizontal plane [52]. The material is calcined for approximately
5 hours at ca. 750 °C with hot gases being flown in the opposite direction to the
flux of the material. This procedure is followed by crushing the resulting pellets
(5 - 10 cm in diameter) to obtain the desired particle size.

Flash calcination. The kaolin clay is selected across a 200 um sieve, and forced
by a hot air stream directly into the calciner. In the calciner the clay particles flow
in a spiral around a high temperature flame (1000-1200°C; see 3bin Fig. 2.2) for a
few tenths of a second and then are cooled at a rate of 10 to 10° °C per second in
an air cooling cyclone [52]. Final crushing is not needed since the particles do not
have time to agglomerate. With this technology, production companies also claim
that it is possible to recycle the calcination energy, allowing a reduction of 40%
energy consumption compared to the rotary kiln method [32] and a 80% reduction
compared to the cement production [52]. The advantages of flash calcination,
compared to traditional calcination in rotary kilns, are the following:

e Flash calcination is less energy intensive;

e The machinery is compact and therefore it can be installed in the proximity
of the mining site or near the usage site;

e Flash calcined metakaolin is less expensive because of the savings in en-
ergy consumption, that have an effect on the final price [60];

¢ Flash calcined metakaolin is characterised by spherical particles with an av-
erage diameter of 10 um [52]. This particular shape and dimension lead
to aqueous pastes that are significantly more workable than pastes of tradi-
tionally calcined metakaolin, hence enabling a significant reduction of water
demand, which is usually high in traditionally calcined metakaolin due to its
fineness and the plate like morphology [55,57]. As a direct consequence, the
workability of the binder is improved both for geopolymers and for cemen-
titious binder with metakaolin used as SCM (supplementary cementitious
material).
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2.1.2 Activators

In order to obtain geopolymers, the raw material has to be dissolved with an ac-
tivating solution obtained by mixing an alkali hydroxide solution (sodium or potassium
hydroxide) with an alkali silicate solution. The concentration of alkalis in solution is usu-
ally very high, with a resulting high pH, and this enables the dissolution of metakaolin.
Some important details of the main components of typical activating solutions are de-
scribed as follows.

e Sodium hydroxide solution

Sodium hydroxide (NaOH), commonly known as caustic soda, is a strong base
(pH > 14) usually preferred to potassium hydroxide for geopolymer production
both because of its wider availability and lower cost. NaOH is commercially pro-
duced via the chloralkali process [4], which consists in the electrolysis of brine
(aqueous sodium chloride) to form sodium hydroxide, hydrogen and chlorine as
in Eq. 2.2.

2NaCl 4+ 2H,O — Cly + 2NaOH + H, (2.2)

Three technologies are currently available for this process: membrane, mercury
cell and diaphragm. Until early 2000s the mercury cell technology was the pre-
dominant technology (55% of the European production [4]), with concerning en-
vironmental implications linked to the mercury itself. For this reason, in 2010 the
Industrial Emission Directive regarding regulation of pollution and emissions from
industry [61], concluded that mercury technology could not be used anymore in
chloralkali process starting from 2018. At present, the least polluting technology
is the membrane cell process, accounting today for ca. 64% of European pro-
duction, and described in Fig. 2.3 In the membrane chloralkali process, when
an electric current is passed through a concentrated solution of sodium chlo-
ride, chloride ions are attracted to the anode while hydrogen ions move towards
the cathode. Chlorine gas and hydrogen gas are formed in proximity of the two
poles while the sodium ions pass through the membrane and react with hydroxide
groups in solution forming sodium hydroxide.

The resulting NaOH is commercially available in solid form at ambient temper-
ature (pellets or drops), it is highly hygroscopic and it is used as activator in
aqueous solutions with typical concentrations ranging between 5 and 15 M. The
resulting solution is characterised by a low viscosity, in the same order as the
viscosity of water even for high concentrations. Considering that high molarities
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Figure 2.3: Membrane cell chloralkali process (after Euro Chlor [4]).

and pH are required, attention must be paid to safety during the production of
the solution. Sodium hydroxide is highly corrosive and releases a large amount
of heat upon dissolution in water: having an enthalpy of dissolution of ca. - 45
kd/mol at infinite dilution leads to ca. 90 °C increase of temperature during the
mixing phase of a 10 M solution prepared at 25°C [55]. One of the main issues
of using NaOH solution as the only activator, is efflorescence on the surface of
the final geopolymer sample. This is due to the leftover unreacted alkali combin-
ing with the CO, in the surrounding environment, to form white carbonate and
bicarbonate crystals.

Sodium silicate solution

Soluble silicates are chemically defined as M,(SiO,),0 (M is the alkali ion: Na
or K), with pH between 10 and 13, depending on the SiO,/M,0 ratio. Sodium
silicate is commercially available in form of dried powder, glass or aqueous solu-
tions of glass [5] with SiO,:Na,O ratio between 2 and 2.85 or between 2.85 and
3.75. The process to produce sodium silicate involves calcination at 1000°C of
pure silica sand (SiO,) and sodium carbonate (Na.CO3), followed by dissolution
in water of the resulting sodium silicate lumps at the desired ratio of H,O:Na, as
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described in Eq. 2.3? [5].

NayCO3 + nSiOs + mH>O — NayO-nSiOy + COy T +mH50 (2.3)

The raw material Na,CO3; can either be produced through the Solvay process
or directly sourced by mining carbonate salt deposits. Direct mining technology
involves up 10 times less production of CO, than the Solvay process [62]. Fig. 2.4
summarises the production process.

M | |
Soda _I Furnace  Sodium- Dissolver Temporary  Filter  Final
ash silicate lumps storage storage

Figure 2.4: Sodium silicate solution production process (after CEES [5]). Soda ash is sodium
carbonate Na>COs.

2.1.3 The chemistry of geopolymers and the chemistry of cement

First research on geopolymers started in the early 1980s, by Davidovits [6, 63],
with the aim of creating an inorganic material with fireproof properties after a series
of ruinous fires in France in the early 1970s. It soon become clear that the field of
application of geopolymers was partially overlapping with that of Portland cement and,
for this reason, these two materials are now often compared to each other, even if their
chemistry is fundamentally different. Portland cement binders develop as a result of
the hydration process of calcium oxide and silicon dioxide, while the geopolymerisation
reaction is more similar to the formation of an aluminosilicate gel [64].

Definition 3

Cement is a common term used to indicate a material with binding properties. Port-
land cement consists of calcium silicate and calcium aluminate minerals with main

2The upward-pointing arrow in Eq. 2.3 indicates that CO, is released in gaseous form.
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phases, described in Table 2.1. In contact with water, the anhydrous cement dis-
solves and precipitates new hydration products, resulting in a new material called

cement paste [65].

Table 2.1: Typical composition of a Type | Portland cement.

Compound Chemical Cement chemistry
formula notation

Alite or tricalcium silicate Ca3SiOs CsS

Belite or dicalcium silicate = Ca,SiO, C.S

Tricalcium aluminate CazAl,Og CsA

Tetracalcium aluminoferrite CajAl,Fe-Oq C4AF
Gypsum CaSO, CS

% by weight
[65]

50%

25%

12%

8%

3.5%

The mechanical behaviour of hardened cement paste depends on the physical
and chemical changes occurring during hydration. Hydration consists of dissolution
of chemical compounds in Table 2.1 and precipitation of new phases. The overall
transformations are usually summarised by the following equations (Eqgs. 2.4—2.9) [65],

in which Q7 is heat released®:

CsS+ (1.3+x)H — C17SH, + 1.3CH+ Q 1

CoS+ (0.3 +x)H — C;7SH, + 0.3CH+Q 1

CsA + 3CSH, + 26H — C3A - 3CSH3, + Q 1

2C3A + CgAS3Hzp + 4H — 3C4ASH; + Q 1
C3A + 6H — C3A,Hg + Q1

C4AF + 13H — C4(A,F)H;3 + Q1

(2.4)
(2.5)
(2.6)
(2.7)
(2.8)

(2.9)

The final product of traditional cement hydration mainly consists of calcium silicate hy-
drate C;;SH, (C-S-H) and calcium hydroxide (CH), respectively 50%-60% and 20%-
25% in volume. C-S-H is the main binding phase of the cement paste and it is respon-
sible for macroscale properties such as strength, permeability and volume changes.

3Egs. 2.4-2.9 adopt an oxide notation, common in cement chemistry. The main oxides are abbrevi-
ated as follows: C is CaO, S is SiO,, A is Al>Os3, F is Fe-Os, S is SOz and H is H-O. Table 2.1 identifies

the main compounds.
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C-S-H is often described as a colloidal gel with high surface area and characteristic
pore size in the order of few nanometres (gel pores). The calcium hydroxide phase
does not contribute significantly to the mechanical properties but is key to maintaining
the pH of the aqueous solution in the pores to approximately 12.5, thus passivating the
corrosion of steel rebars.

The chemical structure of geopolymers is intrinsically different from that of a cement
paste. The binding phase in a geopolymer is a highly cross-linked aluminosilicate gel
[55] that presents similarities with zeolite-type structures [66—70]. At the early stages
of research on geopolymers, Davidovits proposed the term, geopolymer, defining it as
a three dimensional structure of silicon (SiO4) and aluminum tetrahedra (AlO,4) [63].
This nomenclature describes three oligomeric building units of silicon-oxo-aluminate,
sialates, illustrated in Fig. 2.5 and with empirical formula in Eq. 2.10 [64]:

M, {(SiOs),AlOs } - wH,O (2.10)

where x is the polycondensation degree, z is variable from 1 to 3 and w indicates the
amount of water. A geopolymer is hence defined as an assembly of such building units.

Si: Al=1 Si:Al=2 Si:Al=3
0 0 (1] 0 0 1] 0 o 0 ] (o] 0
0 0 0 0 0 0 o 0 0
Si Al Si Al Si Si Al Si Si
Si04 AlO4
0 v o o] ] 0 [v] 0 4]
Poly(sialate) Poly(sialate-siloxo) Poly(sialate-disiloxo)
(-Si-0-AL-0-) (-Si-0-Al-0-Si-0-) (-Si-0-Al-0-5i-0-5i-0-)

Figure 2.5: Molecular building blocks in geopolymers [6].

Considering these building units one might assume that geopolymers have a bidi-
mensional chain-like organisation, however in the work of Davidovits [6] the final struc-
ture is described as a three-dimensional network with polysialate structures ranging
from amorphous to semi-crystalline, and with alkali cations (Na*) balancing the nega-
tive charge of tetracoordinated Al sites [57]. The building blocks in Fig. 2.5 do not allow
for the presence of Al-O-Al, in accordance with the Loewenstein’s principle [71]. Al-
though thermodynamically unfavourable, the Al-O-Al linkage can sometimes be found
in zeolites, [72] and a study by Duxson et al. [64] showed evidence of Al-O-Al bonds
also in geopolymers, although in minimal proportion (0.18% of the bonds for sodium
activated geopolymers and 1% for potassium activated ones).

In 1982 [73] a new nomenclature was introduced to describe different types of alu-
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minosilicate systems, making it applicable both to crystalline aluminosilicates (zeolites)
and structurally disordered geopolymers. Eq. 2.11 describes a silicon atom linked to n
nearby atoms via oxygen bonds, of which neighbours m are Al atoms and n-m are Si
atoms.

Q"(mAl) (2.11)

This notation matches the type of information provided by 2°Si solid state Nuclear Mag-
netic Resonance (NMR). Both 2Si NMR and %Al NMR were used by Davidovits [74]
to provide the first general understanding of the geopolymer structure. First investiga-
tions by 2°Si NMR reported a single broad peak at -94.5 ppm, which was interpreted
as containing all possible silicon tetrahedra species Q*(mAl), hence the Si atoms with
coordination 4 were convoluted into a single peak that did not differentiate between
different numbers (m) of Al atoms coordinated to them [75]. More recent studies, how-
ever, deconvoluted the Q*(mAl) silicon peak identifying one peak for each different
value of m[76,77]. Deconvoluted results indicated that the proportion of Al neighbours
for the tetracoordinated silicon is highly dependent on the Si:Al ratio of the geopolymer,
but also on the type of activator used, with sodium favouring Q*(4Al), while potas-
sium Q*(3Al). 2’Al NMR allowed instead to determine the degree of reaction of the
geopolymer gel [74]. Metakaolin contains Al(IV) (tetra-coordinated Al), Al(V) (penta-
coordinated Al) and Al(VI) (esa-coordinated Al), but during the geopolymerisation Al(V)
and Al(VI) peaks disappear while the intensity of the Al(IV) peak increases, meaning
that during the geopolymerisation all reactive aluminum atoms become arranged into
tetrahedral structures [78].

In 2005, Provis [79] analysed previous literature results and proposed a more de-
tailed explanation for the physicochemical nature of the geopolymer gel phase. The
binder network was described as constituted by nanosized zeolite-like units embedded
in the geopolymer gel (called N-A-S-H: sodium-aluminosilicate hydrate) with the addi-
tional presence of crystalline zeolites structures within the gel. This model is referred
to as the pseudo-zeolitic model [79] and evidences of these crystalline structural units
were found experimentally: faujasite, sodalite and zeolite A were identified through X-
Ray Diffraction (XRD) [80], short-range peaks were clearly recognisable in X-ray pair
distribution function [37], and TEM images [81] showed crystalline domains. In par-
ticular crystalline domains were shown to be favoured at high temperature and high
water content and for Na-activated MK-geopolymers. Small amounts of calcium in-
hibit the crystallisation of zeolites [79], and for this reason fly ash geopolymers have a
lower tendency to present crystalline domains. For geopolymers activated with sodium
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hydroxide, the identified crystalline species were mainly belonging to the hydrosodalite-
hydroxysodalite family and to the zeolite family (zeolite A and faujasites) [79].

While hypotheses on the molecular structure were confirmed experimentally, vari-
ous models for the evolution of the geopolymer from unreacted material to binder have
been proposed over the years, but are still a less resolved matter of debate. Duxson et
al. [24] proposed the geopolymerisation model described in Fig. 2.6. The aluminosili-
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Figure 2.6: Model for geopolymerisation (after Duxson et al. [7]).

cate precursor is dissolved by a highly alkaline solution (a) and releases monomers (b),
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which condense into oligomers expelling water from the skeletal structure and reach-
ing equilibrium (c). The aluminosilicate solution undergoes gelation (d) forming the
so-called gel 1, rich in Si-O-Al bonds, which reorganises to form a more complex gel
(gel 2) (e). Depending on the type of activator, precursors, and curing temperature, gel
2 undergoes partial crystallisation and zeolite-like structures emerge from the amor-
phous gel (f). This model implied a linear process while, realistically, dissolution and
polymerisation occur simultaneously. Additionally this model refers to a general alumi-
nosilicate as raw material, whereas it is known that, for different kinds of aluminosilicate
sources, e.g. fly ash rather than slag, would lead to different geopolymer structures or
even different phases, the structure of the gel can be different, e.g. with the formation
of C-N-A-S-H gel.

A more complex model, in Fig. 2.7, was proposed by Provis and van Deventer [8]
in 2007. This model describes simultaneous processes, with the different monomeric

I M: Metakaolin or fly ash I

v

y
/'I S: Silicate monomer | |A: Aluminate monomer

D: Polymerised
silicate species

<

O: Aluminosilicate oligomers

P: Aluminosilicate polymer| | N: Aluminosilicate ‘nuclei’

(amorphous) (quasi- or nano-crystalline)
v v
G: Aluminosilicate gel Z: Zeolitic phases
(amorphous) (crystalline)

Figure 2.7: Conceptual model of geopolymerisation (after Provis and van Deventer [8]).

species formed after dissolution, and a parallel formation of polymerised silicate species
and aluminosilicate oligomers. Each of the different stages of these proposed reaction
was confirmed through experimental results from energy dispersive X-Ray diffraction
and impedance spectroscopy. However, also with this model some questions remain
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unanswered. First, the role of water in the structure of the N-A-S-H is still unclear, and
it is not defined if some of the water used for dissolution still remains in the skeletal
structure of the N-A-S-H. In addition, it is not clarified if the water expelled from the
N-A-S-H influences macroscale properties.

The mechanisms discussed so far addressed the formation of the geopolymer gel
focusing on the molecular scale. To discuss how these molecular processes translate
into a microstructural evolution model during the geopolymerisation reaction, Fernandez-
Jiménez et al. [9], proposed a microstructural model for the sodium hydroxide activation
of fly ash, in Fig. 2.8. The same model can be applied to flash calcined metakaolin,
also characterised by spherical particle size due to the production process.The model
describes the formation of reaction products both on the surface of the fly ash particle
and inside the fly ash particle. The result is a microstructure with embedded spherical
particles and possible spherical cavities at different stages of reaction.

Figure 2.8: Descriptive model of sodium hydroxide activation of fly ash (after Fernandez-
Jiménez [9]).

To summarise, several techniques have been employed to characterise the geopoly-
mer gels and to model the geopolymerisation reaction. Nuclear magnetic resonance
was used to assess the coordination of Al and Si species, X-ray diffraction has been
used to distinguish crystalline and amorphous domains and to elaborate descriptive
models [9]. The pseudo-crystalline conceptual model provides a detailed explana-
tion for the co-existence of both crystalline and amorphous domains. However, due
to the qualitative nature of this model, the linkage between chemical composition and
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structural properties of N-A-S-H is still not understood. Molecular and nanoscale sim-
ulations, can help clarify this point, thus the current state of the art on molecular and
mesoscale models of geopolymers will be discussed later in Section 2.2.

2.1.4 Microstructure and long-term mechanics of geopolymer ce-
ments

Civil constructions must be designed and tested to maintain physical and mechani-
cal properties for their entire service life. Hence, the environment to which the structure
will be exposed has crucial importance in the choice of the materials used. The primary
causes for ageing may be of chemical origin, or derived from mechanical stresses. Pre-
mature ageing might be initiated when concrete structures are exposed to aggressive
environments, e.g. acid exposure or marine environment. For this reason there are
specific design standards indicating the amount of chemical elements that can have
an impact of the durability of concrete, e.g. the amount of chlorides. However chemi-
cal attack is only one of the factors affecting the durability of a structure. Mechanical
stresses may also affect the service life performance of concrete. These stresses are
due to a combination of sustained loads, e.g. causing creep, and capillary pressure in
the pore structure, e.g. causing drying shrinkage. Both shrinkage and creep depend on
water content in the solid and in the pores, hence they both depend on the mechanisms
and rate of water transport, and thus on the structure of the pore network determining
it [82,83]. There is therefore a strong connection between microstructure and durabil-
ity. This part of the literature review summarises studies on the microstructure, with a
focus on porosity, since the transport mechanisms which can degrade the concrete are
a function of the pore dimension, continuing with data on shrinkage and creep.

Microstructure. Microstructure and permeability of Portland cement have been
studied widely [84—86] and its pore structure has been analysed with various laboratory
techniques targeting multiple scales. Each technique enables the characterisation of a
specific range of pore sizes. Fig. 2.9 summarises some of the methodologies that are
currently used and relates them to the range of pore sizes that they address. Mercury
intrusion porosimetry (MIP) and nitrogen sorption tests (Barret-Joyner-Halenda, BJH)
are based on a fluid (respectively mercury or nitrogen) permeating the pore network,
and on measuring the volume of the fluid absorbed. These tests enable the calculation
of the pore size distribution using standardised models that typically assume cylindrical
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pore shapes [87]. Another technique, water vapour adsorption, is also used to define
the pore size distribution and the connectivity of the pore network. This test relates
relative humidity in the environment to weight changes in the samples to pore sizes,
focusing on micro and mesoporosity (pores with a diameter up to 50 nm). Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) instead allow
a visual inspection of the microstructures in two dimensional projections.

Following the IUPAC classification [88], pores can be classified in micropores (< 2
nm in diameter), mesopores (between 2 nm and 50 nm) and macropores (> 50 nm),
therefore according to Fig. 2.9 nitrogen adsorption is able to capture micropores and
MIP can detect both mesopores and macropores.

Si
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Mercury intrusion
porosimetry

Nitrogen adsorption

Small angle scattering
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microscopy
Mercury intrusion caracteristic pore size distribution over a wide range of pore size, total pore
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Figure 2.9: Porosity study methods and applicable range of pore size.

The porosity of geopolymers has been extensively studied using the same tech-
niques as for ordinary cement. Geopolymers are commonly described as mesoporous
materials [89, 90] therefore with majority of pores ranging between 2 and 50 nm. Be-
navent et al. [10] combined different techniques, including small-angle X-ray scattering,
BET and MIP, to analyse the pore structure of geopolymers at different scales. The
comparison of different methods allowed an estimation of closed porosity (between
1.2% to 2.7%) and the appreciation of an open mesoporous network with pore sizes
between 5 and 15 nm, depending on the activator used (see TEM image in Fig. 2.10
a.). Particles and pores between 5 and 10 nm were also identified by Kriven et al. [81]
using the same technique. Gharzouni et al. [91] tested different types of metakaolin
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pastes activated with two types of activators, based on sodium and potassium, cured
at ambient temperature (25 °C). The open porosity for sodium activated samples tested
with MIP was between 20 and 30% in volume, with mean pore size between 25 nm and
56 nm. The same mix design activated with potassium was found to be more porous
but with a smaller mean pore size (between 10 and 30 nm), and results were confirmed
by literature comparison. The different pore sizes for sodium and potassium activated
geopolymers are related to the different mobility and size of the cations Nat and K*. In
particular, sodium induces first the formation of a low-density, highly polycondensated
structure with low porosity in the mesopore range, followed then by a densification of
the solid which causes agglomeration of small pores, eventually leading to larger mean
sizes of the mesopores. A SEM micrograph of sodium activated geopolymer is shown
in Fig. 2.10 b. Analogous porosity ranges were determined by Kamseu et al. [92] for
metakaolin pastes activated with sodium silicate solution obtained mixing sodium hy-
droxide and rice husk ash. In Kamseu et al. the average porosity calculated with MIP
was between 25 and 35% increasing with the concentration of the sodium hydroxide
solution.

Pouhet and Cyr [93] instead calculated the open porosity of flash calcined metakaolin
geopolymer concrete using water permeability which, alongside MIP, is often consid-
ered a simpler approach to estimate the open porosity. They found that for geopolymer
concrete the calculated open porosity ranged between 12 and 19% of the total volume.

Figure 2.10: Micrographs showing geopolymers microstructure a) TEM (after Benavent et al.
[10]) b) SEM (after Silva Rocha et al. [11]).
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Ferone et al. [13] analysed the effect of different Si:Al compositions on the pore
structure, concluding that the higher silicon content leads to a microstructure with lower
total porosity and with a smaller mean particle size. The effect of curing temperature
on porosity and therefore on the mechanical properties of geopolymer was analysed
by GascaTirado et al. [94]. Metakaolin pastes with Si:Al = 1.67 were investigated using
nitrogen adsorption, and their pore size distributions were reconstructed using the BJH
analysis. Geopolymers were dried for 2 hours at 40 °C and then cured in sealed
containers at temperatures between 40 and 90 °C for 24 hours. When increasing
the curing temperature from 60 °C to 90 °C, the mesoporosity decreased from 75% to
60% while the macroporosity increased from 26% to 35% porosity. Microporosity was
detected only in the samples cured at 90 °C.

Finally, the increasing understanding of the microstructure of geopolymers, is pro-
moting a new field of study, aiming to create new geopolymer-zeolite materials to obtain
a final product which combines the microporosity of zeolites with the mesoporosity of
geopolymers [95]. As explained in Section 2.1.3 geopolymers present similarities with
zeolites, therefore the combination of these materials can be achieved. The objective
is to rely on the catalytic and adsorbents zeolite properties and mechanical properties
of geopolymers. Because of their cage like structure, zeolites are currently studied for
CO, adsorption, encapsulation of waste material or purification of contaminated water,
therefore their combination with geopolymers can promote these applications in civil
engineering.

To summarise the N-A-S-H gel can be defined as constituted by nanoparticles rang-
ing from 5 to 50 nm and a mesoporous network ranging from 2 to 50 nm. Understand-
ing the microstructure of geopolymers is a crucial step in clarifying the mechanisms of
degradation.

Shrinkage

Definition 4

Chemical shrinkage For traditional Portland cement, it is defined as the molar vol-
ume change resulting from cement hydration, caused by the fact that the products
of hydration have a smaller molar volume than the reactants [96].
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Definition 5

Autogenous shrinkage is the dimensional change occurring in cementitious ma-
terials during their hydration at constant temperature, in a sealed environment, and
without the action of external forces, such as load [34].

Definition 6

Drying shrinkage is the dimensional change occurring in cementitious materials
due to the loss of capillary water. The loss of water in capillary pores causes an
increase of internal tensile stresses, resulting in macroscopic contraction and, in
certain cases, cracking [97].

Fresh and hardened cement pastes, mortars and concretes have been extensively
tested for shrinkage. The current testing methods allow addressing separately one
mechanism of shrinkage at the time, hence distinguishing between drying (ASTM
C490-11 [97]) autogenous (ASTM C1608-09 [34]) and chemical shrinkage (ASTM
C1608-17 [96]). The testing methods for geopolymer cements have been adopted from
those of traditional cements, and several studies report results from such tests applied
to fly ash and slag geopolymers mortars. However, to date, geopolymer shrinkage has
been tested under conditions that do not allow to separately asses the individual types
of shrinkage defined above (e.g., a young still reacting geopolymer paste is exposed
to external drying, thus combining together autogenous and drying shrinkage). To the
author’s knowledge, no research has been directed yet to the chemical or autogenous
shrinkage of metakaolin geopolymers.

Some general indications however have been drawn from the shrinkage tests con-
ducted thus far. One of these is that geopolymers from fly ash usually shrink less than
traditional PC [55]. Conversely, metakaolin geopolymers are known to shrink signifi-
cantly [14,55], with evident formation of cracks as shown in Fig. 2.11. However, there is
still a significant lack of quantitative data on shrinkage beyond mere visual inspection.
As a consequence, the shrinkage mechanisms of metakaolin geopolymer are not yet
understood.

Ferone et al. [13] analysed the shrinkage of geopolymers samples with several Si:Al
compositions, concluding that the high silicon content leads to higher shrinkage. This
was explained analysing the microstructure: a higher amount of silicon in the mix de-
sign leads to a microstructure with lower open porosity, constituted by pores with a
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Figure 2.11: Cracking of metakaolin geopolymer pastes due to drying shrinkage a) (after Kuen-
zel et al [12]) b) (after Ferone et al. [13]) c) (after Perera et al. [14]).

mean pore size below 10 nm. Pores with this dimension in concrete are classified as
small gel pores and small capillary pores. The open porosity allows the evaporation
of water in pores of this size, but during the evaporation the strong menisci formed
between the pore wall cause higher capillary stresses which result in higher shrink-
age. The extent of shrinkage was determined by visual inspection, see Fig. 2.11 b.
Palumbo et al. [98] analysed the autogenous and drying shrinkage (combined together
into a single measure) using fibre Bragg gratings (FBG) embedded in the metakaolin
geopolymer pastes. These sensors were able to monitor internal temperature develop-
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ment and shrinkage strain for different types of metakaolin. Measurements were taken
in an environmental chamber at 40 °C for 330 hours and all samples reached thermal
equilibrium after the initial exothermic reaction. All mix designs displayed an initial ex-
pansion that was associated with the exothermic reaction, except for the paste from
flash calcined metakaolin, which shrank instead. The authors acknowledged that the
results obtained for the flash calcined metakaolin were with minor significance, prob-
ably due to an issue related to the mix design. The results on autogenous shrinkage
that will be presented in this dissertation will show instead an expansive behaviour, in
line with observations on different metakaolins.

The effect of blending precursors, i.e. flash calcined metakaolin, fly ash and slag,
in different proportions was studied by Samson et al. [15]. Several geopolymers with
same water to binder ratio were analysed and their shrinkage compared to reference
geopolymers cast using only one precursor at the time. The test was performed in
environmental conditions starting from one day after casting (RH=50% T=20 °C). Af-
ter 2 days the pure metakaolin binder showed the highest shrinkage, equal to 2.2%,
percentage that remained comparable (2.4%) after 28 days. Additionally, metakaolin
geopolymers with a higher Si:Al and Na:Al ratios, showed more shrinkage considering
the same mass loss (2.4% versus 1.4% at 10% mass loss), as displayed in Fig. 2.12 a.
This was associated to a possible increase in autogenous shrinkage for geopolymers
with a higher activation rate. Finally, Kuenzel et al. [12] carried out an extensive study
on the onset of drying shrinkage at ambient temperature and its relation with water
content. A range of metakaolin geopolymer pastes, with various water contents and
Si:Al ratios were compared. All the samples with Si:Al 2 started experiencing drying
shrinkage when the molar water content remaining in the sample, after drying at ambi-
ent temperature, was equal to 3 moles per sodium atom (irrespective of the initial water
content of the mix), as displayed in Fig. 2.12 b. Lowering the Si:Al ratio decreased the
molar water content at the onset of shrinkage, for example for Si:Al 1.6, H,O/Na was
equal to 2, see Fig. 2.12 c.

Creep

Definition 7

Creep is the gradual deformation of a material under constant mechanical load,
typically a compression [99].

For concrete structures creep effects should be considered during the design phase,
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Figure 2.12: a) Drying shrinkage versus mass loss in metakaolin activated geopolymers paste
(after Samson et al. [15]). b) Drying shrinkage at ambient temperature versus
molar water content of the sample at the onset of shrinkage, for samples with
Si:Al 2 and different water content (after Kuenzel et al. [12]). ¢) Si:Al molar ratio
versus molar water content at the onset of shrinkage (after Kuenzel et al. [12]).

for two main reasons. First, the creep deformation can relax stresses induced by ther-
mal gradients or shrinkage, having therefore a positive effect on the structure [100].
Second, if the superposition of creep deformation and external stress is not well calcu-
lated, it might enhance the formation of cracks, triggering a series of possible durability
issues, from chloride penetration to acid attacks. It is therefore important to understand
the creep mechanisms in order to predict excessive deformations and allow for maximi-
sation of the benefits while eliminating the negative effects. Testing for creep requires
several months up to years and, for this reason, shorter term experimental results are
often combined with predictive models to estimate, rather than directly measure, long
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term effects [55,101]. As discussed previously, the chemistry and microstructure of
geopolymers and calcium-based cements are not the same, meaning that also the
development of mechanical properties in time does not follow the same mechanisms.
Hence, the application of creep theories for concrete and cement mortars to geopoly-
mers has to be considered carefully.

Creep of geopolymers and of alkali activated materials is a field of ongoing re-
search. To the best of the author’s knowledge, there is currently no literature available
on the creep of metakaolin geopolymers. A small number of studies is instead available
for fly ash based systems and their main conclusions are presented as follows.

Wallah [102] investigated the creep behaviour of fly ash-based geopolymer con-
crete comparing four mixes characterised by two different types of initial curing (dry
and steam curing for 7 days) and different water contents. The mix with a higher water
content displayed lower compressive strength at 7 days compared to the analogously
cured samples containing less water: 47 MPa versus 67 MPa for the dry cured sam-
ples, 40 MPa versus 57 MPa for the steam cured ones. These results were used to
calibrate the load for the creep test, and a load equal to 40% of the 7" day compres-
sive strength was applied. After one year, the fly-ash geopolymer concrete underwent
lower creep than the creep predicted for PC concrete, and for a compressive strength
of 40 to 67 MPa the specific creep (or creep compliance, namely creep strain per unit
of stress applied) ranged from 29 to 15 x 10-%/MPa, resulting in values that are about
50% of the values obtained with a prediction model for PC concrete [103]. A similar
timeframe was analysed by Shekhovtsova et al. [104], who compared long-term creep
of a PC-fly ash concrete with fly ash concretes activated with a sodium hydroxide solu-
tion. After one year of testing, the creep strain for the reference concrete (PC - fly ash
concrete) was three times higher than the AA fly-ash concrete, this latter being equal
to 200 um/m. The test was performed under a sustained stress of 40% of the 28" day
compressive strength for both mixes. A different approach was applied instead by Cas-
tel et al. [105], opting for a short test of 90 days combined with predictive models from
Eurocode 2 [106]. Also in this case the geopolymer concrete (85% fly-ash and 15%
GGBS) showed less creep than PC concrete. The conclusion was that the creep of
geopolymer developed with a different coefficient* compared to the PC. For the first 50
days PC and geopolymer displayed a comparable creep coefficient, but starting from
day 50 the creep coefficient of the PC was higher than that of the geopolymer concrete.
Finally, a very recent study focused on the contribution on creep behaviour of the dif-

4The creep coefficient is the ratio between creep strain and elastic strain, see Section 4.3.1 for details.
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ferent phases of alkali activated fly-ash [107]. Nanoindentation technique coupled with
statistical analysis allowed to identify, between the three main reaction products (N-A-
S-H, partly-activated and non-activated phases) those which had the main effect on
creep. Differently from cement pastes, where creep originates mostly in the hydra-
tion product (C-S-H), in the geopolymer paste the partly-activated and non-activated
phases seemed to induce more creep deformation, and this was enhanced when a
higher amount of liquid was used in the mix design.

Overall, there is still a fundamental lack of research on the creep behaviour of
metakaolin geopolymers that needs to be addressed. Long-term experimental tests
should be compared to predictive models as has been done for fly ash geopolymer,
but an important support to understand of the link between microstructure (porosity
and particle size) and mechanical performance might also come from modelling at the
molecular and mesoscale, as it has happened in the field of traditional cement science.

2.2 Modelling across scales

Several models have been developed, in the field of traditional cement science,
to understand the impact of chemical composition on the microstructure and on the
pore structure, and therefore on degradation mechanisms related to creep and shrink-
age. Linking chemical composition with the mechanisms responsible for long term
deformations requires an in-depth analysis of a material at the nanoscale. Analysing
the structure of disordered materials at such scales is an open challenge in materials
science. Despite a few experimental techniques targeting those scales exist (e.g. H
NMR to study the water in nanopores, or quasi elastic neutron scattering), atomistic
and nanoscale modelling and simulation are, to date, useful assets to better under-
stand fundamental structures and processes. This Section presents molecular and
mesoscale models of C-S-H in traditional cements, and continues with an overview of
very recent models of N-A-S-H in geopolymers.

2.2.1 Modelling C-S-H

In the field of traditional cement science, High Performance Computing (HPC) sim-
ulations provided significant insights into the microscopic mechanisms governing the
macroscale properties of Portland cement pastes.
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In 2009, Pellenq et al. [16] proposed the first molecular structure of C-S-H to be
used in atomistic simulations (2 to 3 nm), as shown in Fig. 2.13 a. The model was
built using molecular dynamics (MD) simulations starting from tobermorite, a layered
structure of calcium and silicon. Tobermorite was then modified to incorporate more
calcium, causing distortion in the layered structure, and the amount of structural water
in the C-S-H was determined by free energy minimisation, via the so called “Grand
Canonical Monte Carlo” (GCMC) approach. The resulting structures were able to cap-
ture experimental data on chemical composition (C;45-S-H;.75), structural order (ra-
dial distribution function, X-ray diffraction) density, and mechanical properties at the
nanoscale (nanoindentation modulus and hardness). This model was used by vari-
ous authors to investigate the effect of order and chemistry on mechanical properties.
Qomi et al. [108] created a database of atomic configurations using the Pellenqg et al.s
model [16] as a baseline. Qomi et al.’s work presented a wide range of C-S-H chemical
compositions, obtained by varying the Ca:Si molar ratio, and for each of them mechan-
ical properties and medium range environment was calculated. The Ca:Si ratio was
then identified as a quantification of defects in the structure (with possible vacancies
in the silicate network), together with medium range environment for Si-O and Ca-O
network (first peak in the X-ray pair distribution function). It was found that in addi-
tion to the well known correlation between structural propertied and Ca:Si ratio, also
the position of the medium range environment for Si-O and Ca-O affects mechanical
properties.

The relationship between long term mechanical response and molecular structure
of C-S-H was instead studied by Bauchy et al. [109] introducing creep deformations in
C-S-H caused by activation by stress fluctuations on creep deformations. This work
was then developed further by Morshedifard et al. [110]. Morshedifard et al. used
an incrementally stress-marching (ISM) technique that simulates ageing phenomena,
such as creep and viscoelastic deformation, via the acceleration of thermal fluctuation.
Creep was determined to be related to the water content at the molecular level. The
implications of the water behaviour in the interlayers of C-S-H was also analysed by
Manzano et al. [111]. In this work the authors studied the effects of water dissociation
in the C-S-H layered confined environment via MD simulations, using a reactive force
field (ReaxFF). ReaxFF [112] specifies interaction forces between atoms that simulate
the chemical bonds, also allowing to simulate the occurrence of the chemical reactions,
including those that are responsible for water dissociation in the micropores of the C-
S-H, and for the formation of Si-OH and Ca-OH groups. The results indicated that
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the elastic properties of the C-S-H were not affected by the dissociation of water and
results such as nanoindentation modulus and elastic tensor were comparable to those
obtained by Pellenq et al. [16]. Conversely, the shear behaviour of the C-S-H gel
changed before and after water dissociation. Manzano et al. focused also on the
effect of the water content on large range shear strain [113], clarifying which molecular
mechanisms is responsible for relaxation and stress accumulation at the molecular
scale. Two different systems were considered, a highly ordered one (tobermorite),
and a highly amorphuos one (glassy C-S-H). For both systems the shear deformation
was localised in the interlayer sites rich in confined water, which can be interpreted as
interfacial regions between solid units of C-S-H, supporting a description of the material
that is based on the agglomeration of nanoparticles to form a so-called gel [114]. This
implied that the C-S-H gel can be defined as constituted of nanoparticles aggregating
via strong interactions, having water-rich regions at their interface.

The concept of modelling C-S-H as an agglomeration of nanoparticles is at the
basis of several mesoscale models [17,18,115]. In these models, particles interact
via effective interaction potentials obtained from molecular simulations. In Masoero et
al. [17] stress-strain curves derived from atomistic simulations of C-S-H, were used to
define a modified version of the Lennard-Jones potential, making it particle size de-
pendent. The configuration in Fig. 2.13 b, was generated starting with an empty cubic
box, which is progressively filled by inserting new particles. The possible sizes of the
particles were predefined and ranging from 3 to 15 nm. Throughout the simulation the
nanoparticles were inserted randomly to create the C-S-H structure with a range of
particle size polydispersities, which permitted to analyse the effect of heterogeneities
on the mesoscale properties. Using this model it was possible to predict realistic me-
chanical properties such as indentation modulus and creep [116]. loannidou et al. [18]
showed that a combination of different potentials can be used to model the formation of
the C-S-H gel structure from early age structures to aged material. Fig. 2.13 ¢, shows
the C-S-H mesoscale structure obtained. Different densities represented the evolution
of the gel in time, and for each packing fraction, microstructure characterisation (small
angle neutron scattering, SANS, and pore size distribution) and mechanical proper-
ties were calculated, and showed good agreement with experimental results. Another
example of mesoscale model built starting from inputs at the molecular scale, is de-
scribed in Fig. 2.13 d. The model, by Pinson et al. [19], is not based on simulations of
nanoparticle aggregation, but it is rather a semi-analytical description of water vapour
sorption, and related capillary stresses in an interconnected network of mesopores.
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Pinson et al. explained the implication for durability and transport properties due to the
interactions between cement and water in the environment. In this case, the molecular
model was used to distinguish the sorption effect due to the interaction between water
and C-S-H in the micropores, from the interaction due to capillary forces in the meso-
pores (gel pores). Structural parameters from the mesoscale model of sorption were
used to model reversible drying shrinkage, providing new understanding of the role of
microstructure in the development of shrinkage. Lastly, Shvab et al. [117], developed
an off-lattice Kinetic Monte Carlo simulation to explicitly account for the chemical re-
actions taking place when a particle of C-S-H nucleates, i.e. when it is inserted in a
simulation box during a simulation. The authors used data from molecular simulations
and experiments to inform the model, and they were able to mimic several possible
mechanisms of C-S-H precipitation.

Overall, molecular and mesoscale models clarified different aspects of the C-S-
H structure and mechanical properties, e.g. nanoindentation and creep moduli. This
outcome would be desirable also for geopolymers, however geopolymer modelling is
still in its infancy.

2.2.2 Models of geopolymers

To date, most of the of the research on geopolymers is still exclusively based on
experiments, while only a few very recent studies have attempted modelling the N-A-
S-H gel and the microstructure of these materials. The first nanoscale simulations of
geopolymer systems focused on the dissolution of metakaolin and subsequent forma-
tion of the three dimensional geopolymer network, but until 2018 only a few authors
attempted to model the N-A-S-H structure. 2018 was a prolific year for simulations of
geopolymer structures, with seven models being presented at the same time. One of
these models, in the Appendix, is by the author of the present dissertation, and will be
discussed in detail in the next chapters. The other models are briefly reviewed here.

Modelling the geopolymerisation reaction. White et al. [118] simulated the geopo-
lymerisation reaction for the first time, and provided insights into the fundamental
mechanisms controlling the reaction. In this model the cubic lattice sites represented
metakaolin particles, and coarse grained Monte Carlo simulations allowed to trans-
forms sites from metakaolin to Si:Al oligomers, to geopolymer. The probability of
phase transformation at each site depended on interaction energy with neighbouring
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site: these interactions were parametrised based on the free energy of the polymeri-
sation of silicate species calculated by density functional theory (DFT, viz. predictive
calculations to approximate the solution of Schroedinger’s equation in the framework
of quantum mechanics.) [119]. Different Si:Al systems were compared, simulating the
activation of metakaolin both from silicate and sodium hydroxide solutions. The main
conclusion was that the silica in the activating solution decreased the dissolution of
metakaolin, and that the gel resulting from reactions in solutions containing more sil-
ica precipitated preferentially on the surface of the metakaolin particle. Instead, when
metakaolin was activated only with sodium hydroxide, it was possible to obtain full dis-
solution of the metakaolin, and the N-A-S-H gel formed by homogeneous nucleation
everywhere in the simulation box, with eventual percolation of clusters of aluminosili-
cates to form the gel. The evolution of the gel structure at the mesoscale (between 1
and 100 nm) was investigated in 2016 using the same model [120], but studying two
different precursors morphologies, a round one, representing a fly ash particle, and a
cubic one to represent metakaolin. The effect of the silicon in the activating solution
on the growth of the gel structure was confirmed, but the new simulations indicated
that the shape of the initial particle does not affect the morphology of the gel nor its
kinetics growth. In 2018 Zhang et al. [121], used a combination of DFT and effective
potentials to perform atomistic simulations of the reaction between oligomers as part
of the geopolymerisation reaction. The result was a completely amorphous N-A-S-H

gel.

Link between chemical composition and mechanical properties for the N-A-S-
H gel. Parallel to the simulations of geopolymerisation, some modelling effort has been
devoted to linking the chemical composition of geopolymers at the molecular scale
with mechanical properties. In 2015, Sadat et al. [21] used MD to propose a molecu-
lar model of N-A-S-H gel based on a completely amorphous structure of silicate and
aluminate tetrahedra, simulating different Si:Al ratios. The calculated Young’s modu-
lus for structures with Si:Al 2 was ca. 75 GPa, the ultimate tensile stress was ca. 9.5
GPa. The final structure, shown in Fig. 2.14 b, was not fully polymerised, presenting
penta-coordinated aluminum, and non-bridging oxygen atoms, which were identified
as the main cause for failure under test. One year later the same authors [42] pre-
sented a different N-A-S-H gel model based on poly-sialate, poly-siloxo-sialate and
poly-disiloxo sialate building blocks, with addition of different percentages of water
molecules. The model still presented a completely amorphous structure with aluminum

38



in penta-coordination, but this time the failure under mechanical tensile test was initi-
ated by Al-O bonds breakage. Kolezynski et al. [20] proposed a N-A-S-H model based
on predefined oligomeric building blocks and clusters resulting from the combination of
the original oligomer, shown in Fig. 2.14 a. The authors found that increasing the size
and order of the clusters (hence heading towards more crystalline structures) showed
a better agreement with experimental results of FT-IR spectroscopy. The ordered clus-
ters were similar to zeolites and therefore this kind of polymeric structure was expected
to be found in geopolymers.

Modelling the performance of N-A-S-H at high temperatures. In addition, MD
simulations allow the study of structural changes originated by external extreme en-
vironmental conditions, often difficult to test experimentally. For instance, one of the
most studied application field for geopolymers is their resistance at high temperature,
and therefore MD simulation was firstly used in 2013 [122] to compare different kinds
of geopolymers subjected to high temperature (up to 4000 °C). By using MD, Kupwade
et al. [122] modelled the N-A-S-H and potassium-aluminosilicate-hydrate K-A-S-H gel.
The initial structures were completely amorphous sodium-aluminosilicate chains with-
out structural water. Different Si:Al ratio were studied finding that the N-A-S-H gel was
more stable at elevated temperatures than the K-A-S-H gel. The mechanical behaviour
of the N-A-S-H gel at temperatures up to ca. 1200 °C was also presented in a recent
paper by Hou et al. [22]. In this work, the initial non-hydrated structure, in Fig. 2.14
¢, was build through a series of heating/quenching cycles and the MD simulations us-
ing the ReaxFF potential, which led to a sodium aluminosilicate glass. Water was
then statistically introduced via energy minimisation by Monte Carlo, achieving the final
hydrated N-A-S-H. The result was a gel structure with 23.4% Al(V), hence not fully re-
acted, a density of 2.59 g/cm?, higher than experimental values (between 2.3 and 2.4
g/cm?3 [40]), and 7.64% in weight of water molecules. The simulated Young’s modulus
was in the order of ca. 80 GPa at room temperature, dropping to 40 GPa at 1200 °C, in
line with experimental trends showing a decrease in Young’s modulus at temperatures
over 500 °C.

Interaction between N-A-S-H and other elements. A combined approach involv-
ing MC and MD was also adopted by Bagheri et al. [123] to study chloride sorption
in the gel structure. The starting structure was an alumino - silicate network with oxy-
gen bonds, like in zeolites and geopolymers, but with protons instead of alkali atoms
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Figure 2.14: Snapshots showing the order level of different molecular structure of the N-A-S-H
a) (after Kolezynski et al. [20] Legend: O in red, Si in blue, Al in light blue, Na in
yellow and H in pink) b) (after Sadat et al. [21]) c) (after Hou et al. [22]) d) (after
Bagheri et al. [23]).

balancing the charge (so-called A-S-H). Hence, only the A-S-H skeleton was consid-
ered as representative of geopolymer and used to study the water and chloride ions
absorption, without considering the effect of Na or Ca on the structure. The absorption
of both water and ions in the nanopores, was found to be dependent on the equi-
librium state (function of temperature and pressure). Furthermore the absorption of
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chloride and water into A-S-H was exothermic, with the amount of heat raising while
increasing the concentration of chloride ions. The same authors [23] applied MD to ex-
plore the nanoscale mechanical performances of geopolymers activated with alterna-
tive solutions, such as boric acid. The initial structure, in Fig. 2.14 d, was a polysialate
amorphous structure, with water added in 5% in weight and the substitution of boric
acid required the use of a different force field.The results showed that the simulated
mechanical properties of geopolymers activated with boric acid presented an elastic
modulus of 35 GPa, smaller compared to the 42 GPa simulated by the same authors
for geopolymers activated with sodium silicate solution.

Modelling different geopolymerisation precursors and composite systems.
The same approaches as those discussed in this Section thus far, can also be applied
to study different kinds of precursors containing different elements such as calcium,
hence modelling C-A-S-H instead of N-A-S-H. A few authors focused their research on
the study of the C-A-S-H gel comparing it with C-S-H [124,125]. The introduction of Al
in the C-S-H layered structure improved the tensile strength of the material, in partic-
ular in the direction perpendicular to the plane of the C-S-H layers. Finally, composite
systems of C-S-H and N-A-S-H binders were studied by Sadat et al. [126] with a focus
on the failure mode of this material. The composite failed at the interface between the
two binders and failure was caused by the breaking of the O-Si bonds in the C-S-H.

Despite the recent interest in molecular modelling of the N-A-S-H gel, all the models
reviewed in this Section have shortfalls. First, the role of the order at the nanoscale is
still not clarified yet. The majority of the studies are based on completely amorphous
structures [22, 23, 121, 122], not fully polymerised and displaying penta-coordinated
aluminum [21,42] in partial contrast with the experimental data that show traces of
crystalline features and full tetracoordination of the Al in the geopolymer phase (see
Section 2.1.3 for reference). Only one study is based on a zeolite structure [123] and
only Kolezynski et al. [20] discussed the importance of crystalline features when com-
paring to the experimental results. However these studies overlook the experimentally
observed contribution to structure and properties coming from the amorphous regions.
Second, the amount of structural water in the N-A-S-H is still unknown, as well as its
influence on properties at the macroscale. Some models do not consider the presence
of water at all [21,122], while most studies that consider water introduces it with criteria
(e.g. space-filling) that are not directly justified by experimental observations. Only Hou
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et al. [22] used GCMC to obtain the amount of water in the structure from free energy
minimisation, which is not necessarily matching the experiments but is at least a justi-
fied physical principle. On the other hand, Hou et al.’s structures were fully amorphous
which is not realistic, hence also the resulting content of water is likely to be incorrect.
Therefore more research is needed in relation to the water content of molecular models
of N-A-S-H.

2.3 From material science to engineering implementa-
tion

As discussed in the previous Section, the research on geopolymers is still ongoing,
with a series of challenges that still need to be addressed. Geopolymers are a rel-
atively new material, therefore every scientific or technological improvement must be
scalable to be introduced on the market. This requires an assessment of the impact of
new cements on the environment, and the development of new standards allowing the
implementation of these new materials.

2.3.1 Life Cycle Assessment of alkali activated cements and con-
cretes

Life Cycle Assessment (LCA) [127] is an approach to evaluate the environmental
impact of any material or system, including new concretes and cements. For cement
based materials, LCA follows the “cradle to gate” approach, considering all the com-
ponents of the production process but only until the product is released to the market,
hence not considering the transportation, placement, maintenance and disposal of the
product throughout its full life cycle. This is a common approach due to the fact that ce-
ment based materials and concrete can be part of various end-products. LCA allows to
determine the impact of the material production through several impact categories, but
for the construction sector, the global warming potential (GWP) category is the main
issue that needs to be addressed, since cement production has an extensive impact
on the global CO, production. At present, only a few research papers on LCA of alkali
activated cements and concretes (AACC, of which geopolymers are a sub-class) have
been published, and with contrasting outcomes.

42



A first LCA analysis of geopolymers and of their production, in 2007, predicted an
80% reduction of CO, compared to Portland cement (PC) binders [24]. This however
considered only geopolymers obtained from industrial by-products, such as fly ash and
ground granulated blast furnace slag, which do not require calcination or other pre-
treatments. In the study, however, those by-products were still considered as waste
products, hence the contribution of their production to the environmental impact was
neglected. Thus, the almost totality of the environmental impact was attributed to the
production of the activating silicate solution, which is a necessary component of the
production process of geopolymer-based cements (see geopolymerisation chemistry
in Section 2.1.3). In 2009, Weil et al. [25] published the first LCA of geopolymer con-
sidering three impact categories: global warming potential (GWP), abiotic deletion po-
tential (ADP) and cumulative energy demand (CED). The global warming potential of
geopolymer was three times lower than a reference Portland cement, while the impact
on the other two categories was comparable. A more extensive study was carried out
in 2011 [26] with the analysis of 10 different indicators. Also in this paper the GWP
of geopolymers was lower than Portland cement, but the impact on other indicators,
more related to the agricultural field [28], favoured cement production. The main re-
sponsible for the higher environmental impact on these categories was the production
of the sodium silicate activating solution (see Section 2.1.2). In the 2011 study, the raw
materials were considered by-product and not waste, with consequently attribution of
an allocation coefficient, hence with embodied energy. In the same year, Mc Lellan
et al. [27] compared the environmental impact of PC and geopolymer production in
Australia, indicating a potential 44 to 64% reduction of greenhouse gas emissions for
geopolymers compared to PC. In the results of Mc Lellan et al. [27], the transport of
raw materials to the production site, and the transport of cement to the construction
site, had a major impact on the total emission, but the novelty of this study was the
comparison of different technologies to produce the activating solutions. Yang et al. in
2013, obtained similar values for reduction of CO, emissions comparing PC concrete
and AAC concrete. Depending on the amount of activating solution in the mix design of
the geopolymer, results varied from a 55 to a 75% reduction of greenhouse gas emis-
sions compared to PC. All these results have been reviewed in a recent publication by
Habert et al. [28] concluding that CO, emissions can be reduced by 75% compared to
the production of concrete using PC, depending on the mix design used. However, this
estimation includes only the production phase, without considering durability aspects.
This is due to a general lack of durability data for alkali activated materials.
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Figure 2.15: Summary of global warming potential (GWP) impact of geopolymers compared
to PC. Data from Duxson et al. [24], Weil et al [25], Habert et al. [26], McLellan et
al. [27], and Habert et al [28].

Overall all the LCA studies to date agree that geopolymers have a lower impact on
global warming than Portland cement [24—27,47,128], and the main source of impact
for geopolymers is the production of the sodium silicate solution. There are however
uncertainties related to:

e Transport. Cement production is an established and consolidated market with a
wide availability of production sites around the world. On the contrary, geopoly-
mers are not produced extensively and for this reason their transport has a higher
environmental impact [27]. The creation of a denser supply chain, therefore
shorter geographical distances between production and construction sites, could
reduce this environmental cost, creating also new opportunities for local business,
favouring small and medium enterprises, and thus supporting the UK Engineer-
ing and Physical Sciences Research Council's (EPSRC) vision of a “local and
bespoke” approach to growth [129];

e Accuracy of available data. The origin of the raw materials for the activating solu-
tion should be considered in order to reduce the impact of the final product. Data
on sodium silicate production are not to date and difficult to estimate. The ma-
jority of studies mentioned above, consider data published in 1999 [130] based
on 1995 production [47,62]. It is likely that the efficiency of the production has
improved during the last 25 years, see Section 2.1.2. Furthermore the conver-
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sion of sodium carbonate (Na,CO3) and silica (SiO,) to sodium silicate can be
realised through various processes [62], e.g. producing Na,CQO; via the Solvay
process (mainly in Europe) versus than directly mining it or obtaining it from trona
(United States), see Section 2.1.2 for details. The Solvay process causes 5 to
10 times more CO, emissions compared to the mining process [62]. Data on
metakaolin production are also conflicting and do not consider new production
techniques such as flash calcination (see Section 2.1.1). The main variability on
the CO, emissions related to kaolin calcination process to obtain metakaolin (see
Section 2.1.1) is due to the type of fuel used. The impact can change consider-
ably changing the GWP from 0.08 kg CO,e/m* of wood based fuel, to 0.57 kg
COzeq/m? of coal fuel [28];

Lack of data on the durability of geopolymers. The durability of geopolymers can-
not be quantified efficiently since long-term data (50-100 years) are still scarce
and research on this topic is still in its infancy compared to durability of traditional
cement and concrete structures. With available data the LCA could be done con-
sidering also the use phase of the material.

Availability of raw materials. It is necessary to consider the availability of raw
material locally, therefore geographically specific LCA should be analised. For
examples, while in Europe the availability of fly ash is limited with coal industry
being phased out in many countries, in China or India, where most of the electric-
ity is still produced by coal combustion, fly ash supply is not an issue. Metakaolin
sources might be the best option to ensure robustness of supply, owing to exten-
sive availability without reliance of primary market on which industrial by-products
depend (coal for pulverised fuel ash, PFA, and ironmaking for slag).

All LCA studies available in the literature are comparing geopolymers to cement or
concrete, however the applicability of geopolymers is wider and can provide alterna-
tives also to other building materials. For example, a first estimation is that geopoly-
mers bricks may have an embodied CO, content of 15.5 kg CO,eo/m?, while traditional
masonry bricks have an environmental impact of 26-44 kg CO,c/m*. Geopolymers
bricks display, in addition, 150% higher compressive strength compared to traditional
bricks [47].

To summarise, the international objective of an 80% reduction of greenhouse gas

(GHG) emission by 2050 [131] cannot be achieved only by incremental improvements
of traditional cement technology [62]. Alkali-activated materials may contribute to a
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reduction of 45-75% of CO, emissions related to cement production, but the reduction
percentage is strongly dependent on the mix design and content of activating solution.
The main areas where significant gains in environmental performance can be achieved
include:

1. Transitioning to flash calcined metakaolin. Metakaolin geopolymers from flash
calcined metakaolin requires less activating solution because of a higher reactiv-
ity of metakaolin compared to fly ash.

2. Partial substitution of materials other than PC with geopolymers (e.g. bricks,
pavements, tiles and mortar).

3. Advance science and technology of silicate solution production.

Operatively, the deployment of these relatively new materials requires new standards
for each application, and further investigation, in particular concerning their durability.

2.3.2 Standards

To promote the commercialisation of AAM it is fundamental to develop standards
setting the parameters for these materials to be deployed and applied. The current EU
standards for cementitious materials are mainly prescriptive, both for the composition
of the raw material (the cement), and for the mix design. Such standards are preventing
the adoption of new binders, while favouring Portland cement (PC).

The first standards on AAM have been developed in Ukraine and former URSS, with
the first standard published in 1961, followed by 60 revised updates. This considerable
number of revisions is mainly due to the fact that all these standards were prescrip-
tive, hence several updates have been redacted each time that a new formulation or
a new raw material was considered. These standards regulate the type of material,
the applications for which AAM can be used, as well as the manufacturing process.
To facilitate the adoption of AAM, a better alternative to prescriptive standards would
be performance based standards, which in principle could be applied to any cemen-
titious materials (including AAM) as long as the required performances are met. The
American ASTM C1157 [132] is a performance based standard for hydraulic cements.
According to the principle for performance based standards in the ASTM C1157, there
are no restrictions on the cement composition. Cements are classified only depend-
ing on their desired performance in: General Use (GU), High Early-Strength (HE),
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Moderate Sulfate Resistance (MS), High Sulfate Resistance (HS), Moderate Heat of
Hydration (MH), Low Heat of hydration (LH). This standard however, to date, is only
adopted in 5 of the 50 American States, and at the European level performance based
standards are yet not available.

The general lack of specification in Europe motivated the formation of the RILEM TC
224-AAM in 2007. The main aim of the committee was to outline standards that may be
applicable to alkali activated materials. Due to the wide variability of applications and
precursor constituents, the RILEM TC promoted a performance base standard over a
prescription based one. This decision allows also the possibility for future technolog-
ical innovation without the frequent reformulation of new standards. At the UK level,
the result of this work is the British Standards Institute (BSI) Publicly Available Speci-
fication PAS 8820:2016 "Construction materials. Alkali-activated cementitious material
and concrete - Specification” in 2016 [133]. PAS 8820 [133] specifies the performance
requirements for alkali activated cements and concrete, including performance require-
ments for precursors. In addition, it is prescribed that the manufacturers of these ma-
terials develop a greenhouse gas life cycle assessment for each new material.

2.4 Open challenges

In order to consider geopolymers as an alternative to Portland cement, further re-
search has to be done as underlined by this literature review, and the following sum-
mary addresses the challenges that are still open and arguably most pivotal in this
field.

1. Optimising the content and origin of sodium silicate in the mix design or studying
sodium silicate solutions from alternative sources to reduce the GWP index (e.g.
rice husk ash could be used to produce sodium silicate [134]).

2. Understanding and provide a unique definition of geopolymer chemical structure
at the molecular scale, with a particular focus on the interaction between amor-
phous and crystalline features in the N-A-S-H gel. In addition, definition and
quantification of structural water at the molecular level still need to be provided.
Such an understanding could be exploited to design geopolymer cements with
optimum structures and properties.

3. The role of water in the geopolymerisation still need to be clarified, together with
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its contribution on long term macroscale behaviour such as shrinkage (chemical,
autogenous and drying).

. Obtaining experimental durability data related to long-term performances. In par-
ticular data on shrinkage and creep of metakaolin geopolymers are still lacking.

. Connecting shrinkage and creep mechanism to the microstructure of geopoly-
mers to understand which parameters influence the development of long term
properties, e.g. Si:Al ratio, type of activator, and water content.

. Support experimental tests with molecular models to correlate and clarify the link
between chemistry and mechanical properties.
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3.1 Aim and objectives

The aim of this PhD work is to nano-engineer the early-age behaviour of more sus-
tainable geopolymer-based cements, i.e. more than existing geopolymers, combining
experiments with new theoretical models and simulations. The main objectives of this
dissertation are:

e O1: To develop a reference computer model of metakaolin geopolymers at the
molecular scale (up to 2 nm), to explain the experimental data that show a coex-
istence of amorphous and crystalline features at the molecular scale.

e 02: To build a set of experimental data on volume changes during early hydration
(chemical and autogenous shrinkage); there are no such data available in the
literature to date.

e 03: To identify the microstructural and chemical features of metakaolin geopoly-
mers that correlate with volume changes: this will be done by combining the new
experimental results from O2 with the new theoretical insights from the model
from O1.

e O4: To develop a reference computer model of metakaolin geopolymers at the
mesoscale between 1 nm and 1 um, to be validated and refined with experiments
on metakaolin geopolymers. The mesoscale model will especially aim to capture
those features, such as nanopore structure and interaction with water, which are
key to the durability of cementitious materials.

Fig. 3.1 illustrates schematically all of the objectives and their interconnections.
The last objective, “Modelling creep of metakaolin geopolymers” represents a possible
future development of the work presented in this thesis.
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Figure 3.1: Schematic of the thesis objectives.
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4.1 Molecular scale model

Section 2.1.3 highlighted that the microstructure of geopolymers presents some
features that are typical of crystalline structures and other that are typical of amor-
phous structures. This coexistence of features may be explained in two ways. One
is that the molecular structure is homogeneous and everywhere intermediate between
crystalline and amorphous. Alternatively, one may accept the pseudo-zeolitic model of
Provis et al. [79], with crystalline regions embedded in an amorphous matrix. In this lat-
ter case, the interfacial zones between crystalline and amorphous domains would also
be intermediate between the two. Therefore, in both the above assumptions, regions
with intermediate order are likely to play a crucial role in determining properties, es-
pecially mechanical ones. None of the molecular models of geopolymers to date has
quantitatively described such molecular structures with intermediate order between
amorphous and crystalline. Hence, three molecular scale models, ranging from com-
pletely crystalline to completely amorphous, are presented in this Section. In particular,
this Section introduces the methodology to design the molecular structure of geopoly-
mers identified as the sodium-aluminium-silicate-hydrate geopolymerisation product,
N-A-S-H. The content of this Section is from a recently published paper in ACS Ap-
plied Materials and Interfaces titled Atomistic Simulations of Geopolymer Models: The
Impact of Disorder on Structure and Mechanics, Lolli et al. [31].

4.1.1 Introduction to molecular scale modelling

This Section presents a brief introduction to atomistic modelling and simulation,
before discussing the methodology used for the molecular model of N-A-S-H in the
following Sections.

In an atomistic model, an atom is represented as a pointwise particle characterised
by a certain mass and by three spatial coordinates (r;), that define its position in a
simulation cell. Each cell is a three dimensional volume which is, in many cases,
repeated periodically in all three dimensions (periodic boundary condition, as displayed
in Fig. 4.1 a.) During a simulation the atoms can move driven by interaction forces. For
the generic atom /, the acceleration is defined by Eq. 4.1:

. drr

=—=— 41

The force field f; can be derived from a potential energy function as shown in
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Figure 4.1: a) Representation of periodic boundary condition [29]. b) Schematic of interatomic
distances r and angle # between atoms.

Eq. 4.2. This is possible because at the atomic scale the atoms are typically con-
sidered to interact with each other via conservative potentials, that depend only on the
positions of the atoms U (r;). Under these conditions, the force fields is simply obtained

as:
oU

f—_ 2
! or;

4.2)

Interatomic potentials. The potential energy function U(r;) in Eq. 4.2 is typically
expressed as a sum of interaction potentials between groups of few neighbouring
atoms (a simple example of a pairwise interaction potential would be the harmonic
potential, viz. a linear spring). Interatomic potentials are classified as two-body, or
pair potentials, which depend only on the distance between pairs of atoms (r; ;), three-
body potentials, depending on distance and angle between triplets of atoms (r; ;, 7,
9; ;x), and many-body potentials. Fig. 4.1 b. shows a representation of interatomic
distance (r;;, r;x) and angle between atoms (6, ,:). In addition to being positions-
dependent, interatomic potential are also functions of parameters that are specific to
the types of interacting atoms. Different sets of parameters define different force fields,
and a number of those are commonly used in the literature on molecular simulations.
Two examples of force fields that are important in the cement and geopolymer liter-
ature are CLAY-FF [135], for systems containing Al, Si, Na, K, and C-S-H-FF [136]
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for molecular models of C-S-H. Most of the existing force field are not able to predict
chemical reactions, i.e. the breaking and formation of interatomic bonds. ReaxFF [112]
instead can reproduce chemical reactions for a wide range of materials. For this rea-
son ReaxFF has been chosen for the molecular model of geopolymer presented later
in this manuscript.

Temperature. Statistical mechanics provides a relationship between temperature
and kinetic energy, and thus velocity, of atoms in a simulation cell:

N 3
> §mr? = Byin = 5 NkpT (4.3)

where E,;, is the total kinetic energy of the system of atoms, N is the number of atoms
in the simulation cell, k5 is the Boltzmann constant equal to 1.3810723 J/K, and T is the
temperature in Kelvin. Hence, to set a specific temperature, the velocity of all atoms
has to be such that the kinetic energy of the system is equal to %Nk:BT. In molecular
dynamics simulations an algorithm called “thermostat” can control and rescale the ve-
locity of all atoms to meet the target temperature, and preserve it on average. In this
dissertation T is usually assumed equal to 300 K (ambient temperature), except for
when constructing the defective model during which the temperature is assumed equal
to 1000 K, to enable a more effective relaxation of the structure.

Pressure. The pressure of the entire system of atoms can be obtained using the
virial formula, which for a three-dimensional system can be defined as in Eq. 4.4 [137],
given the positions r; and forces f; of all atoms.

NkgT 1 )&

where N is the number of atoms in the system, kp is the Boltzmann constant, and V
is the volume of the simulation cell. In molecular dynamics simulations it is possible
to fix the pressure of the system through a “barostat”, which changes the size of the
simulation cell thus changing interatomic distances until the target pressure is met. In
this dissertation pressure is assumed equal to 1 atm. For completeness in Eq. 4.5 is
reported the full expression of the stress tensor [137].
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where a and b take on values x, y, z to generate the six components of the symmetric
tensor. N, is the number of neighbours, r; is the positions of the two atoms in the
pairwise interaction, F; the forces on the two atoms resulting from the interaction. N,
N,., Ng, N;, Ny represent respectively bond contribution, angle contribution, dihedral
contribution, improper interactions and internal constraints forces.

Simulations by energy minimisation or Molecular Mechanics simulations. This
type of simulations are used to determine a configuration state of mechanical equilib-
rium in which the total forces on all atoms are balanced to zero, hence when the poten-
tial is minimised. The resulting configuration of atoms may represent a local or global
potential energy minimum, depending on the type of interactions, on the density of the
system, on the starting configuration, and on the algorithm used for the minimisation.
These simulations are also called athermal simulations because the velocity is always
zero, hence the temperature is implicitly assumed to be null. Energy minimisation is
used at different steps of the formation of the molecular model, in particular each time
that a structural or mechanical property is computed (see Fig. 4.9 for additional details).

Molecular Dynamics simulations. In MD simulations atoms move in time, due to
initial velocities, thermal agitation and interaction forces. The types of MD simulations
used in this dissertation are in the so-called “NVT” and “NPT” ensembles. In an NVT
simulation the number of atoms is fixed and equal to N, the volume V is kept constant,
and the temperature T is regulated through a thermostat. As a result, the only ex-
change between the simulation cell and the external environment is a heat exchange
operated by the thermostat. Since the volume is constant but the atoms can move, the
pressure can vary during the simulation, as described in Eq. 4.4. In an NPT simulation,
the number of atoms N is fixed, T is fixed by a thermostat and the pressure P is fixed
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by a barostat, hence the volume of the cell fluctuates. By combining NPT and NVT
it is possible to measure stress-strain curves as explained in detail in Section 4.1.3.
For completeness, it should be mentioned that it is also possible to vary the number of
particles in a simulation cell (in the so-called VT or grand canonical ensemble), but
this type of simulation has not been applied to the model of geopolymers discussed
in the following sections. Both NPT and NVT simulations are performed to obtain the
molecular model of N-A-S-H gel presented in this dissertation (more details in Fig. 4.9).

Thousands of atoms are usually part of a simulation, interacting for millions of
timesteps. The timestep is bound to be a fraction of the shortest natural period of
the interactions between atoms, which is typically in the order of femtoseconds. There-
fore a clear limitation of this type of models is the timescale that can be simulated. A
typical molecular scale simulation that represent a few nanoseconds in real time, may
take up to a few weeks of running time.

4.1.2 Siliceous baseline structures and N-A-S-H model constraints

Three types of structures are built: a fully crystalline, a fully amorphous, and a
defective crystal structure, to allow for a comparative analysis on the impact of the
degree of order on the structure. Each type of structure is then modelled with various
Si:Al ratios, ranging from 1 to 2. The Si:Al ratios identified as targets are summarised
in Table 4.1 together with the chemical formula of each structure and the distinctive
parameters in each model, namely cell volume, number of atoms in each simulation
cell and water content.

First of all, three baseline siliceous structure are built, containing only Si and O
atoms. The reason behind this choice is that the addition of Al and Na atoms induces
structural changes distorting the skeletal structure. Na atoms, being positively charged
(cations) interact electrostatically with the Si-Al-O-Si environment, modifying the Si-Al-
O-Si bond angles as a result of the equilibrium position of the Na atoms. Measuring
structural properties on undistorted siliceous structures leads to results concerning the
geometry and topology of the structures that are clearer to interpret. A summary of all
the analysis undertaken on the molecular models is shown in Fig. 4.2, together with
the software used to perform each test.

All the baseline Si-O structures are first energy-minimised at T= 0 K and P= 1
atm using the Polak-Ribiere version of the conjugate gradient method available in
LAMMPS [137]. The interaction potential chosen is ReaxFF [112], since it can repro-
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Table 4.1: Three molecular structures: amorphous (Am), crystalline (Cr) and defective (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. Table
from [31].

Name Si:Al molar ratio Cell volume No. of atoms Water content

[nm?’] [%] *
Am15 1.5 41.26 4324 51.4
Am2 2 38.73 3914 47.4
Cr_1 1 54.25 6144 56.3
Cr14 1.4 50.07 5496 52.4
Cr2 2 52.53 4856 47.4
De.1.5 1.5 44.95 4480 51.4
De 2 2 46.03 3840 45.0

Structural
characterisation
Si-O baseline ISAACS
structures
Pore analysis
ZEO ++
XRD
N-A-S-H Crystal Diffract
structures. 6.5.0

X-Ray PDF
ISAACS

Mechanical tests
LAMMPS

Figure 4.2: Schematic of the tests conducted in this Section and the corresponding software.
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duce chemical reactions and include parameters for all chemical elements and chemi-
cal combinations involved in the geopolymerisation reaction. Furthermore ReaxFF can
be applied to structures with different degree of order; for example Manzano et al. used
it for both glasses and crystal structures of calcium silicate hydrates with the same set
of parameters [113,138]. A discussion of the appropriateness of the ReaxFF and its
parameters for the N-A-S-H structures to be modelled here can be found in Lolli et
al. [31]. Structural characterisations of the model siliceous baseline structures is then
carried out using the software ISAACS [29], which provides the bond lengths and bond
angles distributions (Fig. 4.3). ISAACS also provides the ring distribution, computed
using the King’s shortest path criterion. A ring is defined as a closed path of nodes

Bond Bond
Length Angle

Figure 4.3: Simplified representation of bond length and bond angle [29].

(Si atoms) and links (Si-O-Si bonds) connected in sequence without overlap [29]; this
gives information about structural organisation beyond the first neighbouring atoms,
extending towards mesoscale organisation at the scale of a few nanometers. Finally
the micropore size distribution is obtained using the software Zeo++ [139], that applies
the method by Pinheiro et al. [140] based on the Voronoi tesselation. The parameters
used to model the pore size distribution are a probe radius of 0.1 A, and a number
of Monte Carlo samples per unit cell equal to 50000. These parameters allowed to
reach the expected pore distribution for the zeolite used as baseline for the crystalline
structure (details on this structure can be found in Section 4.1.4).

To model the N-A-S-H structures starting from the Si-O baseline structures, some Si
atoms are substituted with Al atoms (targeting the desired Si:Al ratio) and Na atoms and
water are added at random locations using the software Packmol [141] until reaching
the target water content. An example of the whole process is displayed in Fig. 4.4. For
all structures the same principles have been followed:

1. The number of Na atoms equals the number of Al atoms, to satisfy charge neutral-
ity. Al is tetracoordinated to oxygen and thus the Al-centred tetrahedron carries a
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Figure 4.4: Simplified schematic of the construction process for a crystalline structure. All
snapshots are obtained using VESTA [30] (after Lolli et al. [31]).

-1 net negative charge, which the Na cation balances.

2. The structural water considered at the molecular level is three molecules of water
for each Na atom. If one defines structural water as the minimum amount of water
below which the material undergoes microstructural changes leading to drying
shrinkage and microcracks, then drying shrinkage experiments can be used as
a reference to estimate the amount of water embedded in the skeletal structure.
Experiments on metakaolin geopolymers paste with Si:Al = 1.15 - 2.15 dried at
150°C, indicate that the amount of non-evaporable water is equal to 3.3 - 4.4
H>O:Na molar ratio [41]. Additionally Kuenzel et al. [12] showed that irrespectively
of the initial amount of water in the sample, drying shrinkage starts only when the
amount of water still in the sample decreases below 3 moles per mole of Na.
Therefore in the models presented here, the amount of water is considered equal
to H,O:Na=3:1 molar ratio.

3. The Loewenstein’s principle is always respected, therefore two Al tetrahedra can-
not be linked by a single oxygen bond and each Al tetrahedron is always linked
to four Si tetrahedra.

4. No edge-sharing tetrahedra. As described in Section 2.2.2, in the existing molec-
ular simulations of geopolymers, some Al tetrahedra are linked through two oxy-
gen bonds instead of one. The consequence of this edge-sharing is a defor-
mation of the O-T-O (oxygen-tetrahedron-oxygen) angles that is unrealistic, i.e
largely unfavourable from a thermodynamics point of view, when considering ma-
terials containing water and forming by chemical reactions at room temperature.
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5. Full Q* polymerisation to represent more statistically relevant structures, in ac-
cordance with NMR experiments showing a majority of tetracoordinated Al, and
only penta coordinated Al in small percentage, as explained in Section 2.1.3.

Finally, for all structures periodic boundary conditions are applied in all three direc-
tions.

4.1.3 Structural and mechanical characterisation
All the N-A-S-H structures are subjected to the following simulations and analyses:

1. First relaxation via energy minimisation, using the Polak-Ribiere version of the
conjugate gradient method in LAMMPS [137].

2. Equilibration at P = 1 atm and T = 300 K via 1 ns of molecular dynamics in the
NPT ensemble, using the Verlet time integration scheme and integration timestep
of 0.1 fs in LAMMPS [137].

3. Check of the stability (on average and within fluctuations) of total interaction en-
ergy and pressure at T = 300 K via 1 ns of molecular dynamics in the NVT en-
semble.

Once these three steps are completed, X-Ray diffraction patterns are simulated using
the CrystalDiffract 6.5.0 program [142]. All generated patterns are corrected via peak
broadening of 0.5° full width at half-maximum, to better match experimental results. X-
Ray Pair distributions are computed with ISAACS [29], obtained calculating the Fourier
transform of the structure factor derived from the Debye equation. Mechanical tests are
then simulated using LAMMPS [137]. A sequence of tensile deformation steps of 1%
each is applied to one side of the cell while keeping constant the size of the simulation
cell in the other two perpendicular directions. Step increments are applied until rupture,
as schematically displayed in Fig. 4.5. The tensile test is then repeated also in the other
two directions, to explore statistical uncertainty. The 1% strain increment per step has
been chosen following a sensitivity analysis of deformation steps varying from 0.1%
to 2.5%. Strain in the order of tenths of the percent are typical in molecular dynamics
(MD) simulations, since at the molecular scale the structure can sustain higher strain
and stresses than at the macroscale, owing to absence of macroscopic defects. After
each deformation increment the structure is subjected to relaxation via energy min-
imisation. Having kept the cell fixed in the direction perpendicular to the loading, the
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Figure 4.5: Simplified schematic of a stress-strain curve at the molecular scale.

resulting strain field is representative of nanoindentation experiments or AFM (atomic
force microscopy) indentation tests. From the mechanical tests it is possible to obtain
stress-strain curves, useful to compute elastic moduli and therefore to determine the
amount of stress that produces a unit strain in the small-deformations regime, viz. when
the strain tends to zero. The initial slope of the stress-strain curves obtained with this
approach, is the indentation modulus M, which is related to the Young'’s elastic modulus
(E) and Poisson’s ratio v by Eq. 4.6 [143].

M(1+v)(1-2v)

A )

(4.6)

Eq. 4.6 is valid only for homogeneous, isotropic, linear elastic materials, but all the N-
A-S-H structures satisfy these conditions when the strain tends to zero. The Poisson’s
ratio can be determined by monitoring the evolution of axial stresses in all three direc-
tions during the tensile test. Eq. 4.7 shows that the stress in the direction perpendicular
to the loading direction (j and k) are related to the tensile stress applied in direction i
via the Poisson’s ratio [144]. The stresses in the three direction are calculated directly
with LAMMPS at each step of the deformation, therefore the Poisson’s ratio for each
Si:Al and type of structure can be computed applying Eq. 4.7.

14 14

Ojj = 17,0 Ok =72

Oii (4.7)
1%
The final parameter deducted from the tensile deformations of the molecular struc-
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tures is the average non-affine displacements ¢,,,, described in Eq. 4.8.

5. — 3o Iri(e) = riags(e)]
N

In Eq. 4.8 N is the number of atoms in the simulation box, r; is the position of atom ¢
at strain value ¢ after energy minimisation at that strain step, and the affine r; .+ is the
position that the same atom ¢ would have had at the same strain step ¢ in absence of
minimisation performed during the tensile deformation test. Non-affine displacements
are usually related to ductility and brittleness of a structure, with large non-affine dis-
placements indicating plastic deformations.

(4.8)

4.1.4 Tuning the level of disorder

Several N-A-S-H structures with different levels of order have been created:

e Crystalline structures. All the crystalline models are based on a simple sodalite
skeleton, framework type SOD [145], common in zeolites found in geopolymers
(see Section 2.1.3). Sodalite is part of the building skeleton of both faujasite
and Zeolite A and presents a cage structure of hexagonal and squared rings, as
shown in the first snapshot of Fig. 4.4.

e Amorphous structures. The baseline for all amorphous structures is an amor-
phous silica glass molecular model built by Sheikholeslam et al. [146]. In this
structure all the constraints listed in Section 4.1.2 are respected, namely the
Loewenstein’s principle, full Q* polymerisation and the absence of edge-sharing
tetrahedra. The substitution of Si with Al has been performed using a specifically
written Monte Carlo program which analyses the first and second neighbours
of each atom, to satisfy the Loewenstein’s principle. Due to the disorder in the
amorphous structure, only Si:Al 1.5 and 2 could be achieved and analysed. The
topological disorder does not allow Si:Al molar ratios equal to 1, while respect-
ing Loewenstein’s principle. Fig. 4.6 describes the construction process for the
amorphous structure.

e Defective structures. Fig. 4.7 describes the construction process for the defec-
tive structures. The starting configuration is a crystalline sodalite one, previously
equilibrate at P = 1 atm. Two SiO, units are randomly deleted from this structure,
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Figure 4.6: Simplified scheme of the construction process for an amorphous structure. All
snapshots are obtained using VESTA [30]. *Some Si atoms are not visualised as
tetrahedra due to the boundary conditions.
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Figure 4.7: Simplified scheme of the construction process for a defective structure. All snap-
shots are obtained using VESTA [30]. *Some Si atoms are not visualised as tetra-
hedra due to the boundary conditions (after Lolli et al. [31]).

to create vacancies in the sodalite framework, and then the structure is equili-
brated via MD simulations at P = 1 atm in the NPT ensemble for 0.01 ns at 300
K, followed by 0.01 ns in the NVT ensemble at 300 K. This process leads to a
defective structure with some dangling oxygen atoms, and therefore individual
atoms are slightly displaced by hand to restore the full Q* polymerisation. The
NPT equilibration is then repeated (0.01 ns and T= 300K) and potential energy
checked and found stable before the final MD simulation. Finally, MD simulations
in the NVT ensemble are performed at T = 1000 K for 0.1 ns to enable a more
effective relaxation of the structure, and reaching stabilisation of the structure be-
fore the introduction of Na and water molecules (energy minimisation is achieved,
personal communication, April 2018). With this methodology some of the sym-
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Figure 4.8: 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 [30]
(after Lolli et al. [31]).

metry of the initial crystal is preserved, while at the same time some disorder
emerges.

Seven model structures of N-A-S-H have been built varying the degree of order
and the Si:Al ratio (see Table 4.1 in Section 4.1.2). Fig. 4.8 shows structures with
comparable Si:Al ratio and an increasing level of disorder. Fig. 4.9 summarises the
analysis process including the length of each simulation.

0.01 ns NPT + 0.01 ns NPT 0.1 ns NVT
0.01 ns NVT

Bl (P-1atm and (P=1atm and
T=300 K) T= 300K)

Si-0
Energy
structures Minimisation
_Energy

1 ns NPT + 1% strain

N-A-S-H B 1nsNVT . ff:'.}féﬁfa"f ?nty
structures. Minimisation (P=1 atm and Energy
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Defective
(T=1000 K)

Figure 4.9: Schematic of the parameters used for each simulation.
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4.2 Volume changes during geopolymer formation

The main aim of this Section is to present experimental techniques used to quantify
volume changes at the early age of the geopolymerisation, and introduce theoreti-
cal models to better understand the experimental results by leveraging new informa-
tion coming from the molecular model. In detail, Section 4.2.1 presents the materials
used for casting geopolymer pastes, and Sections 4.2.2—4.2.4 describe several types
of characterisation techniques: from imaging techniques to porosity measurements
and reaction kinetics. Finally, Sections 4.2.5 and 4.2.6 report the methodology to study
chemical expansion and autogenous shrinkage.

4.2.1 Materials
The materials used to prepare the samples are:

e Metakaolin. The metakaolin (MK) Argicem used in this study is sourced from
ARGECO Développement (France), and it is a flash calcined metakaolin (see
Section 2.1.1) characterised by a light pink colour as visible in Fig. 4.10, due to
more than 3% in wt. of iron oxide as shown in Table 4.2. Table 4.2 lists the prin-
cipal oxides composition of as per technical sheet, compared with literature data
from Pouhet et al. [147], referencing the same metakaolin. Two additional anal-

Figure 4.10: Picture of Argicem metakaolin [32].

yses have been undertaken to characterise further this aluminosilicate source:
particle size distribution and X-Ray Diffraction (XRD). The particle size distribu-
tion has been measured at Centro Ceramico (Bologna, IT) by a laser particle size
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Table 4.2: Comparison of the chemical composition of Argicem flash calcined metakaolin (%
wt.).

S|02 A|203 CaO MgO F9203 T|02 SO3 L.O.l.
ARGECO 93.16 0.36 0.04 0.14 1.63
Pouhet et al. [147] 68.10 24.10 0.91 0.22 3.73 1.14 0.03 1.83

analyser (Mastersizer 2000, Malvern Instruments, UK). The XRD has been car-
ried out at the University of Bologna (IT) using an X-ray powder diffractometer PW
3710 (Philips) with Ni-filtered Cu Ko (A=1.54 A) radiation in the 5-80 ° 26 range.
The crystalline phases were identified by comparison with tabulate data on the
JCPDS files. X-ray Diffraction is used to analyse the degree of crystallinity of a
material. The relationship between the X-ray incident beam and the diffraction
angle (characteristic of a specific crystalline structure) is governed by Eq. 4.9,
also known as Bragg’s law [148].

n\ = 2dsinf (4.9)

where n is a positive integer, \ is the wavelength of the incident beam, 6 is the
angle between the wave vector of the incident plane wave and d is the distance
between crystalline planes.

Fig. 4.11 shows the results of particle size distribution and X-ray Diffraction char-
acterisation. The MK used in this work has an average particle size of 40 um,
hence it is coarser compared to other commercial metakaolins. Crystalline and
therefore unreactive impurities are visible in the XRD spectrum: these include
quartz (40% in weight), mullite (2% in weight), and anatase (1% in weight) [147].

e Sodium hydroxide solution. Sodium hydroxide solution at 8 M concentration is
prepared dissolving sodium hydroxide pellets (supplied by Acros Organics, 98%
extra pure) in ultrapure water. To obtain a concentration of 8 M, 320 g of sodium
hydroxide pellets have been dissolved in one litre of solution. This quantity is
obtained considering the molar mass of sodium hydroxide (39.997 g/mol) and the
targeted concentration of the solution (8M). Eq. 4.10 relates molarity and volume
of the solution.

moles of solute

Molarity = (4.10)

volume of the solution
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Figure 4.11: Characterisation of Argicem MK a) Particle size distribution b) Qualitative X-Ray
diffraction, Legend: Q is quartz, M is mullite, A is anatase.

e Sodium silicate solution. Sodium silicate solution is provided by Ingessil S.r.1.
(Italy) and has SiO,:Na,O = 1.71 molar ratio, Na,O:H,O = 0.93 molar ratio, and
density at 20°C = 1.54 g/ml.

All the samples are prepared by mechanically mixing activating solutions and quan-
tities of metakaolin according to the formulations described in Table 4.3. The samples
are formulated in order to obtain Si:Al molar ratios of 1.5, 1.75 and 2 (see Table 4.3),
and, for practicality reasons, the mixing procedure depends on the amount of mate-
rial to be prepared. For small quantities (ca. 10 g of paste for calorimetry and chemical
shrinkage test) the mixing procedure is carried out in a blender (Constant Speed Mixer,
Fann Instrument Company). The two solutions are mixed one hour prior to the casting
and then added to the metakaolin, mixing at 4000 rpm for 60 s and 10000 rpm for 30 s,
eventually followed by a resting period of 150 s and final mixing at 10000 rpm for 30 s,
obtaining a homogenous paste. For larger amounts (ca. 2 kg of paste for mechanical
tests and drying shrinkage) the two solutions are mixed one hour prior to casting and
then added to the metakaolin, mixing at low speed for 1 minute and then at high speed
for 1 minutes, followed by 30 s of resting and final mixing for 1 minute. The size of the

70



sample depends on the test to be performed and more details will be provided in the
Sections below.

Table 4.3: Percentage by weight of the components for the mix designs.

Si:Al MK Sodium silicate solution Sodium hydroxide 8M Water

1.5 54.5% 25.2% 19.1% 1.2%
1.75 53.1% 39.8% 5% 21%
2 49.3% 49.3% 0% 1.4%

4.2.2 Imaging characterisation techniques (SEM, TEM, HIM)

This Section outlines all the imaging techniques used to characterise the microstruc-
ture of geopolymers, and to visualise their pore structure at the sub-micrometer and
nanometer level.

Scanning Electron Microscopy (SEM). SEM observations are performed on two
sets of samples. Each set comprises samples with the three compositions in Table 4.3.
The first set is cured at ambient temperature (23°C) and kept in sealed bags for 28 days
prior to analysis. The second set is cured for 1 year at ambient temperature in sealed
environment. The SEM analyses are conducted using a Zeiss EP EVO 40 microscope
in Centro Ceramico (ltaly), with 15kV acceleration voltage. Prior to the analyses the
samples are pretreated with gold coating for 3 minutes to prevent charging of the spec-
imen and to increase the signal to noise ratio.

Transmission Electron Microscopy (TEM). TEM imaging is performed on two
samples with Si:Al 1.5 and Si:Al 2, and composition shown in Table 4.3. Samples are
cured at ambient temperature (23°C) and kept in sealed bags for 13 days prior to the
test. On the 14th day the samples are subjected to freeze-drying (for 24 hours) and
crushed into a fine powder (mean size 60 um). After this procedure, on the day of
the test, the particles are suspended in water and a drop of this solution is placed on
the sample grid holder. The grid is then dried and the sample holder inserted into the
microscope. The analysis is conducted using a Philips CM100 Transmission EM at
HV=100.0kV and a magnification of 92000x, available at EM Research Services (New-
castle University).
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Helium lon Microscopy (HIM). HIM images are produced with a Zeiss ORION
NanoFab Helium lon Microscope available at NEXUS (Newcastle University) on sam-
ples with Si:Al 1.5 cured at ambient temperature (23°C), kept in sealed bags for 28
days, and freeze dried prior to the test. HIM allows to achieve a similar magnifica-
tion and resolution as the TEM, but obtaining clear images of the sample surface (like
SEM), without overlapping planes like the TEM.

4.2.3 Porosity study (isotherms, MIP, TGA)

Several techniques have been used to analyse the pore structure of geopolymers at
different scales. Water adsorption/desorption isotherms provide useful data regarding
pores with size between 1 and 90 nm (nanoscale and mesoscale) and allow estimating
the pore connectivity; Mercury Intrusion Porosimetry (MIP) captures pores between 5
and 200 nm (mesoscale and macroscale), finally Thermogravimetric Analysis (TGA)
indicates how tightly water is bound to the structure.

Water adsorption-desorption isotherms. These tests measure changes in weight
of the geopolymer paste due to changes of relative humidities, while keeping the sam-
ples at a constant temperature, here 23 °C. Three types of pastes with Si:Al equal
to 1.5, 1.75 and 2 are analysed one year after casting and the test is repeated twice
for each Si:Al. It has been decided to undertake this test after one year, but because
the pore structure of the sample is not changing considerably between early age (first
week) and one year, the results obtained here will also be useful to discussion of the
early age behaviours. Prior to the test, the pastes have been kept in sealed environ-
ment at 23 °C. Two small discs are analysed for each mix design, weighing ca. 4 g each.
The discs are placed in a sealed box with two foggers, and left there until their weight
stabilises, to obtain a first measurement of mass at RH=100%. The saturated-surface
dry (SSD) weights of the discs are measured after removing the excess surface water
with a damp paper towel (M,,;). The samples are then placed in a test environmental
chamber at T=23 °C and RH=80%, which is the upper humidity limit of the environ-
mental test chamber, and kept under constant humidity until the weight stabilises. The
same procedure is applied decreasing the relative humidity in steps of 10% until RH =
10%, which is the lower limit of the test chamber. The weight of the sample is mea-
sured after each decrement of humidity. To obtain an additional measurement for RH<
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10% the samples are placed in a sealed box containing silica gel until constant weight
is reached. The adsorption curve follows the same procedure starting with the sam-
ple at RH< 10%, and bringing it to 80% RH increasing the RH in steps of 10%. The
whole procedure is repeated a second time to obtain a second desorption-adsorption
isotherm, and capture any irreversible change of the pore structure that might have
occured during the first cycle of drying and wetting. Finally, the samples are placed in
an oven at 105°C and kept there until the weight becomes constant, providing the dry
mass (Mg,,). The results of the experiments are plotted on a graph with the saturation
degree on the vertical axis, and the RH on the horizontal axis. The degree of saturation
is calculated with Eq. 4.11 in which M, is the mass of the sample at an intermediate
level of RH.
Mgsa — My

Saturation=1 - ——M——— 411
Mssd - Mdry ( )

The pore size distribution is then obtained applying the Kelvin-Laplace equation in
Eq. 4.12. This equation relates the Kelvin pore radius (r;) to the internal relative hu-
midity of the sample (assumed to be at equilibrium with, and thus equal to the external
RH), under the assumption of cylindrical pores.

RH  —2v,Vy

In— =

100 1.RT

where 7, is the water surface tension (0.0738 N/m), V,, is the molar volume of liquid
water (1.8 10~°> m3/mol), R is the gas constant (8.314 J/molK), T is the temperature in
Kelvin (296 K), and RH is the relative humidity in percentage. At T = 296 K, Eq. 4.12
predicts that it is possible to detect pore diameters ranging between 1 nm (RH =12 %)
up to 90 nm (RH =97 %). Fig. 4.12 shows the correlation between relative humidity and
pore radius up to 30 nm, allowing a more detailed visualisation of the the mesopore
range. It should be noted that between 95% RH and 97% the curve is asymptotical
hence pores with radius between 20 nm and 45 nm corresponds to a narrow range
of RH (2%). Additionally, the Kelvin-Laplace equation assumes equilibrium conditions
but, in principle, neither adsorption nor desorption are at equilibrium. However, for
materials with multi-scale porosity, like geopolymers, the adsorption curve is closer to
equilibrium, since the desorption curve is affected by pore blocking effects [19]. Hence,
in this manuscript, the adsorption curve is used to compute the pore size distribution.

(4.12)

The determination of the pore size distribution is achieved by applying a model
developed by Masoero et al. [149], but considering the additional contribution of Lang-
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Figure 4.12: Relationship between internal relative humidity and pore radius, calculated with
Kelvin-Laplace equation Eq. 4.12 at 296 K.

muir adsorption’. Masoero et al’s [149] model incorporates as a constitutive law a
sorption isotherm that is characteristic to adsorption and desorption within the molecu-
lar structure of C-S-H in traditional cements. This isotherm was obtained by molecular
simulations of water adsorption in C-S-H model structures. Analogous results are not
available to date for geopolymer pastes, thus this work employs the same characteristic
isotherm for C-S-H at the sub-nanometre level as a first approximation of the sorption
isotherm that might be characteristic of geopolymer at the molecular scale (i.e. pores
below 1 nm). Hence, the pore size distribution obtained for geopolymers from the anal-
ysis of the isotherms should be considered as a first approximation where the water
content at the molecular scale is accounted for only in a qualitative manner. In the
model proposed by Masoero et al. [149] the mesopores (with size between 5 nm and

TLangmuir theory considers the contribution of one water layer on the surface of the pore, which is
excluded from the calculation of the Kelvin radius. Langmuir is often used as an alternative to BET
adsorption, which considers the formation of multiple adsorbed layers but neglects interactions between
water molecules on the same layer, resulting in more precision at high humidity and less at low humidity.
In a material with multiscale porosity reaching down to the the nanoscale, the contribution of adsorbed
water layers to the overall sorption prevails on that from capillary condensation only at small humidity
[19], hence this work employs the Langmuir rather than the BET adsorption theory.
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50 nm as per IUPAC) are divided in two categories, each having a characteristic pore
size distribution, the first with small mesopores (pertaining to the so-called “dense do-
main” of the C-S-H) and the second with larger mesopores (pertaining to the “loose
domain” of the C-S-H). The same categorisation is employed here for geopolymers.
For geopolymer paste with Si:Al 1.5, the characteristic pore size in the dense domains,
is considered equal to 3 nm, value obtained from published literature data [10]. The
characteristic pore size in the loose domains is instead determined from new MIP re-
sults for Si:Al 1.5 that will be shown later in this work (see Fig. 5.19), leading to a size of
10 nm. The model requires also an additional parameter called packing fraction, n=1-
¢, where ¢ is the pore volume fraction in the gel (i.e. the total volume of mesopores
divided by the total volume of gel, excluding pores larger than the mesopores and con-
sidering pores that are smaller than 3 nm as part of the solid volume). The packing
fraction considered for geopolymers and resulting from MIP is equal to n=0.69, which is
an approximated value since MIP data can be considered accurate only for pore sizes
larger than 5 nm.

Mercury Intrusion Porosimetry (MIP). This technique provides information on the
open porosity? for pore sizes larger than 5 nm, giving data on pore size distribution and
on the average pore size of the sample. The tests have been carried out at the Univer-
sity of Bologna (IT) and consists of two steps, a first analysis of macropores (Macro-
pores Unit 120, Fisons Instruments), and a second one of mesopores (Porosimeter
2000, Carlo Erba Strumentazione). The samples used for the test are obtained from
the internal part of cylindrical samples and cut into a polygonal shape with a mass of ca.
1 gram. Prior to the MIP test, the samples are freeze dried for 24 hours in order to re-
move free water that may obstruct the pores and cause issues while creating vacuum
for the test. Mercury is then forced into the pores by applying an external pressure,
since it would not spontaneously wet and penetrate the sample by capillary action.
The required pressure is inversely proportional to the pore diameter, therefore lower
pressure are needed to characterise macropores, whereas the pressure reaches up to
2000 bar when sampling mesopores. Eq. 4.13, known as Washburn equation [150],
describes this relation.

—2vycost
Tpore = T

(4.13)

where ~ is the mercury surface tension (480 mN/m), ¢ is the mercury contact angle of

2The fraction of the pore volume connected with the external environment
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intrusion (141.3°) and P is the mercury pressure.
Two types of paste samples with Si:Al equal to 1.5 and 2 are analysed with MIP at
5, 7 and 14 days after casting.

Thermogravimetric Analysis (TGA). Thermogravimetric Analysis (TGA) has been
performed at the Georgia Institute of Technology (USA) on a Hitachi Thermal Analysis
System (TG/DTA7300) with purge gas flow rate of 100 cm3/min and the following heat-
ing profile. During the tests, the temperature is set to increase from 40°C to 1000°C
with heating rate of 10°C/min, followed by 5 minutes at 1000°C. Cement paste sam-
ples are usually chemically pretreated with the main intent of stopping hydration, but in
this case the samples are not subjected to chemical pretreatment since the test is per-
formed one year after casting on fully reacted geopolymers. The samples are instead
subjected to thermal pretreatment in the TGA at 25 °C for 15 minutes, followed by 75
minutes at 40 °C under stream of N, gas to prevent carbonation. A temperature of 40
°C has been chosen for the pretreatment, because some phases, such as C-S-H and
N-A-S-H, start to lose bound water at temperatures just above 40 °C. Three types of
paste samples with Si:Al equal to 1.5, 1.75 and 2 are analysed one year after casting.
During this time the pastes are kept in sealed environment at ambient temperature (23
°C) and used for the autogenous shrinkage test. Prior to TGA testing, the samples are
crushed and sieved in two steps, first through a sieve < 300 um, then through a sieve
< 75 um. The results have been analysed plotting the mass loss, considered as water
loss, versus temperature. The water in the sample has been qualitatively identified
based on the temperature ranges in which the mass loss is most significant.

4.2.4 Reaction kinetics by calorimetry

The heat evolution of each geopolymer, during the geopolymerisation reaction and
across setting, is analysed via isothermal calorimetry tests at the Georgia Institute of
Technology (USA). The measurements are performed in a TAM Air isothermal conduc-
tion calorimeter (Thermometric TA Instruments) at 25 ° C with heat flow rate recorded
every 10 seconds. Two samples for each mix design (see Section 4.2.1 for formula-
tions) have been analysed. This test monitors the heat released during the reaction,
which is typically assumed to be proportional to the rate of the reaction (here, geopoly-
merisation). The rate and cumulative heat per gram of metakaolin are plotted versus
time.
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4.2.5 Chemical expansion: new experiments and modelling

Several macroscopic properties of cementitious materials, such as strength devel-
opment and crack formation, are governed by the reaction rate at early age. Autoge-
nous volume changes (discussed in Section 4.2.6) are the ultimate result of chemical
reactions happening at the early age, reactions that cause volume changes between
reactants and products. For traditional Portland cement the volume of the products is
smaller than the volume of the reactants, causing the so-called “chemical shrinkage”,
see Section 2.1.4. For geopolymers the literature lacks experimental data and for this
reason this Section presents the methodology to measure for the first time the chemi-
cal shrinkage (or expansion) of geopolymer pastes.

Experimental methodology. Volume changes resulting from the geopolymerisa-
tion reaction have been measured following ASTM C1608 - 17 standard [96] and the
setup is shown in Fig. 4.13.

Four geopolymer samples are prepared for each mix design and analysed in two
batches. The experiment procedure is the following:

1. Geopolymers paste is carefully poured into a glass vial (0.025 1), reaching a
height of ca. 10 mm and manually vibrating the sample to remove air bubbles.

2. The mass of the paste and the liquid to metakaolin ratio are recorded (indicated
as I/mk).

3. Paraffin oil is added to the glass vial filling it to the top. ASTM C1608 - 17 standard
[96] recommends the use of water instead of paraffin oil to quantify the volume
change during the hydration of a cement paste. The choice of paraffin oil instead
of water for geopolymers is because the ions in the activating solution would
diffuse into the additional water, causing a decrease of the pH and thus a change
of reactivity, affecting the dissolution of the metakaolin. On the contrary, oil does
not interfere with the geopolymerisation reaction.

4. A rubber stopper with an inserted capillary tube is placed to seal the glass vial
and further sealed with a layer of cyanoacrylates adhesive.

5. A drop of coloured paraffin oil, less dense than the transparent paraffin oil (to float
atop) is placed on the surface of the capillary tube. The different color allows an
easy reading of measures on the capillary tube.
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6. The sample vials are placed into a constant temperature water bath at 23°C, and
a camera is set to take a picture every 10 minutes for the first 6 hours, then
every 30 minutes for further 2 days until conclusion of the experiment. The mea-
sure consists in reading the value corresponding to the meniscus in the capillary
tube, and calculating the volume change between two successive measures. The
first measure is after 60 minutes, so-called h(60 min), from the moment in which
metakaolin and activating solution are in contact, to allow thermal equilibration of
the sample vial with the water bath. The exposed surface of the thermal bath is
covered with table tennis balls to create a layer of air insulation between water
and laboratory environment.

«— Capillary tube
<+— Paraffin oil

Rubber stopper

Geopolymer
paste

a) b)

Figure 4.13: a) Description of the vial experimental setup b) Laboratory setup.

This method allows measuring volume changes with a resolution of 10 ul, which is
the volume corresponding to each mark on the capillary tube. Considering an average
metakaolin content in the paste of ca. 10 g, a change in reading of one mark corre-
sponds to a chemical shrinkage or expansion of 1ul/g MK. This resolution is expected
to be appropriate for cementitious materials, since typical values of chemical shrinkage
for PC are in the range of 0.02 ml/g cement after 24 hours [151].

The chemical shrinkage (CS) data are then processed calculating the volume change
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per gram of metakaolin at time t, applying Eq. 4.14 and Eq. 4.15.

Mm’a aste — Mem via
Muxlg] = = e (4.14)
mk

h(t) — h(60 min)

CS()ml/gux] = Mpaste

(4.15)

In Eq. 4.14 M)k is the mass of the metakaolin, M,;q+paste iS the mass of the glass vial
plus the mass of the paste, M.,y via iS the mass of the empty glass vial and I/mk is
the ratio between liquid and metakaolin. In Eq. 4.15 h(t) is the oil level in the capillary
tube at time t measured in volume units (ml), hence each gradation in the capillary tube
represents a volume change.

Theoretical model. The experimental results on geopolymer pastes, presented
in the later Section 5.2.4, will indicate chemical expansion (not shrinkage, as usual in
traditional calcium-based cements), meaning that the volume of the reaction products
is greater than the volume of the reactants. Understanding this expansion requires
an analysis of the specific volume (or molar volume) of reactants and products in the
geopolymerisation reaction, as functions of the degree of reaction (from here onwards
called DoR). The molar volume (MV) of reactants and products as a function of the
DoR, is obtained by applying Eqg. 4.16, which requires data on the molecular weight
(MW) and density of each component.

MW|g/mol]
Density|g/cm3]

MV[cm?® /mol] = (4.16)
The calculations that follow assumes the activation of 1 mole of metakaolin, there-
fore all the other components of the geopolymerisation reaction, in Fig. 4.14, are nor-
malised accordingly. As described in Section 4.2.1 the metakaolin used in the experi-
ments is a flash calcined metakaolin with 45% in weight of unreactive material (mainly
quartz, with traces of mullite and anatase), leaving a 55% in weight of reactive part.
To determine the molar ratio between reactive metakaolin and inert metakaolin a
first approximation is introduced: that the inert component of metakaolin is approxi-
mated as quartz, with chemical formula SiO, and with molar weight of 60.08 g/mol.
The reactive material is instead considered as pure metakaolin, with chemical formula
AlL,O3 - 2 SiO, and molar weight of 222.12 g/mol. The moles of quartz and metakaolin
are calculated applying Eq. 4.17, obtaining that, for the composition in Fig. 4.14, for
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Figure 4.14: Schematic of the system considered for the geopolymerisation reaction.

each mol of metakaolin there are 3.02 mol quartz.

M(g]

Moles[mol] = MW/ mol]

(4.17)

A second hypothesis concerns the composition of the main reaction product, the
N-A-S-H. The methodology here will be explained referring to N-A-S-H with Si:Al 1.5
only, which will suffice to explain the observation of chemical expansion. Nevertheless,
the theory presented here is equally applicable to any other Si:Al ratio, and the effect of
changing Si:Al ratio will indeed be discussed in the results Section later on. A parame-
ter g is introduced here to assess the impact that different water contents may have on
the N-A-S-H structure. j is defined as the H,O:Na molar ratio, and in this study it has
been considered as variable between 0 and 3.

Under these hypotheses, the chemical formula of the N-A-S-H has H,O:Na=5 and
Si:Al=1.5. The chemical reaction which represents the reaction of metakaolin to pro-
duce N-A-S-H, as per Fig. 4.14, is:

1Al,03 - 2Si09 (mk) + 1NayO - 0.87Si04 - 12.3H50 (solution) + 3.02SiO9(quartz) —
2Na(AlOg - 1.5Si05) - Hy0 (N—A—S—H) + (12.3 — 27)H50 (solution) + 3.02Si05(quartz)
(4.18)

Another parameter « is then introduced to account for the DoR of the geopolymeri-
sation; when « is 0 the DoR is equal to 0%, meaning that the reaction has not started
yet. When a=1 the reaction is complete. At any given stage of the reaction (i.e. for any
a between 0 and 1) the composition of the paste is given in Table 4.4.
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Table 4.4: Summary of the parameters used to calculate volume needed for the chemical ex-
pansion (% wt.).

Material No. of moles Density
[g/cm3]

N-A-S-H a-[2Na- (AlOz - 1.5Si0,) - fH,O] Table 4.5

Unreacted sol. [(1—a)-(1Na,O-0.87SiO,-(25-H,0)]-(12.3-25)H.O Fig. 4.16

Unreacted MK (1—a)- Al,O3-2SiO, 2.55

Inert material  3.02 SiO, 2.65 [152]

Converting the molar relationships in Table 4.4 to volume changes requires con-
sideration of densities. The density of the reactive metakaolin is 2.55 g/cm? obtained
subtracting the inert mass, with density of 2.65 g/cm? typical for quartz, from the total
mass of metakaolin, with density 2.59 g/cm? as per technical data sheet from the pro-
ducer. The densities of the N-A-S-H and of the activating solution, instead, are more
difficult to estimate.

The density of the N-A-S-H gel is taken from the defective molecular model de-
scribed in Section 4.1. This means that densities for a range of Si:Al ratios and water
contents can be read directly from the molecular model, which also allows checking
whether the structure is expected to keep or lose its integrity at any given chemical
composition. Six structures have been created varying 5 from 0 to 3, but maintaining
Si:Al 1.5 constant, to consider the contribution of structural water content to the chem-
ical expansion. Specifically, the values are 5 = H,O:Na=0, 0.5, 1, 1.5, 2, 2.5, 3, and
for each structure the density has been calculated. =0 is experimentally impossible to
reach, but this extrapolation has been useful to determine a theoretical bound value for
density. For each structure the density is calculated after equilibrating the structure at P
=1 atmand T = 300 K via 0.1 ns of molecular dynamics in the NPT ensemble, followed
by 0.1 ns in the NVT ensemble, to verify the stability of potential energy and pres-
sure. All simulations are performed using LAMMPS [137] with Verlet time integration
scheme and integration timestep of 0.1 fs. Density results are reported in Table 4.5 and
the snapshots of three structures with different water contents are shown in Fig. 4.15.

The density of the activating solution instead, has been determined experimentally
measuring its weight and volume, this latter read from a graduated cylinder, and con-
sidering the stoichiometric proportions in Table 4.3. The result is 1.36 g/ml. During
the geopolymerisation reaction the ions in the solution are consumed until the solution
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H,0:Na = 1.5

Figure 4.15: Snapshots of three different N-A-S-H structures with Si:Al =1.5 and water content
variable from H>O:Na= 0 to 3 molar ratio. Snapshots obtained with OVITO [33].

Table 4.5: Density values of the molecular model as a function of the structural water content.

H,O:Na ratio Density [g/cm:?]

0 2.998
0.5 2.30

1 2.288
1.5 2.253
2 2.225
2.5 2.227
3 2.198

reaches a theoretical concentration of zero (pure water with density 1 g/ml). To limit
the number of assumptions, it has been decided to measure the density of the solution
experimentally as a function of «, creating solutions with different concentrations that
represented the activating solution at different « (0, 0.5, 0.75, 1), i.e. after a certain
fraction of dissolved ions is expected to have been consumed by the reaction already.
The results are shown in Fig. 4.16, as black dots. The solid curves in Fig. 4.16 are
instead calculated theoretically, considering the density of the stoichiometric amounts
of the sodium silicate solution from Ingessil S.r.l. (density from data sheet) and of the
8M NaOH solution. The equations used to plot the density curves are:
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Msol
Vvsol

Msol = (1 — a)MNaSi —I— (1 — a)MNaOH —I— (1 — (]-’)MHZO + [Oémtot — 2(5&)}MWH2O (420)

Psol = (41 9)

Here simplified as:
My =z+y+z+k (4.21)

T z+k
+ 44

Vil = (4.22)

PNaSi PNaOH PH>0

where in the total mass of the solution (M,.;): My.s; is the mass of the sodium silicate
solution, My.on is the mass of the sodium hydroxide solution, My,o is the mass of
the water added to the mix design, m,, the sum of moles of water from the sodium
hydroxide solution, the sodium silicate solution, and the added water, and MWy,o =
18.02 g/mol is the molar mass of water. In the total volume of the solution (V;,): pnas: iS
the density of the sodium silicate solution, pn.ox is the density of the sodium hydroxide
solution, pu,o is the water density.

At intermediate «, the density of the solution is expected to change non-linearly
between the limit values at « 0 and « 1 since both the mass of the solution and the
volume are function of a. From Eq. 4.19, when a=0 the density of the solution is 1.34
g/ml, while for a=1 the density is 1 g/ml meaning that all the Na and Si atoms in so-
lution reacted to form N-A-S-H, hence only water remains available. It is possible to
notice that the experimental value and the theoretical one for H,O:Na=3 are compara-
ble. Therefore, this theoretical approach (which is valid for any «, thus more general),
has been applied to study the variation of the density of the activating solution for the
geopolymerisation reaction assuming different N-A-S-H products.

To summarise, by using the parameters in Table 4.4 combined with the density
values at the molecular scale, in Table 4.5, and the density of the solution, in Fig. 4.16,
it is possible to predict the expected chemical shrinkage or expansion of geopolymers
as a function of the degree of reaction.

4.2.6 Autogenous shrinkage

Autogenous shrinkage is defined as the dimensional change occurring when a ce-
ment paste hydrates in sealed conditions and at constant temperature. Autogenous
shrinkage resulting from the geopolymerisation reaction has been measured following
ASTM C1698 - 09 standard [34], with the autogenous strain measured from the time of
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Figure 4.16: Density values of the activating solution during the geopolymerisation reaction,
and as a function of the hypothesised content of water in the skeletal structure of
the N-A-S-H.

final setting until a specific age. For the experiments in this dissertation measurements
have been taken until 35 days after setting. Four specimens have been tested for each
mix design, and the results have been averaged. The pastes are prepared according
to the methodology described in Section 4.2.1 and poured into corrugated tubes (in
Fig. 4.17a.), 420 mm long and with an outer diameter of 29 mm, made with flexible
plastic that allows expansion and contraction in the longitudinal direction. The tubes
are closed with plugs to ensure sealed conditions. Due to the flexibility of the tube, the
casting procedure can be complex since it is necessary to avoid the formation of en-
trapped air. Hence, the corrugated tube has been placed into a graduated cylinder of
approximately the same length, inclined and continuously rotated while being filled and
vibrated on a vibrating table. The tube is filled to approximately 10 mm below the top
end and then the paste inside the tube is gently compressed to bring it in contact with
the plug before sealing the corrugated tube. All the samples and dilatometer, the latter
used as a reference bar for each measure of sample length (see Fig. 4.17a.), are kept
in a controlled environmental chamber at 23°C and RH=50% for the entire duration of
the test. After casting, the specimens are left untouched until final setting, when the
first measure of sample length is taken (L). Table 4.6 reports the final setting times for
each mix design.

Before each measurement the dilatometer is calibrated using a stainless steel ref-

84



Table 4.6: Final setting time for the geopolymer pastes.

Si:Al Final setting time [hours]

1.5 2
1.75 4
2 7

)
L
RS |
B
L
R
)
o

Figure 4.17: a) Experimental setup for autogenous shrinkage test (after ASTM C1698 - 09 [34])
b) Picture of the samples.

erence bar and samples are marked in order to place the specimens in the same
orientation during each measurement. Autogenous strain is then calculated as:

L,— L
2t 0900 (4.23)

€autogenous [//Lm/m] =

where L, is the length of the specimen at time t.

Autogenous shrinkage test is undertaken at the time of final setting as indicated in
the ASTM C1698 - 09 [34], avoiding the superposition of effects caused by chemical
shrinkage. In fact, chemical shrinkage is calculated in the first moment of the reaction,
since it is due to the chemical reaction between metakaolin and activating solution.
Furthermore chemical shrinkage is tested with an apparatus that allows to read vol-
ume variations of 10 ul, while autogenous shrinkage is calculated as a length change.
Hence the apparatus for the autogenous shrinkage test consists of a corrugated tube
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which is 420 mm long, length that enable to read relative length changes in the order
of um.

4.3 Understanding ageing: a first approach

This Section introduces the methodology applied for long term experimental dura-
bility tests such as creep and drying shrinkage, as well as the construction of a model
of N-A-S-H at the mesoscale level. Mesoscale models have been used in the cement
literature to model long term deformations, as described in Section 2.2.1. In this Sec-
tion a mesoscale model is developed for the analysis of the mesoporous network of
geopolymers, which the experiments show to have significant impact on the long-term
mechanics of these materials.

4.3.1 Long term behaviour: drying shrinkage and creep

Three samples for each Si:Al ratio (mix described in Section 4.2.1) have been cast
and tested for the creep test (two samples used as control specimens, and one test for
creep). The samples, shown in Fig. 4.18, are cylindrical measuring 80 mm in length
and 39 mm in diameter. After casting, the specimens are placed inside a sealed con-
tainer for 2 days, to prevent excessive moisture loss. Then the samples are demoulded
and kept in sealed bags to avoid fast loss of evaporable water for 28 days. After the
total 30 days of curing, the surfaces of each sample are flattened with a circular saw to
ensure a uniform distribution of applied load during the creep test. Additionally, drying
shrinkage at constant relative humidity has been tested at the University of Bologna.

Long-term test in environmental conditions. The reference standard for creep
testing, BS 1ISO 1920-9:2009 [99], states that to consider possible dimension changes
not caused by the applied load for the creep test, one sample has to be kept unloaded
as a control specimen. Hence, two samples for each Si:Al (1.5, 1.75, 2) are tested
for drying shrinkage in ambient conditions (RH ca. 50% and T=23°C), as part of the
creep test described in the following paragraph. The top and bottom surfaces of each
samples are covered with duct tape to replicate the same conditions of exposure of
the creep samples. Weight loss and length change are tracked for 10 months at the
Structural laboratory of the Georgia Institute of Technology (USA); for each sample,
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measures are taken three times and the average is calculated. Data are then analysed
plotting length change versus time. Furthermore the drying shrinkage strain (epg) is
calculated as:

Ly — Ly
Lo

with L, and L, being the final length and initial length of the sample.

eps = (4.24)

Creep. One sample for each Si:Al ratio (1.5, 1.75, 2) has been tested for creep,
after the initial 30 days of curing described previously. Creep tests involved long-term
monitoring, over 10 months, and one loading frame for each sample. For this reason
only three samples were tested. The setup is described in Fig. 4.18 and involves a
spring loaded system that is able to keep constant load for the whole duration of the
test. The applied load is checked periodically (every week for the first month, then
once a month). The load is initially applied and then corrected during the test (to keep
it constant) using a hydraulic load cell connected to a hydraulic pump and placed on
the plate on top of the specimen (the plate weight is considered as part of the applied
load). After each correction of the load, the bolts above the steel plate are tightened
to keep the load constant, so that the load cell can be removed until the next time that
the load is checked. The bolts below the plate are instead kept loose. In this setup
the only plate that is moving during the test is the plate in between the springs and the
sample, due to the creep deformation. Hence, the creep displacement is measured
with a Westward dial gauge attached to the steel plate at the bottom of the specimen,
and measuring the distance between the plate underneath the springs and the steel
plate at the bottom of the specimen. The compressive load applied during the creep
test is taken as one third of the average failure load at 30 days, on cylindrical samples
cast on the same day as the creep specimens.

On the day of first loading, the initial displacement is immediately recorded, pro-
viding the so-called elastic strain e...;.. During the whole duration of the test the
displacement of the creep specimen is read off the dial gauge and, on the same date,
the length of the control specimens is measured with a calliper. The frequency of the
measurements is chosen as per BS ISO 1920-9:2009 [99]: at 2 and 6 hours after load-
ing, then once a day for a week, then once a week for a month, and then once a month.
The test is carried out in a controlled environment, at RH ca. 50% and T=23°C, in the
Structural laboratory of the Georgia Institute of Technology.

Based on the collected data, the basic creep strain ¢, is obtained by subtracting

87



SteelRods _______, &
(M20)

Loading
apparatus

Creep sample

Dial gauge
Steel spring

Figure 4.18: Setup for the creep test.

drying shrinkage strain eps (measured on the control sample) and the initial elastic
strain e.;.stic from the total strain ¢, :

€creep = €tot — €DS — €elastic (425)

In addition, creep modulus (C), creep compliance (J) and creep coefficient (¢) are
calculated to quantitatively compare results from different mix designs.

o
Ecreep = Eln(t) (4.26)
J = S (4.27)
g
=~ (4.28)
€elastic

where o is the applied stress. In Eq. 4.26 C can be calculated from the gradient of
ecreep PlOtted versus In (1), and dividing said gradient by the stress o.
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Drying shrinkage at constant relative humidity. Four samples of metakaolin
geopolymer for each Si:Al ratio (1.5, 1.75, 2) are prepared according to the mix design
described in Section 4.2.1, and are subjected to different drying conditions at constant
ambient temperature (T=23°C). The samples are cast on prismatic moulds (25x25x285

m), as shown in Fig. 4.19 b, and equipped with a gauge stud at each end. The first

Samples
Salt solution
Sealed box ———
Thermo -
hygrometer

’ R

a) b)

Figure 4.19: a) Setup for the drying shrinkage test b) Picture of the samples in the sealed box.

two days after casting consist in curing the samples at environmental conditions in
a sealed box (RH=50% and T=23°C) prior to demoulding. The specimens are then
placed into two sealed boxes (two samples per type in each box), following the setup
displayed in Fig. 4.19. The relative humidity in each box is regulated with drying salt
and monitored with a digital thermo - hygrometer. The first box contained silica gel, to
set the internal humidity to less than 10% (very dry conditions; the hygrometer cannot
measure below 10% RH), while the second box contained potassium carbonate, setting
the RH to ca. 40% [153]. The samples are placed on a grid to allow uniform drying
conditions. Weight loss and length change have been tracked for more than 50 days
following ASTM C490/C490M-11 [97]. This test has been carried out at the University
of Bologna.
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4.3.2 Mesoscale model of the N-A-S-H gel

The results of the creep and drying shrinkage tests will show that an important role
is played by the microstructure and pore structure of the samples with different chem-
ical compositions. The pore structure cannot be analysed using the molecular model
presented in Section 4.1, because the molecular model covers length-scales only up
to 1-2 nm, whereas the pore networks develops over hundreds of nanometres. This
Section therefore presents the methodology to construct a model that can simulate
the structure and mechanics of geopolymers at the scale of ca. 500 nm, as previously
done in the field of C-S-H mesoscale modelling (see Section 2.2.1). A way to construct
such a model is to simulate the aggregation of polydisperse nanoparticles, that interact
mechanically via effective potentials obtained from molecular simulations. An advan-
tage of this approach is that chemistry-dependent properties can be extracted from the
molecular model presented in Section 4.1, and the resulting structure and properties
at the larger mesoscale will reflect the impact of the molecular structure. This Sec-
tion has been the focus of a conference paper titled Towards a mesoscale model of
geopolymers: interaction potential from the molecular scale [35], and presented at the
EURO-C conference in February 2018.

Mesoscale model construction. The mesoscale model is developed using the
software LAMMPS [137]. The starting point is an empty simulation box of predefined
dimensions, into which particles are added randomly. The range of possible particle
sizes is chosen to be consistent with the characteristic size of solid domains observed
by microscope images, presented in Section 2.1.4. As a result, the N-A-S-H gel is
modelled as an aggregate of nanoparticles with sizes ranging from 5 to 50 nm, leading
to a resulting network of mesopores whose sizes range from 2 to 50 nm. The process
to construct the model structures, such as the one in Fig. 4.20, is the following:

1. Several hundreds of particles characterised by one specific size (from here on-
ward defined as group), are added instantaneously and randomly in the empty
simulation box. The filling procedure is repeated for group of particles with dif-
ferent sizes: this differs and turns out to be computationally more efficient than
other space-filling algorithms where particles are added one at a time [154, 155].

2. Each filling step is followed by energy minimisation using the conjugate gradient
method (Polak-Ribiere version) implemented in LAMMPS [137]; particle interac-
tions are explained below.
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3. When the system is sufficiently dense to be mechanically stable (viz. not to col-
lapse into a denser aggregate if NPT equilibration at constant pressure is carried
out), the configuration is further stabilised by applying a pre-compressive stress
to the box, followed by energy minimisation. The stress is then released by ex-
panding the simulation box until zero pressure is recovered.

4. The entire process (partial space filling, compression, and relaxation back to zero
pressure) is repeated until the desired packing density is obtained.

Figure 4.20: Snapshot of the packing process (after Lolli et al. [35]).

Interaction potentials between particles. In this model, similarly to Masoero’s
et al. [157] mesoscale model of C-S-H, the interaction between nanoparticles is de-
fined reproducing the same behaviour as a continuous molecular structure of N-A-S-H.
Hence, the interaction between two nanoparticles is the same as the behaviour inside
the nanoparticle, and no assumption is made on the presence of physical interfaces
between nanoparticles. This type of model can be assumed as a discretised homoge-
nous structure, similarly to how the Discrete Element Method is used to model build-
ings. This hypothesis has been verified for C-S-H, where mechanical properties calcu-
lated at the mesoscale matched experimental results. Hence, the same approach has
been followed for the mesoscale model of N-A-S-H gel. The functional form of the ef-
fective interactions between nanoparticles is assumed to be a particle-size-dependent
generalised Lennard-Jones (Mie potential [156]), developed by Masoero et al. [157] to
simulate the mesoscale mechanics of calcium silicate hydrates:
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Uy(ry) = 4e(o1.,) [(5—) - (5—)] (4.29)

Ui;(r;;) is the interaction energy between two particles i and j at a distance r;; from
one another and with diameters o, and ¢,. The depth of the energy well is governed
by the parameter ¢(o;,0,) and o« determines the narrowness of the energy well. &;;
is the average diameter of the two particles. Assuming €(o;,0;) proportional to 7;;
is analogous to consider the Young’s modulus uniform in the system [17], and as a
consequence the ratio €(o;,0;)/7;; is a constant representing a unit pressure. Thus,
pressure, strength and elastic moduli, having dimension of force per unit area are scale
invariant. The cutoff employed for the different particle size combination is calculated
as follows:

(Umaz + Umin)

2

cutof f = 5 (4.30)

with 0,,., and o,,;,, respectively the maximum and minimum diameter of the parti-
cles in the simulation. Shear forces are not transferred between particles. Following
the same calculation explained by Masoero et al. [157] it is possible to express:

6(0'1',0']') = f(Oé)Mﬁij<O'i,O'j)6ij3 (431)

where M is the indentation modulus. 8 = o;0,/7,;* is a corrective factor accounting for
the fact that the contact surface area between two particles of different size typically
differs from the average cross sectional area of the two particles. f(«) is a numerical
constant that depends on the mapping between interaction potential and linear elas-
tic properties. A detailed explanation of f(a) can be found in Masoero et al. [157],
while the value of f(«a) used for the simulations in this dissertation will be introduced in
Section 5.3.2.

M is obtained as the initial slope of the axial stress versus axial strain graph at
the molecular scale, when the simulation box is not allowed to contract nor expand in
the directions perpendicular to the direction of loading. In a Lennard-Jones potential,
a controls the distance corresponding at the maximum interaction force between two
particles. This distance, divided by the average diameter 7, is the deformation at fail-
ure €, as shown in Eq. 4.32. Therefore, by calculating ¢,;; from molecular simulation,
it is possible to obtain « applying Eq. 4.32 (see Masoero et al. [157] for the derivation
of the equation).
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Figure 4.21: a) Mesoscale model set with preference for big particles b) Mesoscale model set
with preference for small particles.

o/Aat2 4 /2
Eult = a—\/§ (432)

Therefore, the potential in Eq. 4.29 is entirely determined by two molecular-scale
mechanical parameters only: ¢,;; and M.

Pore size distribution. The model construction described in the previous para-
graph, allows to obtain a set of structures with different packing densities, therefore
with different porosities. All these structures have chemistry-dependent mechanical
properties resulting from interaction potentials whose parameters can be calculated
from molecular scale simulations. This framework allows simulating a variety of struc-
tures observed experimentally. In particular, in this dissertation the focus is kept on
two packing fractions, representing low density and high density N-A-S-H gel consid-
ered with different particle size range. To clarify, Fig. 4.21 shows two types of high
density N-A-S-H gel obtained from two particle size distribution. In fact, both packing
densities are obtained either from structures where preference is given to large solid
nanopatrticles (Fig. 4.21 a.), or from structure where preference is given to small parti-
cles (Fig. 4.21 b.). The former are obtained by imposing a preference for big particles
(diameter 50 nm) over small ones, in the space filling algorithm, whereas the latter re-
sults from setting a preference for smaller particles, with a diameter of 10 and 25 nm.
The pore size distribution was then simulated for each packing fraction with the open
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source software Zeo++ [139], using the method by Pinheiro et al. [140], which is based
on the Voronoi tessellation. The parameters used for the sampling are a probe radius
of 0.2 nm and a number of Monte Carlo samples per unit cell equal to 5000. These
variables results from a sensitivity analysis that considered three different probe radii
(0.1 nm, 0.2 nm and 0.5 nm) as well as different MC samples varying from 1000 to
50000. The results are described in Section 5.3.2.
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5.1 Molecular scale model

This Section presents results to clarify the impact of disorder at the molecular level
on mechanical and structural features of the N-A-S-H gel. The methodology described
in Section 4.1 allowed building different types of models. Siliceous structures, con-
taining only SiO, molecules, represented the baseline for three main categories of
N-A-S-H molecular models, and analyses on these baseline structures are presented
in Section 5.1.1. The baseline structure are the Si-O only preliminary structures built
as described in Fig. 4.9. The procedure outlined in Section 4.1.2 led to structures that
ranged from fully amorphous, to completely crystalline and to defective structures. The
results address structural analysis first (X-Ray Diffraction, X-Ray Pair distribution func-
tion and density), and then mechanical properties (elastic modulus and large strain
tensile behaviour). The content of this Section is from a paper recently published
in ACS Applied Materials and Interfaces, titled Atomistic Simulations of Geopolymer
Models: The Impact of Disorder on Structure and Mechanics, Lolli et al. [31].

5.1.1 Siliceous baseline structures: bond angle, bond length, ring
distributions, and micropores.

Fig. 5.1 shows the distributions of internal (O-Si-O) and external bond angles (Si-
O-Si). The internal angle quantifies the distortion of the silicate tetrahedra, whereas
the external angle measures the relative orientation of tetrahedra in the short range
(first neighbour). Longer-range topological information will be discussed later in terms
of ring analysis. For a perfectly tetrahedral Si-O coordination, the O-Si-O internal angle
distribution is expected to display a sharp peak at 109° [29]. This is indeed the result
for the crystalline model structure in Fig. 5.1. Amorphous and defective structures
have a very similar distribution of O-Si-O angles, with a spread of angles around the
average 109°, which is probably a consequence of the overall disorder. Nevertheless,
the standard deviation is limited, which indicates that the tetrahedra are only weakly
distorted, without 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 poly-

T is a generic term to indicate either Si or Al as centre of a tetrahedron
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Figure 5.1: 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.

merised SiO, and AlO, can range between 120° and 180° [158, 159], which agrees
with Fig. 5.1. The smaller angles of the amorphous and defective structures 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
similar density of the amorphous and defective structures leads also to a very similar
total energy per mole of Si, which means that they are equally probable in thermody-
namic terms (as expected, the crystalline structure has instead a much lower energy,
and thus it is more thermodynamically stable).

The Si-O bond length distribution in Fig. 5.2 corroborates the result that the disor-
dered structures are denser than the crystalline, in that the mode of the distributions
for the amorphous and defective structures are shifted to the left (and thus the bonds
are shorter) compared to the bond length value of the crystalline structure.

The angle analysis in Fig. 5.1, the bond angles in Fig. 5.2, densities and molar
energy, highlight some differences between crystalline and disordered structures, but
do not indicate any appreciable difference between defective and amorphous struc-
tures. Such a difference emerges instead in the pore structure and topology of the
structure over larger length scales. The ring analysis in Fig. 5.3 provides one such
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Figure 5.2: Bond length analysis of the three siliceous baseline structures (time-averaged over
50 timesteps).
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Figure 5.3: Ring size distribution of the siliceous baseline structures. The sum of all histograms
is equal to the number of Si atoms in the simulation cell.

topological measure. The ring analysis of the crystalline structure is in good agree-
ment with results in the zeolite literature, with prevalence of rings with size 4, 6, and 8
nodes [160]. 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 signif-
icantly broader in the defective structure compared to the amorphous one, despite a
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similar size of the simulation cell and a similar number of atoms in the structure (see
Table 4.1). The differences in ring size distribution between the amorphous and the
defective structures might impact their mechanical performance. On one hand, larger
rings at the expense of smaller ones may indicate the presence of nanopores, which
would decrease mechanical properties. On the other hand, large rings might provide
long-range correlations and improve the large-strain mechanics of the system.

Fig. 5.4 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 pores of the crystalline structure are fully intercon-
nected. The amorphous structure, instead, has non-interconnected, smaller pores,
with average size peaked around 4 A. The presence of small pores is consistent with
the presence of small rings with size 3 in Fig. 5.3. The defective structure shows a
pore structure that is indeed intermediate 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. 5.4). Furthermore, the pore size
distribution displays both a primary peak at ca. 4.5 A, 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 im-
pact of all these structural features on mechanical properties will be discussed later in
Section 5.1.5.

Defective

Crystalline

L T T T T T T 1
0 1 2 3 4 5 6 7 8
Pore diameter (&)

Figure 5.4: Pore size distribution and snapshots of the porosity of the siliceous structures. All
snapshots are obtained using OVITO [33].
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Figure 5.5: Simulation of X-ray diffractograms for three molecular models with Si:Al = 1.4 (crys-
talline structure) and Si:Al = 1.5 (amorphous and defective structures) and exper-
imental 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 [36]. All simulated X-ray diffraction are at
room temperature and ambient pressure. Legend: S = theoretical sodalite peaks.

5.1.2 X-ray diffraction (XRD)

Fig. 5.5 shows the comparison between experimental X-ray diffraction data and sim-
ulations, highlighting the effect of molecular disorder on the calculated XRD patterns
of structures with comparable Si:Al ratios of 1.4-1.5. The experimental diffractogram
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 spec-
trum, because structural disorder, defects, and impurities at all scales will introduce or
smoothen features in the XRD signals, and this cannot be fully described by a molec-
ular 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°. In the simulated X-Ray diffraction patterns, the
increased degree of order from the amorphous to the crystalline structure is apprecia-
ble: the amorphous structure does not display meaningful peaks; the crystalline struc-
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ture 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. 5.5 is the results of the
summation of the three spectra of crystalline, amorphous and defective structure, con-
sidering 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 back-
ground noise. As a result, the defective structure better captures the coexistence of
amorphous and crystalline features emerging from the experiments.

Fig. 5.6 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 smaller values of the 20 angle. This is true
irrespective of the level of disorder, but it is most visible from the crystalline structure,
whose results are therefore shown in Fig. 5.6. 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, the structure
with Si:Al 2 (indicate as Cr_2 in Fig. 5.6) contains less water, and consequently the
crystalline planes are closer and the peaks are shifted towards higher values of the
angles.

------------- Theoretical sodalite peaks

! Cr 2
A iilnAnnA IALA_AA, H

Cr_1.4
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Cr 1
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Figure 5.6: 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. 5.5, but here the spectrum is shown without peak broadening.
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5.1.3 X-ray pair distribution function (PDF)

X-ray pair distribution functions g(r) allows to calculate the probability to find an atom
A at the distance r of another atom B. X-ray pair distribution functions from simulations
and experiments are compared in Fig. 5.7. The experimental data were discussed up
to the first-neighbour peaks, hence the analysis of the simulations here are focused on
the same peaks.
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Figure 5.7: X-ray pair distribution function of metakaolin-based geopolymers. Comparison be-
tween experiments [37] and simulations on structures with Si:Al = 1.4 and 1.5. T:
tetrahedral (Si or Al).

All the model structures, irrespective of their degree of disorder, capture two of the
experimental peaks in Fig. 5.7:

e T-Opeak (r~ 1.7 A). The X-ray pair distribution functions obtained from the simu-
lations discern between peaks associated with Si and Al tetrahedra, whereas the
experiment displays a single broader peak. This difference may be due to two fac-
tors combined: the limited resolution of the experiment compared to the molecu-
lar model, and the possibility that the force field in the simulations might slightly
overconstrain the interatomic distances to their equilibrium positions compared
to the experiment. As expected, the level of disorder does not affect significantly
these peaks in the simulations, because they depend only on the tetrahedral co-
ordination of Al and Si with O.

e O-Opeak (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
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as on the location of water molecules.

Conversely, two of the experimental peaks in Fig. 5.7 are captured only by the
defective 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. 5.3).

e Na-T and T-T peaks (r ca. 3.2 A). The experiment indicates a single broad peak
encompassing all the Na-T and T-T first neighbour peaks, and centred at ca. 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 one, 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 shows the presence of a clearer peak at 3.1 A, 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
significant inaccuracy in the skeletal density and mechanical properties that will
be computed later in this Section.

5.1.4 Wet skeletal density

The wet skeletal density includes the so-called structural water, defined and dis-
cussed in Section 4.1.2; the simulations in this work predict wet skeletal densities be-
tween ca. 2.2 and 2.3 g/cm?, which are in line with literature results (see Table 5.1).
Fig. 5.8 shows the trend of density as a function of the Al:Si molar ratios (for a clearer
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Table 5.1: Skeletal density of metakaolin geopolymers considering structural water (Wet pg).
These literature data were obtained by He-pycnometry tests [40], comparing nomi-
nal density and pore volume [41] and from simulations on a fully glassy model struc-
ture [42].

Literature data Si:Al molar ratio Wet p,;. [g/cm?]

Smilauer et al., 2011 [40] 1.22 2.372
Duxson et al., 2007 [41]  1.15-1.65 1.8-1.7
Sadat et al, 2016 [42] 1-2 2.03 - 2.50

Amorphous Crystalline =@=Defective

24 1

23 -

21

1.9
1.8
1.7
1.6 ‘ ‘ . . .

0 0.2 04 06 0.8 ‘I‘AI:Si

%0 2 1.5 1 Si:Al

Wet skeletal density (g/cm?3)

Figure 5.8: Simulated wet skeletal density as function of the Al:Si and Si:Al ratio.

representation of the results, this figure is discussed in terms of Al:Si ratio and not
in terms of Si:Al ratio, which is the more common terms to indicate aluminium con-
tent in geopolymers). A higher Al:Si ratio implies a larger number of Na and water
molecules in the structure, to keep the molar ratios Al:Na:H,O to 1:1:3 as explained
in Section 4.1.2. The skeletal densities at Al:Si = 0 coincide with the densities of the
siliceous baseline structures computed in Section 5.1.1. The density of the crystalline
structure increases significantly with the Al:Si ratio. This is due to the presence of rel-
atively large pores, with width of ca. 6.5 A (see pore size distribution in Fig. 5.4), which
can accommodate Na and H,O molecules, hence additional mass, without increasing
the volume of the simulation cell. On the opposite hand, the amorphous structure has
only small pores, therefore the addition of Na and H,O, when the Al:Si is increased,
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requires some swelling of the structure. This compensation effects leads to similar
densities at different Al contents for the amorphous structure. 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 akin to the crystalline structure, although less marked
because only a few larger pores with width of ca. 6.5 A are present in the defective
structure (see Fig. 5.7). Increasing further the Al:Si ratio, instead, requires the defec-
tive structure to swell, hence the density remains constant 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.

5.1.5 Mechanical properties: elastic modulus

Fig. 5.9 shows the elastic moduli E of all the model structures in this dissertation,
averaged over the three Cartesian axes. The values obtained are in agreement with
literature data, summarised in Table 5.2. Using nanoindentation, Némecek et al. [161]
measured an elastic modulus of ca. 18 GPa for a N-A-S-H geopolymerisation product:
these measurements, however, include mesopores with size of several nanometres,
which are not described by the molecular simulations presented here. To extrapo-
late the experimental nanoindentation results to an equivalent elastic modulus without
mesopores, one can consider the gel solid fraction of 0.6 [40] indicated by the same
experiment. Extrapolation to zero mesoporosity (viz. a solid fraction of 1) using either
the self-consistent or the Mori Tanaka homogenisation schemes (see Constantinides et
al. [162]) are shown in Table 5.2. The simulation results in the present paper are indeed
in line with the extrapolated nanoindentation results. Table 5.2 also shows that liter-

Table 5.2: Literature data for the elastic modulus [GPa], from *simulations and **experiments.

E [GPa]

**Nemecek et al., 2011 [161] - Mori Tanaka 44412
**Nemecek et al., 2011 [161] - Self consistent 88+23
*Sadat et al., 2016 [42] - glassy model structure 60 - 90
*Sanchez-Valle et al., 2005 [163] - analcime 75
*Williams et al., 2006 [164] - chlorosodalite 85

ature results from molecular simulations on zeolites, such as chlorosodalite [164] and
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analcime, [163] are in the same range, as well as results from previous MD simulations
of glassy geopolymer gels [42].

In Fig. 5.9, the moduli of the crystalline structure are clearly the largest, followed
by the defective structure and then closely by the amorphous ones. This indicates
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 [41]. An analogous, albeit weak, trend emerges also 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 macro-
scopic samples, thus the trend in E may be affected by heterogeneities at larger length
scales (e.g. microstructural characteristics) that molecular simulations alone cannot
describe. The wet skeletal density appears not to be a good predictor of trends in
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Figure 5.9: Young’s elastic moduli as functions of the Si:Al ratio. Each elastic modulus is aver-
aged over the three Cartesian directions.

elastic moduli, unlike often observed in materials with similar chemical compositions
at the macroscale, for which higher density typically implies higher moduli. Indeed,
by comparing Fig. 5.9 with Fig. 5.8 one can appreciate that an increase in Si:Al ratio
(Fig. 5.8 read from right of left) corresponds to a decrease of density, whereas Fig. 5.9
shows that the Young’s modulus increases. This means that for these geopolymer mod-
els, chemistry and topology at the molecular scale are more important than density in

107



determining the elastic properties, providing possible targets for material optimisation
working up from the nanoscale.

5.1.6 Mechanical properties: large-strain tensile behaviour

Fig. 5.10 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 [111, 113], while defects at larger scales
are responsible for the experimentally observed typical values of macroscopic strength
in the order of tens of MPa, and corresponding strain at the elastic limit in the order
of fractions of the percent. The defective and amorphous structures display a similar
mechanical behaviour, which is markedly different from that of the crystalline struc-
ture. The crystalline structure undergoes brittle failure 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 structure. This im-
plies 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
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Figure 5.10: a) Stress-strain response under tensile load. Curves obtained from molecular
dynamics simulations. 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). b) Average non-affine
displacement of the atoms in the backbone structure, as a function of applied
strain.

mechanical response to strain can be characterised in more detail by looking at the
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non-affine displacements (see definition in Section 4.1.3). Fig. 5.10 b. shows the ac-
cumulation of non-affine displacements as a function of applied strain, only for the Si,
Al, Na and O atoms in the backbone solid structure (thus excluding the displacements
of atoms pertaining to the water molecules), which are the atoms governing the over-
all mechanical behaviour. The accumulation of non-affine displacements is related to
the development of irreversible deformations [165]. Typically, a small level of average
non-affine displacement (9,,) is already accumulated 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 [165]. All the model
structures presented here show such an initial small increase of §,,, during the linear
elastic stage (strain < 0.1). Instead, as expected, ¢,,, increases sharply when the struc-
tures leave the linear regime and enter the regime of plastic deformations eventually
leading to failure. Fig. 5.10 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 d,,, 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 ¢,,, to develop. The increase of §,,, with the level of dis-
order, provides therefore a rationale for the trend of Young'’s elastic moduli and strength
in Fig. 5.10 a, which are both decreasing with the level of disorder.

One final remark concerns the relationship between the structural descriptors quan-
tified in Section 5.1.1, and the observed different stress strain curves between amor-
phous and defective structures in Fig. 5.10. The results presented in Section 5.1.1 have
shown that the only topological feature distinguishing the amorphous structure from the
defective one are the ring size distribution and the pore structure. This suggests that
long-range correlations, extending from the molecular scale to the mesoscale of sev-
eral nanometres, might play an important role in determining the large-strain and failure
behaviour of geopolymers.

Overall, with due attention to the impact that features and defects at larger scale
might have on large-strain mechanics, the results in Fig. 5.10 provide the necessary
starting point for the development of new multi-scale models of geopolymer mechan-
ics.
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5.2 Volume changes during geopolymer formation

This Section presents experimental results obtained on geopolymers pastes with
Si:Al ranging from 1.5 to 2. In particular the focus is on identifying which features
can impact macroscale properties, such as porosity, and volume changes in the early
age. Three groups of results are presented: microstructure, early hydration kinetics,
and early age volume changes. To investigate the microstructure of geopolymers,
different types of analyses have been undertaken. Imaging techniques allow visualising
the structure at different levels of magnification (Section 5.2.1), while porosity tests
are used to obtain an overview of the pore size distribution and organisation at all
scales (Section 5.2.2). The reaction kinetics is quantified by calorimetry tests aimed
at identifying the relationship between reaction rate and activating solution used in the
mix design (Section 5.2.3). Finally, experimental results on volume changes occurring
during the early stages of the geopolymerisation reaction are presented, alongside a
theoretical interpretation of the observed chemical expansion, which combine findings
from the molecular model and from the experimental results.

5.2.1 Imaging characterisation techniques (SEM, TEM, HIM)

Section 4.2.2 presented three different imaging techniques used to study the mi-
crostructure of geopolymers. These techniques are used to obtain results presented
hereafter.

Scanning Electron Microscopy (SEM). SEM micrographs are performed at 28
days after casting (Fig. 5.11) and one year after casting (Fig. 5.12) (see Section 4.2.2
for details). Fig. 5.11 shows a comparison of geopolymer pastes with Si:Al 1.5 (left
column) and with Si:Al 2 (right column). Each row of pictures is at a comparable level
of detail, and from top to bottom the magnification increases from 200X to 30000X.
At 200X magnification, and for both Si:Al ratios, one can appreciate the porous struc-
ture of the material. The pore structure is characterised by two types of porosity at the
macroscale, one with smaller pores diffused in the solid matrix, and the other one char-
acterised by large and round shaped macropores. At higher magnification, between
2000 and 9000X the diffused porosity is still evident, and shown in Fig. 5.11 |l a. and
b.. Round shaped inclusions are found in both geopolymers and on their surface one
can distinguish the formation of a gel characterised by particles with sub-micrometric
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Figure 5.11: SEM micrographs of the geopolymers paste 28 days year after casting. From top
to bottom Mag: 200X to 30000X a) Si:Al 1.5 b) Si:Al 2.
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size, see Fig. 5.11 Il a. and b.. In addition, crystalline particles with irregular shape are
embedded in the geopolymer matrix, e.g. the quartz particles highlighted in Fig. 5.11 1ll
a. and b., consistent with the high content of non-reactive impurities in the metakaolin
raw material used to cast the samples (45% in weight, as shown in Section 4.2.1).
Finally, the higher magnification, in Fig. 5.11 IV a. and b., shows the structure of the
geopolymer N-A-S-H gel at the micrometre level and below, which is characterised by
round granular texture and mesoporosity. The different Si:Al ratio effects the compact-
ness of the final product. At 200X the paste with Si:Al 1.5 appears to be more porous
than the paste with Si:Al 2. Namely, at the mesoscale, in Fig. 5.11 IV a. and b., the
solid particles of the gel with Si:Al 1.5 appear to be smaller than for the Si:Al 2 gel, but
this observation requires confirmation from techniques with better resolution, such as
TEM and HIM images shown in later sections.

The presence of spherical macropores, in Fig. 5.11 |, is likely to be related to the
round inclusions shown in Fig. 5.11 Il. The chemical composition of these inclusions
has been measured by Energy-dispersive X-ray spectroscopy (EDS), and the results
are reported in the tables attached to the images. In both cases the main elements
are silicon and aluminium, while sodium is less than 1% in wt., hence the particles are
unreacted metakaolin. The round shape might be the result of flash calcination, which
typically results in rounder particles compared to traditionally calcined metakaolin (as
explained in Section 4.2.1). EDS also confirmed that the irregular shaped particles
embedded in the geopolymer’s matrix are quartz. On the other hand, Fig. 5.11 I a. and
b. show that some spherical pores are significantly bigger than the average particle
size of the metakaolin used (100-200m vs 40 pum). It is possible however that some
of the large spherical pores, especially those with diameter of ca. 100um, are actually
due to entrapped air bubbles.

All the SEM analyses discussed so far are taken at 28 days. SEM images are also
taken after one year from casting, to measure whether significant changes of micro and
meso structures should be expected during ageing. The images at one year involved
not only samples with Si:Al 1.5 and 2, but also a sample with Si:Al 1.75. The results
are shown in Fig. 5.12. At 200X, the images largely resemble those on the pastes at 28
days. Si:Al 1.5 displays diffused porosity, and a more homogenous pore size distribu-
tion, while Si:Al 2 has a more compact matrix with spherical macropores with diameter
between 200 and 300 xm. At maximum magnification instead, 30000X, the granular
gel is still visible at one year, but its particles appears to be bigger than at 28 days (300
nm for Si:Al 1.5 and ca. 50 nm for Si:Al 2, with Si:Al 1.75 displaying intermediate sizes).
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This coarsening would be consistent with phenomena such as Ostwald ripening °.
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Figure 5.12: SEM micrographs of the geopolymers paste one year after casting. From top to
bottom Mag: 200X to 30000X a) Si:Al 1.5 b) Si:Al 1.75 c) Si:Al 2.

Transmission Electron Microscopy (TEM) and Helium lon Microscopy (HIM).
These techniques allow exploring the details of the N-A-S-H gel at the nanoscale. TEM
results are displayed in Fig. 5.13 where Si:Al 1.5 and 2 are compared at the same
magnification (92000X). In this picture a particle of geopolymer paste is analysed to
understand the mean size of the granular shape gel structure previously discussed
in the SEM analysis. Si:Al 1.5 exhibits smaller particles, with sizes ranging between
15 and 50 nm, while Si:Al 2 has mean particles between 30 and 50 nm. Fig. 5.14

2QOstwald ripening is a phenomenon describing the change, e.g. coarsening, of solid particles via
dissolution of smaller crystallites and growth of larger ones.

113



shows the HIM analysis on geopolymer paste with Si:Al 1.5, which provides a SEM-
like picture of a surface of the N-A-S-H gel (as opposed to the TEM images which
overlay on a single image features at different depths within the gel). The HIM image
allows appreciating the porous interconnected structure, with pore diameters between
20 and 200 nm.

1tif 3.eif —_—
gnk1.5 100 nm gmie2 100 nm
cal: 0.61237 nm/pix HV=100.0kv Cal: 0.61237 nm/pix HV=100. 0kV
14:40:57 14/02/17 Direct Mag: 92000% 15:04:32 14/02/17 Direct Mag: $2000x
¥: 353.379 v: 253.695 T: X: 440.544 ¥: 274.750 1:

EM Research Services EM Research Services

a) Si:Al1.5 b) Si:Al 2

Figure 5.13: TEM micrographs of the geopolymers paste 14 days after casting. a) Si:Al 1.5 b)
Si:Al 2.

Figure 5.14: HIM micrographs of the geopolymers paste with Si:Al 1.5 28 days after casting.
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5.2.2 Porosity study (isotherms, MIP, TGA)

This Section summarises all the results obtained analysing the porosity of metakaolin
geopolymer pastes at different scales.

Water adsorption-desorption isotherms. Water adsorption-desorption isotherms
obtained on different geopolymer pastes are displayed in Fig. 5.15. The method-
ology applied and described in Section 4.2.3 consisted of two successive cycles of
desorption-adsorption, the first one displayed with a dotted line and the second one
with a continuous line in Fig. 5.15. For clarity, the same test results are replicated
in Fig. 5.16, with Fig. 5.16 a. showing only the first cycle and Fig. 5.16 b. only the
second cycle. The adsorption curve does not change significantly from first to second
cycle. By contrast, the desorption curve changes considerably, influencing the shape
and extent of the hysteresis loop. The first desorption isotherm displays a plateau in

SitAl 1.5 1 Si:Al 1.75 | Si:Al 2 |
Si:Al1.5 1 Si:Al1.75 1l Si:Al 2 I

o o o
> » o =
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o
(M)

0
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%100%

Relative Humidity [%]

Figure 5.15: Overview of the complete water adsorption-desorption cycle.

desorption going from 100% to 80% RH, and the hysteresis involves the whole range
of RH from 100% down to 0%. The second hysteresis loop instead closes at 50% RH,
for all geopolymer pastes. For both cycles the point at 0% RH actually corresponds to
the very small (although not strictly zero) humidity imposed by drying with silica gel. At
this conventional 0% RH point, the saturation level does not reach zero because the
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Figure 5.16: a) First water adsorption-desorption isotherm b) Second adsorption-desorption
isotherm.

reference dry mass was obtained by oven-drying the sample at 105 °C, which removes
more water from the structure than drying the samples with silica.

Considering the IUPAC classification [38], shown in Fig. 5.17 a., all the adsorption
isotherms in Fig. 5.15 can be classified as Type IV. Type IV isotherms display a first
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uptake at low RH, then an almost constant level of saturation at intermediate values
of RH (between 10% and 50%) and finally a steep slope towards full saturation at
higher RH. This adsorption behaviour is typical of mesoporous materials, hence from

I II
8
T III Iv T
3
g ) s | H3 H4
! t
2 I
v Vi 5
3 g
g g P
L)
Relative pressure — Relative pressure ——»
a) b)
Cavitation
3 3
Deelayed
Condensation
1 1 : : Il
02 04 08 os 10
<> qb quizwt < > < > <>w>w(
c)

Figure 5.17: a) Types of adsorption-desorption isotherm (after IUPAC [38]). b) Type of hystere-

sis loop (after IUPAC [38]) c) Type H2 (a) and (b) hysteresis loop (after Thommes
et al. [39]).

the similarity with the adsorption-desorption isotherms in Fig. 5.15, it can be concluded
that the analysed geopolymers pastes are also mesoporous.
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Additional information regarding the mechanism of pore emptying can be deducted
from the shape of the hysteresis loop. All the adsorption isotherms in Fig. 5.15 present
a hysteresis loop shape H2, as in Fig. 5.17b. This loop shape consists of desorption
starting flat and sitting above adsorption at high RH, and then a sharp desorption at
intermediate RH between 40% and 80%. A Type H2 hysteresis loop is typical of mate-
rials where the shape and size distributions of the pores are very polydisperse [166]. In
such heterogeneous pore structures, pore blocking (also called the “ink bottle” effect) is
typically the main obstable to equilibration during desorption, in which wide pores have
access to the external environment only through narrow necks. During adsorption, the
narrow necks saturate at low RH and the water can flow through them to progressively
saturate also the wider pores deeper into the sample. However, during desorption, the
wide pores cannot de-saturate until the narrow necks connecting them to the exterior
get empty and provide a liquid-vapour interface, or until the partial pressure (or relative
humidity) is sufficiently low to allow for cavitation within the wide pore considered as an
isolated pore. This results in large pores desaturating at a lower RH than would be nec-
essary if instead all the pores were directly connected with the exterior. Furthermore,
H2 hysteresis loops can display different slopes in the desorption branch, as shown in
Fig. 5.17c., which distinguish between two different mechanisms that may occur during
evaporation [39, 166]: pore blocking and cavitation. In the case of the geopolymers
samples tested here, the pore blocking effect is likely to be overcome before cavita-
tion occurs, in that cavitation takes place in all pores more or less at the same RH of
ca. 40%, whereas the desorption curves in Fig. 5.15 show progressive desaturation
through a wide range of RH. The smaller extent of hysteresis during the second cycle
of sorption is probably reflecting a coarsening of the pore structure. The desorption
curve provides therefore information on the interconnectivity of the pore network.

The pore size distribution can be derived from the isotherm results, using the method
presented in Section 4.2.3. However, to this end one must first decide on whether des-
orption or adsorption should be considered as a reference curve for the calculation of
the pore size distribution. As discussed in Section 4.2.3, the theory to obtain pore size
distribution is based on equations, e.g. Eq. 4.12, that assume equilibrium between the
pore solution and RH in the environment. Therefore, the most appropriate branch to
be chosen (adsorption vs. desorption) should be the branch where the corresponding
distribution of water in the pore network is closer to equilibrium, i.e. corresponds to a
lower free energy level. For materials with multiscale porosity, like geopolymers and
cement paste, the adsorption isotherm is generally closer to equilibrium than the des-
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orption isotherm [38]. Therefore the adsorption isotherms are used here to calculate
pore size distributions.

The pore size distribution in Fig. 5.18 has been calculated with a model developed
by Masoero et al. [149], and also considering the contribution of the Langmuir adsorp-
tion. Section 4.2.3 discussed the model in detail, highlighting the main parameters
that determine the pore size distribution and that need to be fitted against the sorption
isotherms. Namely, for the sorption isotherms obtained here, the model fit in Fig. 5.18
indicates a characteristic pore size for the dense domain equal to 3 nm, a characteris-
tic pore size for the lose domain equal to 10 nm, and a packing fraction n = 0.69. The
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Figure 5.18: a) Comparison between experimental data points for Si:Al 1.5, blue circles, and
modelling simulated isotherm (in red). The adsorption curve point at 90% is a
linear interpolation between values at 80% and 100%, since it was not possible
to measure this data experimentally (see Section 4.2.3). b) Pore size distribution
obtained with the model.

resulting pore size distribution, in Fig. 5.18 b. displays two characteristic pore sizes
of 3 and 10 nm, showing that wider pores occupy overall a larger fraction of the to-
tal mesoporosity. The two curves in Fig. 5.18 a. are in good agreement up to 70%
RH, corresponding to a pore diameter of 8 nm, while the last three points at high RH
are not captured. This means that the pore size distribution obtained with this model
might underestimate the size of the largest mesopores. Additionally, water adsorption-
desorption test cannot provide an appropriate characterisation of the macropores, like
those shown in the SEM images previously discussed, hence the pore size distribution
obtained in Fig. 5.18 b. will have to be integrated with MIP.

The pore size distribution in Fig. 5.18 is only for Si:Al 1.5. However, Fig. 5.16 shows
that the Si:Al ratio does not have an important effect on the adsorption isotherm, and
thus all the samples irrespective of their Si:Al ratio should have a similar pore size dis-
tribution. The Si:Al ratio affects instead the desorption branch, which is controlled by
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the connectivity of the pore network. Increasing the Si:Al ratio widens the hysteresis
in the RH range between 50% and 80%, leading to the conclusion that a higher Si:Al
ratio creates a pore network where pore blocking is more significant. This is in line with
literature results on metakaolin geopolymer pastes obtained through nitrogen adsorp-
tion [10].

Mercury Intrusion Porosimetry (MIP). The MIP test has been used to analyse the
pore size distribution of the geopolymer pastes between 10 and 100 nm, which are still
in the range of mesopores but difficult to characterise by vapour sorption. Exploring
these range of mesopores by MIP will support the development of the mesoscale model
presented in Sections 4.3.2 and 5.3.2. Fig. 5.19 shows the evolution of pore size
distributions from MIP test results at 5, 7 and 14 days after casting. At all these ages,
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Figure 5.19: Pore size distribution obtained with MIP test at 5, 7 and 14 days after casting for
Si:Al 1.5 and 2.

the samples with Si:Al 1.5 display a main peak centred at 15 nm, whereas the pastes
with Si:Al 2 display two peaks, one centred at 18 nm and the other one at 50 nm.
The only appreciable effects of sample age concern the samples with Si:Al 2, with the
peak at 50 nm moving to 45 nm. This may be caused by ongoing reaction and product
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forming inside the pore.

The MIP test also quantifies the total volume of pores in the sample, hence the total
porosity. The test results show that the porosity does not change significantly with age
during the first two weeks (ranging between 30 to 31% for Si:Al 1.5 and between 34 to
36% for Si:Al 2). The fact that the two pastes have a similar total porosity is in line with
the SEM observations. For the samples with Si:Al 1.5 it is possible to compare the MIP
results with the HIM observation in Fig. 5.14. The HIM micrograph shows a pore net-
work characterised by pores with diameter between 20 to 200 nm, while the MIP pore
size distribution of the sample with Si:Al 1.5 shows pores up to 40 nm. Hence, while
some pore sizes are detected by both tests, specifically between 20 and 40, the MIP
does not seem to capture pores with diameter over 40 nm and under 100 nm (upper
limit of the test). This might mean that, while visible in the HIM pictures, pores with size
between 40 and 100 nm occupy overall a much smaller volume compared to smaller
pores. More data would be required to confirm the result.

TGA. Thermogravimetric Analysis is performed to qualitatively classify the water
in the geopolymer matrix on the basis of how strongly it is bound to the solid struc-
ture. This qualitative classification will later be related to volume changes during the
geopolymerisation reaction. Fig. 5.20 shows the results of the TGA tests, in which the
amount of mass loss is assumed to coincide with water loss, together with a classifi-
cation proposed by Kuenzel et al. [12]. The evaporable amount is considered to fully
leave the structure at a temperature of 250 °C, although this is known to depend on the
testing conditions to some extent (e.g. a heating rate of 10°C/minute might prevent the
complete evaporation of water at temperatures below 250°C) [12]. According to Kuen-
zel et al’s work, water can be subdivided into three categories related to the degree
of bonding with the solid structure. “Free water” and “interstitial water” correspond to
two types of evaporable water in the structure. Comparing the graphs in Fig. 5.20, all
the pastes experience the highest fraction of mass loss below 250°C, as highlighted
by the differential thermogravimetric analysis (DTG) results in red: this corresponds to
the loss of evaporable water. In particular Si:Al 1.5 loses 13.9% of its mass, Si:Al 1.75
10.05%, and Si:Al 2 10% in weight. These findings are in line with literature results re-
porting an inverse correlation between increase of Si:Al and mass loss of the samples
[41]. In particular, the main difference between samples occurs in the temperature
range between 125°C and 200 °C, while all mix designs experience the same mass
loss up to a heating temperature of 125 °C and over 200 °C.
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Figure 5.20: TGA results and classification of the type of water in the geopolymer structure.
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respectively.
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The geopolymer paste with Si:Al 1.5 experiences a mass loss that is almost twice
as large as that of the pastes with Si:Al 1.75 and 2 in the 125-200 °C temperature
range. There is not a noticeable difference between Si:Al 1.75 and 2. The porosity
values obtained with the MIP test at 14 days showed comparable results between the
paste with Si:Al 1.5 and 2, with a porosity ranging between 30% (Si:Al 1.5) and 35%
(Si:Al 2). This results from MIP seem to contradict with the observation of different
evaporable water contents from TGA. However, the MIP results consider pore sizes
only up to 100 nm, while the difference in the TGA results could be due to evaporable
water in pores larger than that. The SEM at one year in Fig. 5.12 |. shows indeed a
different characteristic macropore size for Si:Al 1.5 compared to 1.75 and 2, but the
overall average porosity at the macroscale is difficult to quantify by visual observations.
Previous works confirm the results discussed here, showing that between 100 and
300 °C metakaolin geopolymer samples lose the largest amount of water and, as a
consequence, display the largest amount of drying shrinkage [41].

5.2.3 Reaction kinetics by calorimetry

The experimental results in Fig. 5.21 have been obtained with isothermal calorime-
try test at 25° C on the three geopolymers pastes with Si:Al equal to 1.5, 1.75, and 2.

Fig. 5.21 displays the rate of reaction and, in the inset, the cumulative heat re-
leased during the geopolymerisation. Two distinctive peaks of rate are highlighted for
all Si:Al ratios. The first exothermic peak appears immediately after the casting for all
mixes, while the second peak occurs after several hours from mixing and its magni-
tude decreases with the Si:Al ratio. Zhang et al. [167] assigned these peaks to the
different stages of the geopolymerisation, the first peak marking the dissolution of the
metakaolin, and the second one being related to the formation and organisation of the
N-A-S-H product. The second peak has higher intensity when decreasing Si:Al ratio,
and the reaction happens rapidly. It is known in the literature [55] that an activating so-
lution based on sodium silicate restrains and retards the formation of the geopolymer
gel, partially hindering the formation of additional crystalline phases. This is due to the
lower concentration of available Na* ions, and thus lower pH in solutions of sodium
silicate compared to solutions of sodium hydroxide only. For the pastes used in this
work, Si:Al 1.5 is activated with a mix of sodium hydroxide and commercial sodium
silicate solution, while Si:Al 2 is activated only with the same commercial sodium sili-
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Figure 5.21: Isothermal calorimetry tests. Rate of the reaction as a function of time. The inset
shown the cumulative heat released during the reaction.

cate solution (see Table 4.3). As a result the concentration of sodium hydroxide in the
activating solution is higher for Si:Al 1.5 providing an increased alkalinity. Hence, the
pH of the solution used for Si:Al 1.5 is higher than the other two mixes. Consistently
with the second peak of rate getting smaller, the setting time in Table 4.6 increases
with the Si:Al ratio. Therefore, adding more silicate in the activating solution retards the
reaction, affecting the mechanical properties at early age.

The cumulative heat released during the geopolymerisation reaction (inset in Fig. 5.21)
is comparable at 40 hours for Si:Al 1.5 and 1.75, whereas the samples with Si:Al 2 have
released 25% less heat at 40 hours. This is also consistent with the lower reactivity
of pastes with Si:Al 2. The same trend has been observed by Zhang et al. [167], who
reported cumulative heat released ranging between 286 and 390 J/g MK. These val-
ues from Zhang et al. are higher than the heat release shown in the inset of Fig. 5.21,
but the type of metakaolin used here has a high amount of unreactive material, which
interferes with the extent of the reaction and with the heat released when normalised
per gram of raw material, as it is in Fig. 5.21.
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5.2.4 Chemical expansion: experiments and modelling

This Section discusses the results of the chemical shrinkage experiments presented
in Section 4.2.5. The results are then interpreted through a theoretical model that con-
siders the different reactants and products in the geopolymerisation reaction. Fig. 5.22
shows the experimental results of chemical expansion over time for the three geopoly-
mer pastes considered here. All mix designs display an overall expansive behaviour,
meaning that the volume of the geopolymerisation product is larger than the volume of
the reactants. Specifically, the results indicate that the measured chemical expansion
is inversely proportional to the Si:Al molar ratio in the geopolymer mix, with the maxi-
mum chemical expansion for the mix with Si:Al 1.5 equal to 15 ul/g MK, 8.5 ul/g MK for
Si:Al'1.75, and 4 ul/g MK for Si:Al 2. Additionally, while the volume of the Si:Al 1.5 and
1.75 samples stabilises after 30 hours, Si:Al=2 starts to shrink again after 46 hours.

[h]
o
il

—
[4)]

Chemical Expansion (;:1/g MK)
)

1 Si:Al
5 —e—15
] —e—1.75
2
0 = S
0 10 20 30 40 50 60 70 80 a0 100

Time (h)

Figure 5.22: Chemical expansion versus time. Dots represent the averaged measurements
over four tests for each mix design, and the shaded area indicates the standard
error.

The expansive behaviour is uncommon for cementitious materials, as materials
based on calcium silicate hydrates normally display chemical shrinkage. Hence, the
chemical expansion observed here for the geopolymer mixes could be of technological
value, in particular if this expansion eventually contrasts the macroscopic autogenous
shrinkage that may cause cracking. The literature lacks experimental data on both the
chemical and autogenous shrinkage of geopolymers, so this dissertation will address
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both of these gaps: in Section 5.2.5, by presenting experimental results on autogenous
shrinkage, and here by providing a model-based explanation to build confidence on the
chemical expansion results shown in Fig. 5.22.

The chemical expansion results in Fig. 5.22 can be analysed with the theoretical
model introduced in Section 4.2.5. The model will help explain which components of
the reaction are the main responsible ones for the expansive behaviour. To this end, it
is sufficient to consider one sample only with Si:Al 1.5. The effect of Si:Al ratio on the
results will be discussed later in this section. As previously introduced in Section 4.2.5,
the amount of water in the N-A-S-H gel at the molecular scale is not exactly defined,
hence several hypothesis have been considered here to clarify the extent to which
such water controls the chemical expansion. Eq. 5.1 describes the starting point of this
study, under the initial assumption of H,O:Na = 3 of structural water in the N-A-S-H
product, viz. §=3.

1Al,03 - 2 Si04 (mk) + 1 NayO - 0.87 SiO4 - 12.3 HoO (solution) + 3.02 SiOy(quartz) —
2Na(AlO3 - 1.5510,) - 3H,0 (N—A—S—H) + 6.3 H2O (solution) + 3.02 SiOs(quartz)
(5.1)

The amount of chemical expansion depends on the difference between molar vol-
ume of reactants and products. The molar volume is obtained applying Eq. 4.17, start-
ing from the density and molar weight of each component of the geopolymerisation.
Referring to Eq. 5.1 it is possible to calculate the contribution of each reaction com-
ponent to the balance of molar volumes, using Table 4.5 for the N-A-S-H density and
Fig. 4.16 for the density of the solution. Table 5.3 summarises the results obtained
for a=1, i.e. when the geopolymerisation reaction is 100% complete. The results in
Table 5.3 indicate that a geopolymer paste with Si:Al 1.5 and g = 3, at full reaction
(a=1) should display a chemical shrinkage of 20.17 cm? per mol of metakaolin, which
corresponds to 90.84 ul/g MK. This result is in contrast with the experimental results of
expansion obtained in Fig. 5.22, but the chemical shrinkage prediction is consequent
to the choice of g = 3. Considering instead a different value of j it is possible to match
the experimental expansion, as shown hereafter.

Table 5.4 shows the same calculation, but this time assuming g = 1.5. The differ-
ent assumption of water content in the N-A-S-H leads to a different chemical formula,
molar weight and density (computed with the molecular model in Section 5.1) for the N-
A-S-H products and solution. These differences, compared to the values in Table 5.3,
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Table 5.3: Example of molar volume calculations considering Si:Al =1.5, 5=3, and a=1 . Leg-
end: MW=molecular weight, MV= molar volume. The MV of 1 mole of product
are the following: N-A-S-H = 101.10 cm?3/mol, SiO» = 22.67 cm?/mol, H,O = 18.02

cm3/mol.
Reactants Chem. formula MW Density MV tot.
[g/mol] [g/cm3]  [cm3/mol]
Metakaolin  Al,O3 -2 SiO, 222.13 2.55 87.11
Solution Na,O- 0.87Si0O,- 12.3H,0 335.84 1.35 248.77
Inert 3.02SiO, 60.08 2.65 68.58
0446
Products Chem. formula MwW Density MV tot.
a=1 [g/mol] [g/cm3]  [cm3/mol]
N-A-S-H 2Na(AlO; - 1.5Si0,) - 3H, O  222.24 2.198 202.21
Inert 3.02SiO, 68.58 2.65 68.58
Solution 6.3H,0 18.02 1.00 113.49

are highlighted in orange in Table 5.4. Changing from =3 to 5=1.5 has a direct conse-
guence on the total molar volume of the solution. In addition, the density of the N-A-S-H
is also changing as described in Table 4.5 (value provided by dedicated molecular sim-
ulations and shown previously in Section 4.2.5). Hence, while the molar volume of the
N-A-S-H decreases, the total molar volume of the solution increases more rapidly, sug-
gesting that the volume occupied by the water inside the N-A-S-H product is smaller
than the volume of the same quantity of water in bulk-like conditions in the pores.

Table 5.4 shows that a sample with Si:Al 1.5 and 5 = 1.5, fully reacted, should in-
deed display a chemical expansion of 3.44 cm3/mol, which corresponds to 15.48 pl/g
MK. This value is in line with the experimental result in Fig. 5.22 (15 ul/g MK), suggest-
ing that H,O:Na=1.5 may be considered as a good approximation for the molecular wa-
ter content in geopolymers with Si:Al 1.5. This water content agrees with experimental
results from the literature relating the Si:Al molar ratio to the molar water content of
samples at the onset of drying shrinkage at room temperature [12]. Indeed, these liter-
ature results indicate that samples with Si:Al 1.6 start to display drying shrinkage when
their water content decreases below H,O:Na=2, whereas for samples with Si:Al 1.8
this happens when H,O:Na=2.8, as shown in Fig. 2.12 c. Extrapolating the expected
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Table 5.4: Example of molar volume calculations considering Si:Al =1.5, 5=1.5, and a=1 . Leg-
end: MW=molecular weight, MV= molar volume. The MV of 1 mole of product
are the following: N-A-S-H = 86.64 cm?/mol, SiO, = 22.67 cm?/mol, H,O = 18.02

cm3/mol.
Products Chem. formula Mw Density MV tot.
a=1 [g/mol] [g/cm3]  [cm3/mol]
N-A-S-H  2Na(AlO; - 1.5Si0,) - 1.5H,0
Inert 3.02Si0, 68.58 2.65 68.58
Solution H-O 18.02 1.00

408.82

value for Si:Al 1.5 the water content would be equal to 1.6 molecules of water per atom
of sodium, close to the 1.5 indicated by the theoretical model and that could explain
the measured chemical expansion.
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Figure 5.23: Chemical expansion as a function of the degree of reaction and H,O/Na molar
ratio. The experimental result in black corresponds to the chemical expansion
measured in Fig. 5.22 and here is associated to a whole range of possible «,
from 0.7 to 1, because of the uncertainty on the full geopolymerisation extent
achieved during the chemical shrinkage experiment.

The model results discussed so far indicate that expansion is to be expected at full
reaction (a=1) and that its extent is controlled by the amount of water in the skeletal
structure of the geopolymer at the molecular scale. Fig. 5.23 shows how the chemical
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expansion is predicted to evolve during the geopolymerisation reaction, i.e. when «
increases from 0 to 1. The curves in Fig. 5.23 are obtained from the model referring to
five different N-A-S-H structures with water content 5 ranging from 0 to 3. The trends
in Fig. 5.23 are non linear, and showing more expansion as /5 diminishes. The non
linearity reflects the nonlinear decrease of the density of the unreacted solution as the
reaction proceeds, as previously shown in Fig. 4.16. Hence, Fig. 5.23 confirms that,
for pastes with same Si:Al ratio, the amount of water in the molecular structure can be
responsible for a wide range of possible extents of chemical expansion, with a theo-
retical chemical expansion of 150 ul/g MK when the molecular structure is assumed to
be anhydrous (an unphysical but conceptually interesting limit behaviour), and with a
chemical shrinkage of 90 ul/g MK when H,O:Na molar ratio is equal to 3. The water
content at the molecular scale has an impact both on the density of the N-A-S-H, and
on the amount of water which remains available in the unreacted solution at the end
of the reaction. In fact, the water that is not incorporated into the geopolymerisation
product remains available in the paste as free water. As anticipated previously, the
water confined in the molecular structure has a higher density than the water in the
unreacted solution.

The theoretical model proposed here allows also to predict the dependence of
chemical expansion on Si:Al ratio. This is quantified experimentally in Fig. 5.22, which
shows that pastes with higher Si:Al ratios display less chemical expansion. The exper-
iments in Kuenzel et al. [12] show that geopolymer samples with higher Si:Al also have
higher water contents at the molecular level. Because the water in the N-A-S-H has a
higher density than the water in the unreacted solution, on the basis of the chemical
shrinkage model presented here, pastes with Si:Al 2 are expected to have a higher
tendency to shrink than pastes with Si:Al 1.5.

Overall the theoretical model presented here provides an explanation for the extent
of chemical expansion (or shrinkage) obtained experimentally, through an integrated
approach which combines data from molecular dynamics simulations and experiments.

5.2.5 Autogenous shrinkage

Fig. 5.24 shows experimental results of autogenous shrinkage versus time. Sam-
ples with Si:Al 1.5 and Si:Al 1.75 show a first expansive behaviour followed by shrink-
age after the first 1.5 days of measurements after setting. Instead, samples with Si:Al 2
display no strain for the first day, followed by shrinkage with a trend that is similar to the
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other two mix designs. The initial expansion might result from the chemical expansion
behaviour presented in the previous section, which followed a similar trend, viz. de-
creasing with the Si:Al ratio. The average values of autogenous strain at the end of the
test are respectively: 50 um/m expansion for Si:Al 1.5, 30um/m shrinkage for Si:Al 1.75
and 260 pm/m of shrinkage for Si:Al 2. For traditional cement pastes based on calcium
silicates, the literature reports values in the order of 1500-2000 ym/m of shrinkage
depending on the type of cement [168, 169]. Hence, metakaolin geopolymers display
much less autogenous shrinkage than calcium based cement paste, and this is good
for applications where tightness against fluid permeation is crucial, for example in oil
and gas well cementing. The literature lacks experimental data on autogenous shrink-
age of metakaolin geopolymers, hence the results in Fig. 5.24 may only be compared
with general observation on total shrinkage (autogenous and drying combined together
into a single test that does not differentiate between them). Total shrinkage tests have
indicated that increasing the Si:Al ratio causes an increase in the overall amount of
shrinkage [13, 15].
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Figure 5.24: Autogenous strain versus time. Time equal to zero corresponds to the time of final
setting (see Table 4.6), and the solid dots represent averaged measurements over
four specimens for each mix design, while the shaded area indicates the standard
error.

The curves shown in Fig. 5.24, suggest the presence of two competing processes,
an expansive one that governs the first days of the reaction and a contracting one that
dominates the following days. For traditional cements, autogenous shrinkage is ex-
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plained with self desiccation caused by chemical shrinkage, but this is not applicable to
geopolymers, as they undergo chemical expansion. The autogenous shrinkage of the
geopolymers might instead have its origin in the intrinsic temporal evolution (viz. the
ageing) of the geopolymerisation product. After the initial expansion, due to the for-
mation of the geopolymerisation product, structural ageing might cause some of the
pores in the N-A-S-H to collapse without significantly changing the molecular structure
of the N-A-S-H itself. The pore collapse might be partly enabled by ripening processes
at the mesoscale, resulting in coarsening of the mesostructures, observed in the SEM
micrographs between 28 days and 1 year, as detailed in Section 5.2.1. If some of the
mesopores close up causing a macroscopic autogenous shrinkage, then some water
would need to be expelled from the sample, and indeed bleeding of water out of the
samples was observed in the experiments reported here, with the samples with largest
Si:Al displaying consistently maximum shrinkage and maximum bleeding. Overall this
points to possible mechanism of autogenous shrinkage in geopolymer cements that
is completely different from the autogenous shrinkage in traditional, self-desiccating,
calcium-based cements. However, the theory presented here requires additional ex-
periments to be confirmed.

5.3 Understanding ageing: first results

The early age behaviours discussed thus far (reaction kinetics and chemical and
autogenous shrinkage) are signatures of nanoscale mechanisms that are also likely
to influence the chemo-mechanical evolution of the material in the longer-term [170]
hence, its durability. Similar to the results on early age shrinkage, the literature lacks
data on long term drying shrinkage and creep of metakaolin geopolymers. This Sec-
tion therefore introduces some first experimental investigations on long term properties
of metakaolin geopolymers, in particular drying shrinkage tests and creep analysis up
to more than 300 days after casting. Drying shrinkage has been tested both in environ-
mental conditions, in a large humidity chamber with control of RH in the range of 50+
10% and T=23°C, and in boxes with salts to better control the humidity although for a
shorter timescale only, respectively below 10% RH and ca. 40% RH. Creep has been
tested in environmental conditions.

The results shown hereafter suggest that chemical composition and mesopore
structure play a key role in the creep and drying shrinkage behaviours, as already
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studied in the field of traditional PC [19, 171]. Hence, the second part of this Sections
will show some first steps undertaken to develop a nanoparticle model of geopoly-
mers to link the mesopore structure with chemical composition, providing a starting
point to investigate the basic mechanisms that might control the long term behaviour
of geopolymers. In particular, this section shows the derivation of interactions forces
from the molecular scale model (hence chemistry-dependent) and how these lead to
the formation of different mesopore structures at the large scale of nanoparticle ag-
glomerates.

5.3.1 Long term behaviour: drying shrinkage and creep

Drying shrinkage at constant relative humidity. Fig. 5.25 displays weight loss
versus length loss for three mixes with different Si:Al ratios exposed to two different
drying conditions, for 50 days. The first condition, in Fig. 5.25 a., consists in placing
the samples in a severe drying environment, reaching relative humidity below 10% by
using silica gel as a drying agent. The second condition is achieved using potassium
carbonate as drying salt, which sets the RH to 40%=+ 4%. For both conditions the
results are similar, with a clear trend that relates an increase in Si:Al ratio with higher
amount of shrinkage. The severe drying conditions created by the silica gel expectedly
lead to a final shrinkage that is larger compared to the case of a milder drying with
potassium carbonate. This result is expected since the increase of drying shrinkage
is considered to be inversely proportional to the relative humidity. In particular, as RH
increases, the water evaporation within the specimen decreases, resulting in reduced
drying shrinkage [172]. Specifically at 50 days (end of the test), Si:Al 1.5 displays a
drying shrinkage strain of 0.004 at RH below 10%, compared to 0.003 at RH of 40%.
The sample with Si:Al 2 instead shrinks by 0.032 at RH below 10%, compared to 0.028
at RH of 40%.

Fig. 5.25 a. and b. also show that the relationship between shrinkage strain and
saturation is similar irrespective of the external humidity (and thus of the final strain
at equilibrium). This similarly in trends is expected because, at a given saturation
degree, the water in samples with same Si:Al is likely to occupy pores of similar size,
irrespective of the external RH towards which the sample is evolving. This means that,
for the same saturation degree, the position and curvature of the liquid-vapour menisci
will be similar as well, and this is what is likely to control the drying shrinkage behaviour.
Hence, the same saturation degree (proportional to the weight loss) should provide a
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Figure 5.25: a) Weight loss versus drying shrinkage for samples exposed to silica gel (internal
RH below than 10%) b) Weight loss versus drying shrinkage for samples exposed
to potassium carbonate gel (internal RH below than 40%). The error is not dis-
played in the graph since it is always less than or equal to 0.001 mm/mm, hence
below the width of the dots.

similar shrinkage strain as in Fig. 5.25. This result indicates that the drying shrinkage of
metakaolin geopolymers is probably controlled by capillary pressure, as for traditional
PC pastes.

Finally, Fig. 5.25 indicates that the weight loss is higher for samples with lower Si:Al
ratios. This is in good agreement with the results in Sections 5.2.2 (in particular TGA
results), 5.2.4 and 5.2.5, whereby samples with a lower Si:Al ratio have less water
bound in the molecular structure of N-A-S-H, and thus more water occupying pores
and able to evaporate upon reduction of RH within the ranges explored here (evap-
orable water).

Drying shrinkage of control creep specimens. Drying shrinkage in environmen-
tal conditions has been carried out on the control specimens cast for the creep test.
The logarithmic plot in Fig. 5.26 shows that the results of the drying shrinkage do not
display an asymptotic trend. This indicates that the drying shrinkage is a long-term
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Figure 5.26: Drying shrinkage strain versus time, averaged over three samples for each mix
design. Day zero represents the first day of testing, after 28 days of curing the
samples in sealed bags.

phenomenon, which does not stabilise even after one year exposure at constant RH.
Over the full duration of the analysis, Si:Al 2 undergoes the greatest amount of shrink-
age with a shrinkage strain at 280 days equal to 1.366 xm/mm, followed by Si:Al 1.5
with 1.272 ym/mm and Si:Al=1.75 with 0.786 ym/mm. All mix designs display less
drying shrinkage than ordinary cement paste: Bissonnette et al. [172], report drying
shrinkage strain between 2.5 and 3 um/mm after 300 days of testing an ordinary ce-
ment paste with water to cement ratio between 0.35 and 0.50 [172].

Fig. 5.26 shows that during the first 80 days of the test, a lower Si:Al ratio implies
a smaller amount of drying shrinkage, which is in line with reported literature observa-
tions on metakaolin geopolymers [13, 15], and also agrees qualitatively with the results
in Fig. 5.25. However, from day 80, the Si:Al 1.5 sample shows a considerable in-
crease in drying shrinkage strain, reaching a final shrinkage that is comparable to the
shrinkage of the sample with Si:Al 2. This acceleration of shrinkage of the paste with
Si:Al 1.5 is shown consistently by both samples used to obtain the curve in Fig. 5.26,
as indicated by the small error bars. From the observations in Sections 5.2.2, 5.2.4,
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5.2.5, Si:Al 1.5 has less structural water at the molecular scale than Si:Al 2, and this
has been identified as one of the causes of the formation of overall expansive products
in the first day of the reaction. This expansion might be counteracting the contraction
caused by desiccation, retarding the drying shrinkage of sample Si:Al 1.5, observed
in Fig. 5.26. However, it is still unclear why this mitigation effect continues for more
than 100 days, while the autogenous shrinkage strain, shown in Fig. 5.24, reverses
its trend after one day. Another possible cause of the unusual shrinkage behaviour of
the samples with Si:Al 1.5 might relate to a different saturation level or capillary pres-
sure, however these are unlikely to explain the behaviour since all samples present
similar sorption isotherms, as shown in Fig. 5.15. A third possible reason might have
to do with permeability. Si:Al 1.5 displayed a mean pore size smaller then Si:Al 2, as
shown in Fig. 5.19. The smaller pores could delay the drying of the sample, with Si:Al
1.5 samples displaying a retarded shrinkage compared to the other pastes. Despite
these possible interpretations, the mechanisms causing acceleration of the shrinkage
in the samples with Si:Al 1.5 are still not clear, and further experiments will be required
to understand the origin of this unusual behaviour. Additional experiments on drying
shrinkage and autogenous shrinkage should be performed on at least a new set (3
samples) of metakaolin geopolymer pastes with the same mix design. Furthermore, a
comparison with geopolymer pastes cast with a different type of metakaolin, but with
the same Si:Al ratio might be useful to understand the impact of the raw material.
These additional data might confirm or deny the behaviour observed here.

Creep. Only one sample for each mix design has been tested for creep (see Sec-
tion 4.3.1 for details), hence the plots presented in this Section do not show standard
errors. Table 5.5 summarises the test parameters for each specimen. The applied
load is equal to one third of the average failure load at 30 days (see Section 4.3.1),
hence the applied stress is different for each mix design. The increase in compressive
strength with the increase in Si:Al ratio is known in the literature, therefore the trend of
applied stress in Table 5.5 is expected.

Fig. 5.27 displays the evolution of total strain with time for the three metakaolin
geopolymer pastes, highlighting all the contributions to the total strain measured during
the test. As indicated in Section 4.3.1 the basic creep strain is calculated with Eq. 4.25,
repeated here for clarity:

€creep — €tot — €DS — €elastic (52)
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Figure 5.27: Different components of the creep strain versus time.
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Table 5.5: Loading parameters for the creep test.

Si:Al ratio Applied load Mean diameter Applied stress

[kN] [mm] [MPa]
1.5 7.27 38.87 6.12
1.75 7.52 38.97 6.31
2 8.47 38.87 7.14

Fig. 5.27 shows that while Si:Al 1.5 and 1.75 seem to stabilise their basic creep
deformation at the end of the test, reaching an asymptotic value, the basic creep de-
formation of Si:Al 2 continues to increase logarithmically beyond one year of testing.
PC pastes also experience long-term logarithmic creep. Fig. 5.27a. also shows that
the basic creep of samples with Si:Al 1.5 decreases between 100 and 150 days, in cor-
respondence to the acceleration of shrinkage shown in Fig. 5.26. Instead, Fig. 5.27b.
and c., show a more predictable behaviour without considerable fluctuations for the
samples with Si:Al 1.75 and 2.

The results in Fig. 5.27 depend on the level of stress, hence cannot differentiate
whether the increase of strain with Si:Al ratio is intrinsic to the material (i.e. a material
property) or contextual to the higher stress level in samples with Si:Al 2 (see Table 5.5).
In Section 4.3.1 three measures have been introduced to normalise the results: creep
modulus, creep coefficient and creep compliance. These measures allow a compari-
son of the Si:Al ratio effect on the geopolymers creep behaviour irrespective of the level
of applied stress.

Fig. 5.28 illustrates the creep compliance of each sample versus time. The final
creep compliance for all sample is similar and ranges from 0.8 to 0.99 1/GPa increas-
ing with the Si:Al ratio. On the other hand, as already pointed out in relation to Fig. 5.27,
the compliance of samples with Si:Al 1.5 and 1.75 tends to an asymptote at 180 days
whereas that of Si:Al 2 continues to increase logarithmically, hence longer-term mea-
surements would be required in order to confirm whether the compliance of all samples
will be the same past one year and weather eventually the sample with Si:Al 2 will also
display a horizontal asymptote or not. Fig. 5.28 also shows that the compliance of
sample with Si:Al 2 is initially smaller than that of the other samples, and only after 100
days it reaches values that are comparable to those of the samples with Si:Al 1.5 and
Si:Al 1.75.

Fig. 5.29 displays the calculated creep coefficients as functions of time. The trend
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Figure 5.28: Creep compliance versus time.

displayed in this figure is opposite to the trend in Fig. 5.27, meaning that higher Si:Al
corresponds to less creep. The evolution of the coefficient is quite different for the three
samples: Si:Al 1.5 displays a constant creep coefficient already at 100 days, Si:Al 1.75
after 160 days, while the creep coefficient of the sample with Si:Al 2 keeps increasing
logarithmically in time for the whole duration of the test. In addition, at early age the
sample with Si:Al 1.5 displays a higher coefficient than samples with higher Si:Al ratio.

The creep modulus values in Table 5.6 range from 12.25 GPa to 10.20 GPa. These
values are comparable to the results obtained on cement paste by Irfan-ul-Hassan et
al. [173], ranging from 8.99 GPa to 12.9 GPa. The results in Table 5.6 show a creep
modulus that decreases while increasing the Si:Al ratio, in accordance with the trends
in Fig. 5.27 where samples with higher Si:Al ratio displayed more basic creep. Hence,
from the creep modulus results to a higher Si:Al ratio corresponds a higher creep de-
formation. This result is opposite to the conclusion drawn from the creep coefficient.
However, it should be noted that the creep modulus is calculated considering only the
results from day 10 until then end of the test, and indeed Fig. 5.29 shows that the gra-
dient of the coefficient versus time at later ages, e.g. after 100 days, is indeed greater
in the samples with Si:Al 2. This means that, overall, samples with low Si:Al shrink
faster in the short term (as shown by the slope of the creep coefficient), while samples
with high Si:Al show a persistent logarithmic increment of creep in the long term. This
might cause durability issues, since it is not clear whether the creep deformation will
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Figure 5.29: Creep coefficient versus time.

eventually stabilise to an asymptotic value or not.

Table 5.6: Gradient and creep modulus for the three mix designs.

Si:Al ratio Gradient (G) Creep modulus (C)

[GPa]
1.5 0.0005 12.25
1.75 0.0006 10.51
2 0.0007 10.20

As mentioned in the literature review (Section 2.1.4), there is currently no literature
available on the creep mechanisms or experiments of metakaolin geopolymer pastes.
The results presented here are first, though only preliminary investigation, since only
one sample per type is tested here. The only data available in the literature are for
fly ash geopolymer concretes, which showed a basic creep strain of 200 um/m [104],
hence one order of magnitude lower than the metakaolin geopolymer pastes tested.
This is an expected result considering that concretes usually undergo less creep than
pastes, due to aggregates counteracting the deformation.

Nevertheless, at least one correlation can be discussed, concerning the relationship
between the creep behaviour and the porosity of geopolymers. For ordinary calcium-
silicate based cement pastes, a higher porosity usually correlates with higher creep.
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This seems to hold also for the geopolymers paste studied here, as Si:Al 2 has an
average porosity of 36%, while Si:Al 1.5 has 32%, and the sample with Si:Al 2 displays
indeed higher creep than the sample with Si:Al 1.5.

The creep behaviour of geopolymers is expected to be mainly influenced by the
mesoporosity (as is already known for PC pastes [174]) and by the chemical composi-
tion (Si:Al ratio). Consequently, the model proposed in the following Section will focus
on porosity and eventually provide a complementary pathway to start understanding
and predicting the long-term behaviour of geopolymers, despite the current shortage
of experimental data in the literature.

5.3.2 Mesoscale model of the N-A-S-H gel

This Section presents first results from a new mesoscale model of the N-A-S-H
product, idealised as an agglomerate of polydisperse nanoparticles interacting me-
chanically via effective interaction potentials. The model construction process is de-
scribed in Section 4.3.2, together with an explanation of the parameters necessary to
define the interaction potentials. In particular, Section 4.3.2, shows that the interaction
potentials between particles can be entirely determined by two mechanical parameters
at the molecular scale: the ultimate strain at which the molecular structure of N-A-
S-H fails under tension (¢,;;) and the nanoindentation modulus M. These parameters
are obtained in this Section and used to obtain interactions leading to nanoparticle
agglomerates, whose pore size distributions are measured and compared to experi-
mental results in previous Sections. The first part of this Section has been published
in a conference paper titled Towards a mesoscale model of geopolymers: interaction
potential from the molecular scale [35], and presented at the EURO-C conference in
February 2018.

Mechanical parameters from the molecular model Sections 4.1 and 5.1 de-
scribe the molecular model of geopolymers based on fully polymerised defective struc-
tures. There, these molecular structure have been subjected to tensile strain using
LAMMPS [137], obtaining stress strain curves that allow calculating here the indenta-
tion modulus (M) and the strain at failure ¢,;; to parametrise interaction potentials at
the mesoscale. Fig. 5.30 shows the stress - strain curves obtained from the defective
molecular model with Si:Al 2, calculated in Section 5.1. The ultimate tensile strain,
viz. the strain corresponding to the maximum tensile stress, defined as a reference to
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Figure 5.30: Stress strain graphs for the defective structure with Si:Al 2 [35].

calculate the parameter « is ¢,; =11.47%. The indentation modulus M is 75.18 GPa.

Interaction potential parameters.

Table 5.7: Interaction potential parameters depending on the particle size [35].

M a o, 0j oi;; €(oi,0))
[GPa] [A] [A] [A] [eV]
75.18 6 50 50 50 1,035
75.18 6 50 100 75 3,107
75.18 6 50 500 275 56,973
75.18 6 50 1000 525 217,536
75.18 6 100 100 100 8,287
75.18 6 100 500 300 124,306
75.18 6 100 1000 550 455,790
75.18 6 500 500 500 1,035,888
75.18 6 500 1000 750 3,107,665

Table 5.7 collects interaction potential parameters for different particle sizes identi-
fied as most characteristic for the mesoscale model (from 5 to 100 nm), as highlighted
by the imaging experiments, in Section 4.3.2. « = 6 leads to f(«)= 0.0154, with f(«)
depending on the mapping between interaction potential and elastic properties (more
details in Eq. 4.31). Fig. 5.31 illustrates two curves of interaction potentials, one be-
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Figure 5.31: Interaction potential between two particles with same diameter of 5 nm and be-
tween two particles with different sizes.

tween particles with same size equal to 5 nm, and the other one between particles with
different size (5 and 10 nm). The curves are obtained using the parameters in Table 5.7
and following the procedure described in Section 4.3.2. The depth of the potential well,
i.e. the cohesion between particles, expectedly increases with the average size of the
interacting particles.

Fig. 5.32 compares the effective forces computed from the derivative of the Lennard-
Jones potential in Fig. 5.31 (see Eq. 4.29 in Section 4.3.2), and from the stress-strain
graph in Fig. 5.30 integrated over the contact area between two particles with diameter
of 2 nm. The figure shows that the initial slope of the force-displacement curve, which
is related to the indentation modulus M, is indeed well captured by the generalised
Lennard-Jones potential in Eq. 4.29. Also the interparticle distance corresponding to
the maximum interaction force, which is related to the strain at failure €., is well cap-
tured. On the other hand, the effective Lennard-Jones potential underestimates the in-
teraction force over most of the interaction range, hence the functional form in Eq. 4.29
may not be the optimum one to describe the large strain behaviour of geopolymers at
the mesoscale. In this investigation, however, this is not an important issue because
the focus is not on large-strain mechanical properties, but rather on the pore structure
of undeformed mesostructures. To this end, a correct description of stress stemming
from small strains (controlled by the indentation modulus) may be important, whereas
forces at large strain are irrelevant. For studies where large-strain behaviour may be
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Figure 5.32: Force distance relationship obtained from the molecular model with Si:Al =2 and
from the derivative of the effective interaction potential. The average particle size
used is equal to 2 nm.

important, a viable alternative approach would be to directly tabulate in LAMMPS the
interaction force and energy as functions of interparticle distance, as obtained from the
molecular simulations. However, for this dissertation the Lennard Jones potential is
preferred because it is more computationally efficient.

Pore size distribution. To build the mesostructural model, particles are added
into a simulation box, and interact with the other particles via the previously described
potentials and forces. The structures emerging from this aggregation process can be
tuned to have different porosity ranges and different pore size distributions, trying to
match the experimentally measured ones. In order to analyse the effect of different
particle size distributions on the overall pore structure, two different packing fractions
have been studied, as described in Section 4.3.2. Fig. 5.33 illustrates, from top to bot-
tom, the two models at similar packing fractions (n, or solid fraction, namely the ratio
between volume occupied by the solid nanoparticles and the volume of the simulation
cell, including the pores between the particles). The model on the left column is built
setting a preference for bigger particles over smaller ones. The upper snapshot rep-
resents a packing fraction n=0.28, hence a porosity ¢»=0.72, while the bottom one a
packing fraction 7=0.52, and a porosity ¢=0.48. The model on the right column is built
instead preferring small particles over bigger ones.
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Figure 5.33: Snapshots of the two models with different packing fraction.
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Also in this case the snapshot in the top row shows a porosity of $=0.79, while the
bottom one has a packing fraction 7=0.49, and a porosity ¢=0.51. The two packing
fractions have been chosen to represent different densities of the N-A-S-H gel, which
can be found in the same geopolymer paste in different polymerisation sites, or in
pastes with different Si:Al ratio. Alternatively, the two packing fractions may as well
describe the evolution of the N-A-S-H gel over time, with the structures with lower
packing fraction representing N-A-S-H at an earlier stage of formation.

To study the effect of the gel density on the pore structure of the N-A-S-H, pore size
distributions are simulated as described in Section 4.3.2 and displayed at the bottom of
Fig. 5.33. The pore size distribution on the right hand side, shows the evolution of pore
sizes going from a porosity of 79% to a porosity of 51%. The pore size distributions
at 79% porosity displays two peaks: a broad one for pore sizes between 60 and 100
nm, centred at 77 nm, and a second peak at 15 nm. In the denser structure with 51%
porosity, the broad peak disappears, while the peak centred at 15 nm shifts slightly
towards 20 nm, increasing its magnitude, which indicates that many more pores per
unit volume have now this characteristic size. On the left side, the results on the model
obtained setting a preference for bigger particles over smaller ones, show the evolution
of the pore distribution from a porosity of 72% to a porosity of 48%. The more porous
structure displays one broad peak between 60 and 150 nm, centred at 115 nm, and a
second peak at 20 nm. When densifying the structure to a porosity of 48% the broad
peak disappears, while the peak centred at 20 nm shifts slightly towards 30 nm, also in
this case, increasing its intensity.

The same behaviour has been observed in models of mesoporous calcium silicate
hydrate in PC pastes, where a densification of the gel over time has been shown to
correspond to progressively smaller average pore diameters. For C-S-H this has been
explained with a progressive precipitation of newly formed solid hydration product in
the gel pores [18]: a process that continues for months and years [149,175].

The pore size distributions obtained with the mesoscale models can be compared
with the MIP results in Fig. 5.19. The characteristic pore size obtained with MIP is 10
nm for Si.Al 1.5 and between 18 and 50 nm for Si:Al 2, with a single peak for Si:Al 1.5
and two peaks for Si:Al 2. The packing fraction obtained with MIP for both Si:Al 1.5 and
Si:Al 2 is ca. 0.69. The simulated pore size distributions of the denser configurations,
irrespectively of the particle size distributions, display similar characteristics: a main
peak between 20 and 30 nm and smaller peaks between 40 and 60 nm. The actual
value of 10 nm obtained with MIP is smaller than the simulated result in Fig. 5.33, but
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consistent if considering the densification of the structure over time, which likely cause
a shift of the main peak towards smaller average diameters.

The mesoscale models presented in this Section are a first quantitative description
of the N-A-S-H geopolymerisation product, at scales that are intermediate between the
molecular scale of atomistic simulations, and the macroscale of engineering models.
The mesoscale models developed here have been obtained leveraging on mechanical
properties obtained at the molecular scale. This type of model allows studying differ-
ent types of densities of the N-A-S-H gel, which can represent different stage of the
evolution of the geopolymer binding phase over time.

However, more research is required, e.g. on the type of interaction potential used.
The generalised Lennard-dones functional form of the interaction potential which has
been presented, captures some key features of the mechanics at the molecular scale,
but significantly underestimate the interaction forces at the mesoscale.
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The literature review in Chapter 2 showed the interest in geopolymers within the sci-
entific community, highlighting challenges that still have to be met to consider geopoly-
mers as a valuable alternative to traditional cement. This dissertation discussed and
addressed some of the open research questions, in particular those relating to the
early-age behaviour of geopolymer cements. The pathway outlined in this dissertation
is to leverage nanoscale modelling as a toolkit to better understand the macroscopic
behaviour of geopolymers and, looking forwards, to nano-engineer these more sus-
tainable alternatives to the current calcium-based cements. The main contributions of
this research are summarised as follows:

1. Development of a new molecular model of the geopolymerisation product
(N-A-S-H):
Understanding the molecular structure of sodium-aluminium-silicate-hydrate (N-
A-S-H) geopolymers is the first necessary step in modelling and predicting the
mechanics of these new cements. The existing molecular models of N-A-S-H in
the literature are based on the assumption of an amorphous structure, but fail
to capture the entirety of available experimental results at the molecular scale.
The present dissertation instead has shown that multiple experimental observa-
tions can be explained by modelling N-A-S-H at the molecular scale as defective
structures with a level of order that is intermediate between crystalline and amor-
phous. The resulting defective structures, with a range of chemical compositions,
quantified by the Si:Al molar ratio, have been analysed in terms of structural and
mechanical properties, and compared to fully amorphous and fully crystalline
models with analogous chemical compositions, showing that the defective mod-
els indeed better match the experimental results. The main findings are:

¢ In terms of XRD spectrum, the defective structure displays both an amor-
phous character and sharp peaks that are typical of crystalline features, in
accordance with experimental results.

e In terms of X-ray pair distribution function, only the defective structure cap-
tures the Na-O peak at 2.3 Adisplayed in the experimental results. Also, the
defective structure is the one that best captures the position and intensity of
the Si-Si peak, at 3.1 A.

e A structural feature that distinguishes the defective structure from the amor-
phous and crystalline ones is the ring size distribution, which measures the
topology of the aluminosilicate chains over the length of several nanometres.
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Other measures that focus only on first or second neighbour molecules, such
as bond lengths and angles, show a significant difference between crys-
talline and amorphous or defective, but are unable to distinguish between
amorphous and defective structures. This means that the experimental ob-
servations mentioned above, regarding XRD and X-Ray PDF, are impacted
by the structural topology extending beyond the molecular scale, and above
the nanometre.

e The Young’s moduli obtained during the simulated mechanical tests are be-
tween 45 and 75 GPa, which is in the range of experimental results from the
literature. The moduli of the crystalline structures are the largest, followed
by the defective structure and then closely by the amorphous ones. A clear
correlation emerged between the degree of order and the modulus, whereas
the density is shown not to correlate with the modulus.

e The structural disorder in the defective and amorphous 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 particu-
lar, the defective structure is superior in that it combines higher strength and
ductility compared to the fully amorphous one. Interestingly, this suggests
that the longer-range correlations evidenced by the ring size distribution in
the defective structure, being the only feature distinguishing the defective
from the amorphous structures, might indeed play an important role in de-
termining the large strain behaviour and failure mechanisms of the N-A-S-H.

The approach to obtain the molecular structures in this dissertation is general
and transferrable, and may be used to model geopolymers derived 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. impuri-
ties, and directed towards other applications, the approach presented here would
retain its ability to link chemistry and molecular structure with mechanical perfor-
mance.

. Quantification and explanation of geopolymer volume changes at early ages:
A key new finding is that geopolymer pastes display chemical expansion, i.e. the
volume of the products is larger than the volume of the reactants in the geopoly-
merisation reaction. This is an opposite behaviour compared to calcium-based
cements, and a property that might be exploited to reduce autogenous and des-
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iccation induced shrinkage at the macroscale, hence reducing the risk of crack-
ing both at early age and with implications for durability too. For the first time
the extent of the chemical expansion of geopolymer pastes has been quantified,
and validated through a theoretical model which combines newly obtained experi-
mental results, with data made accessible by the molecular model of the N-A-S-H
product. Additionally, a quantification of autogenous shrinkage is also presented
for the first time, and discussed in relation to the chemical expansion results. The
main findings are:

e All the analysed samples, irrespective of their Si:Al molar ratio, undergo
chemical expansion. The extent of the expansion is inversely proportional to
the Si:Al ratio.

e The amount of structural water at the molecular scale, i.e. water that is
strongly physisorbed in the cages and rings of the molecular structures of
N-A-S-H, is responsible for controlling the extent of chemical shrinkage or
expansion. The confined structural water has a higher density than the free
water in the bulk. Hence, a higher water content in the molecular structure,
corresponds to less expansion in the geopolymer paste during the formation
of the N-A-S-H.

e The experimental observation that samples with higher Si:Al undergo less
chemical expansion can be explained by the different water contents in the
molecular structure of the N-A-S-H. The amount of such water is propor-
tional to the increase in Si:Al molar ratio, hence samples with a lower Si:Al
ratio have more structural water and thus tend to experience less chemical
expansion or even chemical shrinkage. Indeed, the TGA results, presented
in Section 5.2.2, showed that samples with high Si:Al ratio have more evap-
orable water, which is consistent with a lower content of structural water
(hence more chemical expansion) at high Si:Al.

e Newly obtained data on autogenous shrinkage in Section 5.2.5 show an
expansive behaviour followed by shrinkage. This behaviour is not unusual
and presents similarities to PC pastes, but for the geopolymers this shrink-
age cannot be explained as a result of the self-dessication. In traditional
cements, self-dessication is the consequence of chemical shrinkage, but
geopolymer pastes present chemical expansion instead. Hence, a differ-
ent mechanism has been proposed here, that the ageing of N-A-S-H leads
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to a closure of pores and mesopores (without significant changes of the
molecular structure) which causes the experimentally observed autogenous
shrinkage and bleeding of water out of the sample at the macroscale.

The last part of this dissertation is more explorative and presents first investigations
of long-term behaviours that are key to engineering the durability of geopolymer ce-
ments. In particular, drying shrinkage and creep have been measured experimentally.
The results on drying shrinkage indicate that samples with higher Si:Al ratios display
more drying shrinkage and that all mix designs display less drying shrinkage than
ordinary cement paste. The creep results instead are the first results of metakaolin
geopolymers creep in the literature. They indicate that samples with a higher Si:Al
ratios display more basic creep, and a consistently lower creep modulus, in the range
of the creep modulus of traditional cement paste. The creep coefficient for the lowest
Si:Al ratio equal to 1.5 stabilises in the early age (100 days), while the highest Si:Al
ratio does not stabilise its behaviour in the test timeframe (one year).

Finally, to analyse the mesoporosity of geopolymers a first nanoparticle-based model
of the mesopore structure of N-A-S-H is proposed, aiming to provide a pathway for
the future development of a multi-scale analysis and understanding of geopolymer ce-
ment. An interaction potential for nanoparticle-based models of geopolymers has been
developed starting from mechanical parameters obtained by molecular scale simula-
tions. This multiscale approach allows preserving mechanical features of the molecu-
lar scale while obtaining porous structure that can reproduce some of the experimental
results that are not accessible by molecular models only in particular the pore size
distributions obtained from MIP and water sorption. The proposed approach to con-
struct mesoporous structure of geopolymers can therefore be exploited in the sense
of multi-scale modelling, to help identify which fundamental mechanisms control the
chemo-mechanical stability and durability of these materials, and how these mecha-
nisms are affected by chemical composition and processing [117,149]. With additional
experimental support, future investigations may lead to simulations to explain the rela-
tionship between creep behaviour and mesopore structure of metakaolin geopolymers.

6.1 Future work

The contributions of this dissertation can be used as a baseline to continue the
ongoing research on geopolymers. Due to the modelling and experimental character
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of the presented work, several pathways could be followed. A brief overview follows:

e Molecular simulations. The molecular model of the N-A-S-H geopolymerisa-
tion product might be used as a baseline to study several types of molecular
models, through the addition of chemical compounds. Some examples are: PFA
geopolymers (thought the addition of calcium), the effect of chloride ingress, nu-
clear waste encapsulation (through the addition of radioactive isotopes).

e Mesoscale model. Different polydispersities might be modelled to represent dif-
ferent type of mesostructures found experimentally. Additionally, the mesoscale
model can be used to study long term properties, such as explaining the relation-
ship between creep behaviour and mesopore structure of metakaolin geopoly-
mers.

e Experiments on long term behaviour. Additional tests on the long term per-
formance of geopolymers are needed to confirm the results obtained, and in-
crease confidence in their application as structural materials. These tests might
be performed both on geopolymer pastes, for a direct comparison, as well as on
geopolymer mortars and concrete.

Ultimately, this would enable the simulation-guided optimisation of geopolymer ce-
ments, and the generation of confidence in their long-term performance. A better un-
derstanding of geopolymers durability, may be key to the commercialisation of geopoly-
mer cements. Indeed, as highlighted in the Literature Review, the production of alkali
activated materials in general, and of geopolymers in particular, involves less CO,
emissions than traditional cement, but extended data on their durability are still lacking.
A rigorous quantification of their performance in the long term could make an important
difference between their success or their failure in the construction sector, assuming
that other commercialisation barriers, such as supply chain and standardisation, will
be overcome too.
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ABSTRACT: Geopolymers are hydrated aluminosilicates with excellent binding properties. Geopolymers 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 between chemical composition and macroscopic properties. Molecular simulations can help clarify
this linkage, but existing models based on amorphous or crystalline aluminosilicate structures provide only a partial explanation
of experimental data on the nanoscale. This paper presents a new model for the molecular structure of geopolymers, in
particular for nanoscale interfacial zones between crystalline and amorphous nanodomains, 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
analyzed 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 an impact on mechanical properties. This offers a new starting point

Elongation Strain

for the multiscale modeling of geopolymers.

KEYWORDS: geopolymers, atomistic simulation, molecular structure, mechanical properties, XRD, X-ray PDF, sodalite

1. INTRODUCTION

Geopolymers, or more appropriately low-calcium alkali-
activated aluminosilicate cement, are inorganic solids obtained
from aluminosilicate precursors such as calcined clays, e.g,
metakaolin 2Si0,-Al,03, or industrial byproducts, e.g,
pulverized fuel ash or ground granulated blast furnace slag.
These precursors are activated with alkaline aqueous solutions,
usually based on sodium and potassium, which induce the
dissolution of the precursors and the polymerization of AlO,
and SiO, tetrahedra into a three-dimensional network on the
molecular scale. Some water remains physisorbed while the
cations (Na* or K*) are bound ionically, providing positive
charges that maintain overall neutrality and allow for the Al to
be tetracoordinated. 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 “geopolymerization”

v ACS Publications  © 2018 American Chemical Society

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 appeal 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 modeling

provide a possible pathway to address this challenge.
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Table 1. Three Molecular Structures Studied Here: Amorphous (Am), Crystalline (Cr), and Defective (De)”

name Si—Al molar ratio chemical formula
Am_L.5 1.5 38i0,-2A1,0,-2Na,0-6H,0
Am 2 2 48i0,2A1,0,-2Na,0-6H,0
Cr 1 1 28i0,2A1,0,2Na,0-6H,0
Cr 14 14 2.88i0,-2AL,052Na,0-6H,0
Cr 2 2 4Si0,-2A1,0;-2Na,0-6H,0
De 1.5 1.5 38i0,2A1,0,-2Na,0-6H,0
De 2 2 48i0,2A1,0,-2Na,0-6H,0

cell volume (nm®)

atoms in the simulation cell water content (atom %")

41.26 4324 S1.4
38.73 3914 47.4
54.25 6144 56.3
50.07 5496 S52.4
52.53 4856 474
44.95 4480 S1.4
46.03 3840 45.0

“The Na/Al/H,O molar ratio is set to 1:1:3 for all structures. YThe total number of H and O atoms in water molecules divided by the total number

of atoms in the cell.

Modified sodalite structure with
desired Si/Al ratio

Baseline:
Sodalite cage

Addition of Na and H,O
to achieve Al:Na:H,0=1:1:3

Legend
°H
%0
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Figure 1. Simplified schematic of the construction process for a crystalline structure. All snapshots are obtained using VESTA.>*

In the field of traditional cement science, molecular models
of key hydration products®™ have provided a starting point for
a multiscale modeling approach that is now starting to clarify
the nanoscale ori%in of degradation mechanisms such as creep
and shrinkage.®”"" The multiscale modeling of geopolymers is
less developed, with the first molecular simulations having
been carried out only very recently.'"'* Molecular models used
in some geopolymer simulations today are based on fully
amorphous (glassy) structures. Experimental characterization
of these material does indeed show features that are typical of
amorphous molecular structures: a broad peak in X-ray
diffraction (XRD) at 20 = 25°—35°, amorphous regions in
transmission electron microscopy (TEM) images, and an X-ray
pair distribution function (PDF) with only low intensity peaks
beyond S 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 (especially in
samples prepared at high temperatures, e.g, 85 °C'%),
corresponding short-range peaks in the X-ray PDF," and
crystalline domains in TEM images."> To reconcile these data,
geopolymers are sometimes described as nanocrystalline
zeolitic networks within an amorphous aluminosilicate binding
gel: the so-called “pseudocrystalline” model.'® This leads to
two possible scenarios:

1 if one considers the geopolymer as a uniform phase on
the molecular scale, then 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 amor-
phous 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 intermediate between glassy
and crystalline, which is the objective of this paper.

22810

This paper presents a new molecular model to describe the
geopolymerization product of sodium silicate-activated meta-
kaolin, hereafter referred to as N—A—S—H (sodium—
aluminum—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 principle1 and full Q* polymerization of Al
and Si tetrahedra, as indicated by experimental data.'”'®
Skeletal density, ring structure, pore structure, bond-angle
distribution, bond length distributions, XRD, X-ray PDF, 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 analyzed to assess the impact of disorder on
the molecular scale.

2. METHODOLOGY

2.1. Siliceous Baseline Structures. Geopolymer molec-
ular structures are created with different chemical composi-
tions, 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 crystalline, 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 baseline structures enables a
clearer characterization of their skeletal structures. Adding Al
and Na causes structural distortions, mainly because the Na
cations tend to find their equilibrium positions at the center of
the sodalite rings, altering the (Si,Al)-~O—Si bond angles via
electrostatic interactions. The Si—O baseline structures are first
energy-minimized at T = 0 K and P = 1 atm, using the Polak—
Ribiere version of the conjugate gradient method implemented
in LAMMPS." The baseline structures are then characterized
using ISAACS,” quantifying in particular the bond length,
bond angle, ring distributions, and pore size distribution. The
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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 Pinheiro et al,,”" with a probe radius of 0.1 A (after
checking convergence starting from a probe radius of 1 A and
progressively reducing it). This method is based on Voronoi
tessellation and is implemented in the open source package
Zeo++.”

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 with initially random positions using the software
Packmol,”” as shown in Figure 1. Periodic boundary conditions
are applied in all three directions, and the principles followed
for all structures are as follows:

1 The number of added Na atoms is equal to the number
of Al atoms in the structure, to satisfy charge neutrality,
because Al is tetracoordinated and thus the Al-centered
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 micro-
structural 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,0/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,0O/
Na = 3. Thus, H,0/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 = 1.15”7) 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 amor-
phous or defective structures with Al and Si tetrahedra,
e.g, via heating—quenching or packing simulations,
some tetrahedra 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 thermody-
namically unfavorable and unphysical when considering
a room-temperature, hydrous structure. This may have a

significant effect on the prediction of mechanical
properties.

5 Full Q* polymerization, to obtain structures that are
most statistically relevant, in agreement with the results
of Al and Si nuclear magnetic resonance experi-
ments.”"®

2.3. Structural and Mechanical Characterization. The
N—A—S—H structures are first relaxed via energy minimiza-
tion, using the Polak—Ribiere version of the conjugate gradient
method in LAMMPS." The structures are then equilibrated at
P=1atmand T = 300 K via 1 ns of molecular dynamics (MD)
in the NPT ensemble, also performed using LAMMPS (Verlet
time integration scheme and an 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 simulations employed the ReaxFF interaction
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
structures. For instance, the same set of parameters can be
used for the study of glasses and crystals with good
accuracy.””*” The force field parameters used in this work
are based on the Si/O/H>! set, extended with Al/O/H>*?
parameters for the study of aluminosilicate frameworks, and
improved with a posteriori specific parameterization of the Si—
O—Al angles and proton stability on aluminosilicate rings.*
These parameters have been previously used to investigate
silicalite and H-ZSM-S5 aluminosilicate zeolites, their thermal
stability, and their acid site chemistry.**”** In addition, the Si/
O/H subset has been shown to reproduce the structural
features of amorphous (sodium) silicate g121sses.35’3’6 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
structure’” was minimized using ReaxFF, and its elastic
properties were obtained from the elastic tensor coefficients.>®
The unit cell parameters are in good agreement with the
experimental ones, with a limited difference in volume (1.4%,
as shown in Table 2). The cubic symmetry is broken because

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
¢ = 2556
literature data a=b=c=2510 38.7,% 35%

of the finite size effect of the simulation box and the
consequent irregular distribution of Na counterions. The
bulk modulus (K) of the zeolite is in very good agreement with
the experimental measurement™ and density functional theory
simulations,*® as shown in Table 2.

The equilibrated N—A—S—H structures are then analyzed in
terms of structural features and mechanical properties. The
XRD patterns were simulated using the CrystalDiffract 6.5.0
program.”’ The patterns were generated using an instrumental
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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 distributions. 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 significantly higher
strain and stress levels compared to similar tests performed on
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
deformation step, the structures have been relaxed via energy
minimization (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 similar to that in
nanoindentation or in atomic force microscope indentation
experiments.*” The simulated tests lead to stress—strain curves
akin to those in Figure 2, from which one can compute elastic
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1 a ¢ Ultimate

0 itensile strain
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Figure 2. Stress—strain graphs for a defective structure obtained
through MD simulation.

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 gradient of the stress—strain curve in Figure 2 is the so-
called indentation modulus M, which is an elastic modulus
relﬂed to the Young’s elastic modulus E and Poisson’s ratio v
by™

_ M(1 +v)(1 - 20)
(1-v) (1)

Equation 1 assumes that the material is homogeneous,
isotropic, and linear elastic: all of these 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:**

v v

1 —

— 6
1—-v "

i 0

Ok = ii

% (2)

Equation 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 nonaffine displacements 9,, has also
been computed as

Z,N Ir(e) — ri,aff(e)l
N

" (3)
where N is the number of atoms in the simulation box, r; is the
position of atom i at the strain level e after energy
minimization at that strain level, and the affine r, 4 is the
position that the same atom i would have had at the same
strain level € if no minimization was ever performed during the
tensile deformation test. Nonaffine displacements typically
correlate with the onset and accumulation of plastic
deformations and hence with the ductility or brittleness of
the structure.”

2.4. Additional Details Depending on the Level of
Disorder. 2.4.1. Crystalline Structures. The crystalline
structures built for this work are based on a simple sodalite
framework which is common in zeolites*® (see Figure 1).
Indeed, experiments on geopolymers obtained from a
metakaolin precursor show that, under certain conditions,
faujasite and/or zeolite A can be formed,”” whose basic
building unit is the sodalite cage.**™>

2.4.2. 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 constraints that
we listed in Section 2.2, in particular the Loewenstein’s
principle, the absence of edge-sharing tetrahedra, and the full
Q* polymerization 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

Vacancies:
2 Siand 4 O atoms
deleted from each cage

Baseline:
Sodalite cage

SiO, structure after
rearrangements to restore
full Q* polymerization*.

Legend
“NH,0
°o0
O
O
O Na

Substitution of Si by Al and
addition of corresponding
Na and H,0

Figure 3. Simplified scheme of the construction process for a defective structure. All snapshots are obtained using VESTA.>* *Some Si atoms are

not visualized as tetrahedra because of the boundary conditions.
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Si:Al 1.5
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Si:Al 1.5

Figure 4. Structures with Si—Al = 1.4—1.5 and different degrees of disorder. The organization of Al and Si tetrahedra is highlighted. All snapshots

are obtained using VESTA.**

molar ratios (1.5 and 2) were created; Si—Al = 1 was not
achievable because of the disordered topology.

2.4.3. Defective Structures. The design process for the
defective structure is described in Figure 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 MD simulations at P = 1 atm (NPT ensemble,
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* polymerization, individual atoms are
slightly displaced by hand and then the NPT equilibration is
repeated until full polymerization 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
characterization. This preparation protocol has the advantage
of leading to structures with defects that nevertheless 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.

Overall, seven different model structures of N—A—S—H
have been created and analyzed: three crystalline, two
amorphous, and two defective. Figure 4 shows the equilibrated
structures with similar Si—Al molar ratios and with the
organization of tetrahedra highlighted. An increasing degree of
disorder is noticeable from left to right in Figure 4.

3. RESULTS

3.1. Siliceous Baseline Structures: Bond Angle, Bond
Length, Ring Distributions, and Pore Structure. Figure 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 neighbor). Longer-range 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°.° This
is indeed the result for the crystalline model structure in Figure
S. The amorphous and defective structures have a very similar
distribution of O—Si—O angles, with a limited standard

Amorphous —e— Defective

Crystalline
Crystalline

v

Angle O-Si-O
probability density function

Angle Si-O-Si
robability density function

f

90 100 110 120 130120 130 140 150 160 170 180
Angle (degrees) Angle (degrees)

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 normalized to the same constant.

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 show that the T—O-T
angles in polymerized SiO, and AlO, can range between 120°
and 180°,°>*" which agrees with Figure 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 in 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 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 Figure 6 corroborates
this point: the modes of the 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 Figure 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 from
the pore structure and topology of the structure over larger
length scales. The ring analysis in Figure 7 provides one such
topological measure. The ring analysis of the crystalline
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Figure 6. Bond length analysis of the three siliceous baseline
structures (time averaged over SO timesteps).
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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.

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 structures may impact their mechanical
performance. On the one hand, larger rings at the expense of
smaller ones may indicate the presence of nanopores, which
would decrease the 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 structures have a 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).

Figure 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 Figure 7.
The defective structure shows a pore structure that is indeed
intermediate between the crystalline and amorphous struc-
tures. The pores are still interconnected to some extent,
although less than that in the crystalline structure (see the
snapshot in Figure 8). Furthermore, the pore size distribution
displays both a primary peak at ca. 4.5 A, 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.

3.2. X-ray Diffraction. Figure 9 shows the comparison
between experimental XRD data and simulations, highlighting
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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 experimental XRD for a
metakaolin geopolymer paste with Si—Al = 1.5. The metakaolin used
is synthesized in the laboratories of Centro Ceramico (BO, Italy).
Theoretical peaks for a siliceous sodalite structure.”” All simulated
XRD patterns are at room temperature and ambient pressure. Legend:
S = theoretical sodalite peaks.

the effect of molecular disorder on the calculated XRD patterns
of structures with comparable Si—Al ratios of 1.4—1.5. For all
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Figure 8. Pore size distribution and snapshots of the porosity of the siliceous structures. All snapshots are obtained using OVITO.*®
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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 26 = 24°
and 32° From the simulated XRD 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; and 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 Figure 9 is the result 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 26 = 25° and 260 = 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.

Figure 10 shows that altering the Si—Al ratio has a very small
impact on the overall XRD signal. By decreasing the Si—Al

- ThEOTEtical sodalite peaks

A L L Cr 2
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Figure 10. Simulated XRD patterns of the three crystalline structures,
with varying Si—Al, showing the effect of the added water and Na.
The curve for Cr_1.4 here is the same one as in Figure 9, but here the
spectrum is shown without peak broadening.

ratio (thus increasing the number of Al, Na, and H,0), the
sodalite peaks slightly shift toward larger values of the 26 angle.
This is true irrespective of the level of disorder, but it is most
visible from the crystalline structure, whose results are
therefore shown in Figure 10. The shift is due to the swelling
of the simulation box caused by the additional water. Because
three H,O molecules for each Na atom are considered and
because 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 toward higher values.

3.3. X-ray PDF. X-ray PDFs from simulations and
experiments are compared in Figure 11. The experimental
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Figure 11. X-ray PDF of metakaolin-based geopolymers. Comparison
between experiments'® and simulations on structures with Si—Al =
1.4 and 1.5. T: tetrahedral (Si or Al).

data were discussed up to the first-neighbor peaks; hence, the
analysis of the simulations here is focused on the same peaks.
All model structures, irrespective of their degree of disorder,
capture two of the experimental peaks in Figure 11.

e T—O peak (r ~ 1.7 A). The X-ray PDF obtained from
simulation discerns the 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 interatomic distances to their equili-
brium positions compared to the experiment. As
expected, the level of disorder does not affect
significantly these peaks in the simulations because
they depend only on the tetrahedral coordination of Al
and Si with O.

0-0 peak (r ~ 2.7 A). All simulations display and
correctly locate the first O—O peak, which depends on
the relative position of neighboring tetrahedra as well as
on the location of water molecules.

Conversely, two of the experimental peaks in Figure 11 are
captured only by the defective 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 Figure 7).

Na—T and T-T peaks (r ~ 3.2 A). The experiment
indicates a single broad peak encompassing all Na—T
and T—T first neighbor peaks and centered at ~3.1 A.
The crystalline structure displays a similar cumulative
peak but shifts toward 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 centered 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, 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

~
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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 which even in the defective structure,
the Si—Si and Si—Al peaks have a 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 paper.

3.4. Wet Skeletal Density. The wet skeletal density
includes the so-called structural water (see Methodology); the
simulations in this work predict wet skeletal densities between
~22 and ~2.3 g/ cm?, which are in line with literature results
(see Table 3). Figure 12 shows the trend of density as a

Table 3. Skeletal Density of Metakaolin Geopolymers
Considering Structural Water (Wet pg,)”

literature data Si—Al wet py (g/cm?)
Smilauer et al, 2011°° 122 2372
Duxson et al,, 2007*° 1.15-1.65 1.8-1.7
Sadat et al,, 2016"" 1-2 2.03-2.50

“The literature data were obtained by He-pycnometry tests,”® by

R . . 25 . .
comparing nominal density and pore volume,” and from simulations
on a fully glassy model structure.'
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Figure 12. Wet skeletal density as a function of the Al—Si and Si—Al
ratios.

function of the Al—Si (and Si—Al) molar ratios. The higher the
Al-Si ratio is, the more the Na and thus water molecules are
added to the structure (to keep the molar ratios Al/Na/H,0
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 Al—Si ratio, which is
due to the presence of large pores, with a width of ca. 6.5 A
(see the pore size distribution in Figure 8). These pores can
accommodate Na and H,0O molecules and hence additional
mass, without any significant increase of the volume of the
structure. On the other 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 effect leads to similar densities at
different Al contents, and even a slight decrease, as the Al—Si
increases (because of 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 a width of ca. 6.5 A remain in the defective
structure (see Figure 11). Further increasing the Al—Si ratio
instead requires the defective structure to swell; hence, the
density stabilizes 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. Figure 13
shows the elastic moduli of all model structures in this paper,

Amorphous = Crystalline ® Defective
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Figure 13. Young’s elastic moduli as a function of the Si—Al ratio.
Each elastic modulus is averaged over the three Cartesian directions.

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 that the level of structural disorder has an
important impact on the elastic moduli on 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*> 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 on 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 on the macro-
scale. Indeed, by comparing Figure 13 with Figure 12, one can
immediately appreciate that an increase in Si—Al ratio (Figure
12, read from right of left) corresponds to a decrease, whereas
Figure 13 shows that the Young modulus increases. This
means that the chemistry and topology on 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 optimization working up
from the nanoscale.

Table 4 summarizes the data on Young’s modulus available
in the literature. Using nanoindentation, Némecek et al®?
measured an elastic modulus of ~18 GPa for a N—A—S—H
geopolymerization product: these measurements, however,
include mesopores with a size of several nanometers, which are
not described by the molecular simulations presented here. To
extrapolate 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
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Table 4. Literature Data for the Elastic Modulus (GPa)
from *Simulations and **Experiments

E (GPa)
*#Németek et al,, 2011°*—Mori Tanaka 44 + 12
*4Némecek et al,, 2011°"—self-consistent 88 + 23
*Sadat et al., 2016“—glassy model structure 60—90
*#Sanchez-Valle et al., 2005°' —analcime 75
*Williams et al,, 2006°°—chlorosodalite 85

fraction of 1) using both the self-consistent and Mori Tanaka
homogenization schemes (see Constantinides and Ulm*) is
shown in Table 4. The simulation results in the present paper
are indeed in line with the extrapolated nanoindentation
results. Table 4 also shows that literature results from
molecular simulations on zeolites, such as chlorosodalite®
and analcime,®" are also in the same range, as well as results
from previous MD simulation of glassy geopolymer gels.11
3.6. Mechanical Properties: Large-Strain Tensile
Behavior. Figure 14a illustrates the complete stress—strain
graph for all structures with Si—Al = 1.4—1.5. All structures
sustain stress on the order of several GPa and strain on the
order of 0.1—0.5 before leaving the initial linear elastic regime.
This is typical for material structures on the molecular scale,>?’
whereas defects on larger scales are responsible for the
experimentally observed typical values of macroscopic strength
on the order of tens of MPa and corresponding strain at the
elastic limit in the order of fractions of the percent. The
defective and amorphous structures display a similar
mechanical behavior, 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; that is, 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 structure. 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
characterized in more detail by looking at the nonaffine
displacements (see the description in Section 2.3). Figure 14b
shows the accumulation of nonaffine 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 nonaffine displace-
ments is related to the development of irreversible
deformations.” Typically, a small level of nonaffine displace-
ment (5,,) is already accumulated during the initial linear
stress—strain response of the material because of small
irreversible rearrangements that have a negligible impact on
the overall mechanics and elastic moduli.*> All model
structures presented here show such an initial small increase
of 8, during the linear elastic stage (strain < 0.1). Instead, as
expected, 8, increases sharply when the structures leave the
linear regime and enter the regime of plastic deformations,
eventually leading to failure. Figure 14b shows that the
crystalline structure accumulates the least nonaffine displace-
ment (almost zero through the whole linear elastic stage),
whereas the amorphous structure has the largest 5, and the
defective structure is in-between. This is a convincing trend
because the ability to accumulate nonaffine displacements is
expected to increase with the level of disorder, whereas order
and symmetry add constraints to be overcome for §,, to
develop. The loss of constraints and hence the better mobility
(in response to strain) of atoms in the backbone structure,
evidenced by the increase in 8,, with the level of disorder,
provide a rationale for the trend of Young elastic moduli and
strength in Figure 14a, which are both decreasing with the level
of disorder.

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

4. CONCLUSIONS

A new molecular model of the geopolymerization product
(N—A—S—H), obtained by creating vacancies in a sodalite
cage, is described in this paper. The resulting defective
structures have been constructed with a range of Si—Al ratios
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Figure 14. (a) Stress—strain response under tensile load. Curves obtained from MD 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 stresses obtained from the repetitions. (b) Nonaffine
displacement as a function of applied strain for the Si, Al, Na, and O atoms in the backbone solid structure.

22817

DOI: 10.1021/acsami.8b03873
ACS Appl. Mater. Interfaces 2018, 10, 22809—22820



ACS Applied Materials & Interfaces

Research Article

and have been analyzed in terms of structure and mechanical
properties. The same analyses have also been carried out for
fully amorphous and fully crystalline model structures with
analogous chemical compositions. All structures, irrespective of
their level of disorder, respected a set of crystallographic
constraints including Loewenstein’s principle, full Q* polymer-
ization, and absence of edge-sharing tetrahedra. The main
findings are as follows:

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 structure analysis. By contrast, only the ring size
distribution distinguishes 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 PDF, 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 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 A in 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.

e In terms of the mechanics, the initial linear elastic
stress—strain behavior is characterized by Young moduli
between 45 and 75 GPa, which are in the range of
experimental 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: the degree of order and chemical composition
play a more important role. The mechanical behavior at
large strain indicates that the crystalline structure is the
strongest, that is, it can sustain the highest tensile load,
but its failure is brittle, which is an important drawback,
in which it favors crack initiation and propagation. The
structural disorder in the amorphous and defective
structures reduces the maximum tensile stress that can
be sustained, but it also leads to a more ductile behavior,
which is desirable in mechanical applications. In
particular, the defective structure is superior, in which
it combines higher strength and ductility compared to
the fully amorphous one. The analysis of nonaffine
displacements indicates that structural disorder enables
more mobility of the atoms in the T—O backbone
structure, when tensile strain is applied. This provides a

rationale 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 structures, 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 toward other application-
specific geometries, the approach presented here would retain
its ability to link chemistry and molecular structure with
mechanical performance. By linking chemical composition
with structural features, density, and mechanical properties,
this paper is a starting point for the development of larger scale
models of geopolymers. Multiscale 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 by chemical composition and
processing.**>®® Ultimately, this will enable the simulation-
guided optimization of geopolymer cements, the generation of
confidence in their long-term performance, and the develop-
ment of adequate design standards to support the deployment
of these more sustainable cements in the construction sector.
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ABSTRACT

Cement production is responsible for approximately 9.5% of global anthropogenic CO, emissions and as a
consequence the increasing attention to sustainability issues has promoted research in alternative materials
to cement paste, such as geopolymers. Current studies on geopolymers mainly focus on mechanical
strength but research on their long-term mechanical performance and durability is still limited. Reducing the
uncertainties around geopolymer durability requires a better understanding of the microstructural features
and microscopic mechanisms that govern their chemo-mechanical behaviour. This can be pursued using
simulations based on High Performance Computing (HPC), as previously experienced in the field of
traditional cement. The aim of this study is to combine results from experimental analysis with HPC-based
theoretical understanding of the fundamental mechanisms of material's reactivity and ageing. The molecular
structure of N-A-S-H (sodium aluminosilicate hydrate) geopolymer is considered as a model of metakaolin
geopolymers. First results on molecular simulations based on a simplified crystalline version of N-A-S-H with
hydrosodalite structure and Al/Si = 1 are discussed. The simulations indicate a path to develop a more
fundamental understanding of Na-Si and Na-OH concentration effect on the porous structure and on the

skeletal density.
1. INTRODUCTION

Growing demand for more sustainable alternatives
to cementitious materials has increased research
in materials such as geopolymers, which are
aluminosilicate sources (e.g. metakaolin) activated
with alkali solutions. Understanding their long term
properties will allow to evaluate their consequent
success on large scale applications: for this reason
durability study of geopolymer (GP) cements was
defined as a key issue by the Rilem Technical
Committee 224-AAM.

For a wider comprehension of mechanical
properties of porous materials the nanoscale study
is crucial, in particular to understand molecular
structure of the solid and mesoporous network
between 2 and 50 nm. Models at this scale have
already proved to be successful in the field of
traditional cement science, allowing to study the
relationship between pore structure and water
adsorption of an ordinary cement paste (Pinson et
al., 2015) and to provide structural parameters to
be used for a continuum model of reversible drying
shrinkage. Theoretical modelling and simulation of
geopolymers is still in a primitive state compared to
traditional cement. The only molecular model of
geopolymers available in literature (Sadat et al.,
2016) was built considering the amorphous binder
as aluminosilicate structure balanced with Na-
cations, without considering structural water in the

skeleton. The main problem for this simulation was
that the final molecular structure displayed Al-O-Al
bonds and adjacent edge-sharing AlO, tetrahedra,
not respecting the Lowensteins’ rule (Moloy et al.,
2004).

Understanding the nanoscale origin and ultimately
controlling the strength and long-term performance
of geopolymers require a new synergy between
experiments and molecular models. This study is a
first step in combining models and simulations to
analyse the durability of metakaolin geopolymers
and it focuses on the acquisition of microstructural
experiments data (Section 2) both with direct test
on the mesopore structure and literature research
on skeletal properties at the molecular scale. For
the experiments MIP test (Mercury Intrusion
Porosimetry) has been performed because
durability of geopolymers is strictly linked to their
porosity: compressive strength and elasticity
depend on the total volume of pores, migration
mechanism and migration rate vary depending on
pore size. Results on the skeletal structure will
then be considered to develop a first simple
molecular model that includes structural water
(Section 3). The molecular model is built to capture
the structure and mechanical behaviour of N-A-S-H
geopolymer at the nanoscale between 1 and 2 nm.
The response of the molecular model to varying
parameters such as concentration of activators and
water content is presented.



2. Microstructure experiments

Porosity analysis: procedure and results. The
geopolymer pastes analysed in this study were
synthesized from flash calcined metakaolin (MK
Argicem, Argeco, Toulouse, FR). The particle size
distribution of the powder, performed at Centro
Ceramico, Bologna, IT (Mastersizer 2000, Malvern
Instruments) displays an average particle size of
40 ym (see Figure 1).
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Figure 1. Particle size distribution MK Argicem.

To achieve Si/Al=1 and Si/Al=1.5 molar ratio, two
different activating solutions were used: sodium
hydroxide 8M (27.35% in weight of NaOH pellet,
Sigma Aldrich and 72.65% of H,O) and a
commercial sodium silicate solution (Reoflux B,
Ingessil S.r.l, Verona, IT: 29.01% in weight of SiO,,
14.71% Na,O and 56.28% of H,O). Geopolymer
samples were prepared as follows using the mix
designs in Table 1: (a) mix of the activating
solutions followed by a static phase of 30 minutes
to achieve equilibrium; (b) addition of metakaolin
and water followed by hand mix for 3 minutes to
obtain an homogeneous paste; (c) transfer of the
paste into a silicon mould which was gently
wobbled for 5 minutes to remove entrained air.
Samples have been sealed and cured a 60°C for
the first 24 hours and then stored at room
temperature (20+2°C and R.H.~55%) and sealed
in plastic bags to avoid a fast loss of water.

Table 1. Mix design. Numbers used as suffix in the name of the
sample describe the Si/Al ratio.

vacuum (mercury surface tension = 0.48 N/m,
contact angle =141.3°).

Table 2. Result summary from MIP and LWS. Each data is an
average of three tested samples.

GMK-A 1 GMK-A 1.5
Average pore size - MIP (um) 1.418 0.071
Total porosity — MIP (% vol) 41.59 34.49
Water absorbed - LWS (% wt) 31.07 28.20

GMK-A1 GMK-A1.5
Metakaolin (g) 500 500
NaOH 8M (g) 345 175.4
Na-Si solution (g) 0 225
Si/Al (mol/mol) 1 1.5

The porosity of the samples was investigated
(Table 2). For the open porosity liquid water
sorption (LWS) and mercury intrusion porosimetry
(MIP) were used. LWS provides the total mass of
water by a sample that is initially immersed in
water for 24 hours and then dried at 100°C for 24
hours. These tests were performed on 4x2x1cm
prisms and the absorbed water is expressed as a
weight fraction relative to the dry mass of the
sample. The MIP test (Carlo Erba 2000 with
macropore unit 120, Fison Instruments) explores a
wide range of pores. The test was carried out on 1
g samples cut from the prisms and dried under

Both MIP and water sorption indicate a more
porous structure for GMK with Si/Al=1. Figure 2
shows result of MIP test: all the samples exhibit the
same monodisperse trend describing a porosity
which is characteristic of metakaolin geopolymers.
The quantity of intruded mercury (i.e. the total open
pore volume) is between 250 and 300 mm? per
gram of geopolymer while characteristic pore size
changes by one order: 1.4 ym vs 0.071 ym for
GMK-A with Si/Al of 1 and 1.5 respectively.
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Figure 2. Cumulative pore volume measured by MIP. Each
dataset is an average of three tested samples.

Data obtained for GMK-A 1.5 agree with results
reported in literature, contrary to GMK-A 1 results.
Némecek et al., 2011, studied metakaolin
geopolymers with Si/Al molar ratio equal to 1.23,
cured at 80°C for 12 hours; MIP test shows an
average pore size of ~0.08 um. Analogous results
were achieved by Bignozzi et al., 2013 reporting
an average pore size of 0.069 um for metakaolin
geopolymer with Si/Al = 1.36, cured at ambient
temperature.

Skeletal properties. Reference data summarised
in Table 3 were identified as target to test the
validity of the results obtained with the molecular
model. Skeletal density is important because
density typically correlates with strength and
reduced creep deformations, but also because it
provides a necessary starting point to describe the
solid part of a geopolymer in any nanoscale model.
Available results regarding skeletal density of
metakaolin geopolymers at the molecular scale are
still scarce and vary from 1.7 to ~2.4 glom’.
Smilauer et al., 2011, detected skeletal density with
He-picnometry test. Duxson et al., 2007, obtained
it comparing pore volume and nominal density,
showing that the skeletal density increases with
decreasing Si/Al ratio.



Table 3. Wet skeletal density (Wet psk) of MK GP from the
literature (i.e. skeletal density considering also structural water).
Young modulus at the molecular scale.

Si/Al Wet psk E mol.

(mol/mol) (g/cm®) (GPa)

(Smilauer et al., 2011) 1.22 2.372 25.48
(Duxson et al., 2007) 115-165  1.8-1.7 /

The amount of structural water in the GP skeleton
is difficult to measure directly but some reasonable
assumptions can be made to estimate it. For
example, here the structural water was identified
considering the minimum amount of water below
which the sample starts to lose integrity and
experience microstructural changes, typically
manifesting themselves as drying shrinkage.
Duxson et al., 2007 reported that drying at 150°C
led to weight loss due to evaporable water
between 20% and 40% of the initial weight for
sample with Si/Al molar ratio between 1.15 and
2.15. Considering the initial mix design described
by Duxson et al., 2007 (H,O/Na=5.5 molar ratio)
and 20-40% of water loss, the amount of water still
present inside the skeleton is H,O/Na=3.3 - 4.4
(molar ratio). On a similar line, Kuenzel et al., 2012
calculated the molar water content of samples just
before they started to undergo drying shrinkage.
They observed that, independently of the amount
of initial water in the mix design, shrinkage started
when the residual water content was equal to ~3
mol for Si/Al=2 metakaolin geopolymers with molar
ratio of Na/Al equal to 1. Thus H,O:Na=3:1 was
considered as a reasonable estimation of structural
water content in the GP skeleton

4. Molecular model

Model design. As a baseline molecular model a
crystalline zeolite structure was considered.
Experiments on MK show that, under certain
conditions, faujasite is formed (Duxson et al,
2006) whose basic building cage is sodalite. Thus
the model is based on a sodalite structure with
desired Al/Si ratio, with addition of Na-cations to
satisfy charge neutrality and structural water. Wet
skeletal density, Young modulus, XRD (X-Ray
Diffraction), PDF (Pair Distribution Function) of the
resulting structure are calculated and compared to
experimental results. Molecular dynamic
simulations were performed using LAMMPS
(Plimpton, 1995). PDF were obtained using ISAAC
(Le Roux and Petkov, 2010). This simulation was
run considering 8 cages for a total of ~700 atoms
interacting through Reax FF potential (Chenoweth
et al, 2008). The process followed was: (a)
minimization for 1000 ts at T=300K and P=1atm in
NPT ensemble; (b) NVT for 1000 ts at T=300K; (c)
length changing of the box in one direction
followed by 4 cycles of minimization letting the box
relax in the other two dimensions.

Molecular dynamics (MD) simulation results.
Table 4 summarizes results for wet skeletal density

and Young modulus obtained with the simulation.
Wet skeletal density achieved is in line with the
range identified in literature (1.7 — 2.4 g/cms) and
confirms the trend underlined by Duxson et al.,
2007: decreasing while increasing silicon content.

Table 4. MD results - Young modulus and wet skeletal density.

E, mol. E, mol. E;mol.  Wet psk

(GPa) (GPa) (GPa) (g/cma)
Si/Al =1 72 7 72 2.30
SilAl = 1.4 69 65 69 2.23

It is worth to mention that MD simulation can
overestimate the E modulus. This is because the
size of the simulated cells is ~2 nm not allowing to
model microstructural defects such as voids and
pores, and the elastic modulus of MK-geopolymers
is largely depending on mesopores and
macropores and unreacted source materials
(Duxson et al., 2005). On the other hand molecular
simulation on zeolite structures such as analcime
(Sanchez-Valle et al., 2005) and chlorosodalite
(Williams et al., 2006) reported results in line with
the present work with E modulus values between
75 and 85 GPa. In addition, first results on bulk
modulus show values in the range of ~150 GPa
increasing while increasing Al content.

XRD diffractograms of the two modelled crystalline
structures are shown in Figure 3. The two main
peaks at ~24.6° 29 and ~ 32° 29 are typical of the
sodalite cage but it is possible to notice a slight
shifting of the 29 angle with increasing water
content, probably due to an increasing pressure
that stretches the bond lengths (since 3 H,O
molecules for each Na atom are considered, and
the Na balances the Al, Si/Al 1.4 contains less
water).

Si/Al=1.4
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Figure 3. MD results - XRD diffractograms for Si/Al=1 and 1.4.

The PDF provides a quantitative measure of
structural changes involved during the MK-
geopolymerisation process. In Figure 4 atom-atom
correlations are identified for Si/Al=1 and 1.4 and
compared with in situ X-ray PDF from experiments
(White et al., 2013). Predictably, the most evident
difference between MD and experimental results is
that both MD crystalline samples show sharp
peaks at distances larger than 5 A while the
experimental sample reaches a plateau that is
typical for amorphous materials (White et al.,
2013). In addition r-correlation atom-atom are
increased with higher water content.
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5. Conclusions

To conclude, mechanical properties and porous
structure are influenced by Si/Al molar ratio and
water content. In particular, porosity increases
when decreasing Si/Al  and consequently
increasing water content. At the nanoscale skeletal
density shows the same trend and a higher water
content affects the nanoscale structure increasing
the r-correlation in the PDF analysis.

Future developments of this study will consider a
disordered structure with the same Si/Al ratio in
order to find the most representative molecular
model for the experiments and compute the
interaction potentials needed for the mesoscale.
One of the final objectives of this project is, in fact,
to build a mesoscale model (between 1nm and
1um) for metakaolin geopolymer to capture their
mechanical behaviour.
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Towards a mesoscale model of geopolymers: interaction potential from

the molecular scale.

F. Lolli & E. Masoero
School of Engineering

Newcastle University, Newcastle upon Tyne, United Kingdom

ABSTRACT:

Geopolymers are alumino-silicate hydrates obtained by reaction of an alumino-silicate source

(e.g. metakaolin or fly ash) with alkali solution. Geopolymer-based binders are less environmentally impacting
than ordinary cement, but their implementation in the construction field is still limited and requires a better
understanding of the nanoscale origin of their mechanical properties. This understanding can be advanced with
new simulations based on interaction-driven aggregation of nanoparticles, similar to what has happened in the
last decade in the field of traditional cement science. This paper introduces a pathway to develop such a model
starting from recent molecular models of geopolymers, which allow to compute the interaction potentials needed
for the larger mesoscale. Interaction potential parameters are presented in this work as a function of different
particle sizes, targeting experimentally-observed ranges of particle sizes and porosity. Overall, this work opens
new opportunities to understand the linkage between mesostructure and engineering properties of geopolymers,
with the aim of supporting their commercialisation as alternative cements and, in this way, contributing to the

development of a greener economy.

1 INTRODUCTION

Geopolymers are synthesised mixing alumino-silicate
precursors (e.g. metakaolin, GGBS or fly ash) with
highly alkaline solution, usually based on sodium or
potassium. The alkali cations in solution (the focus
in this work will be on sodium, e.g. Na™) balance
the anions of the raw material and start the geopoly-
merisation with a first dissolution of Si and Al atoms
from the source material. The geopolymerisation pro-
cess continues with two other main stages: reorgan-
isation and polycondensation. The final result is a
porous material with cementitius properties (Duxson
et al. 2007). The macroscale mechanical properties of
geopolymers are governed by the sodium-alumino sil-
icate gel (N-A-S-H) formed during the geopolimeri-
sation. The N-A-S-H is a cohesive matrix that can be
modelled as an aggregate of nanoparticles and meso-
pores (viz. pores with characteristic size between 2
and 50 nm, Rouquerol et al. 1994). These hetero-
geneities have a primary role for the development of
mechanical properties at the macroscale and this has
already been shown by various authors working on
the mesoscale modelling of ordinary cement hydrates

(Masoero et al. 2012, Ioannidou et al. 2016, Yu and
Lau 2015). Furthermore mesopores are crucial in con-
trolling the interaction between the material and water
in the environment, with key implications for trans-
port properties and durability (Pinson et al. 2015).

A popular class of mesoscale models, in the field
of modelling cementitious binders, is based on the
aggregation of mechanically interacting nanoparti-
cles. The key input of these simulations are the ef-
fective interaction potentials between particles, to be
obtained from atomistic simulations at the smaller
molecular scale (Bonnaud et al. 2016). These interac-
tions are functions U(r) of potential energy, depend-
ing on the distance between nanoparticles (r), or oth-
erwise defined in terms of interaction force F'(r) =
—dU(r)/dr. A pathway to compute such U(r) in-
teractions is to start from stress-strain curves derived
from molecular simulations of solid phases subjected
to deformation. This approach has been followed in
the field of traditional cement science (Masoero et al.
2012), where effective interaction potentials obtained
from the stress-strain response of molecular models
at the nanometre scale (Pellenq et al. 2009 and Man-
zano et al. 2013) have led to realistic predictions of
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Figure 1: a) Snapshots of the packing process. b) Transmission Election Microscope micrograph of geopolymer metakaolin paste.

mechanical properties at the larger mesoscale of ca.
500 nm. In the field of alkali activate materials the
only mesoscale model to date has been developed by
Yang and White (2016). In this model the coarse-
grained units represent individual molecules rather
than nanoparticles and the focus is on simulating the
sequence of chemical reactions during polimerisa-
tion rather than on capturing mechanical properties.
Nanoparticle-based simulation of geopolymer me-
chanics are still to be developed, especially because
effective interactions U (), as well as the molecular-
scale inputs required for them, are still missing.

This paper introduces a methodology to derive ef-
fective interactions potentials and to obtain model
structures for N-A-S-H geopolymers at the mesoscale
between the nanometre and the micrometre. The N-
A-S-H gel is represented as an aggregate of nanopar-
ticles randomly added to an initially empty simula-
tion box using an efficient space filling algorithm.
The effective interaction potential chosen is a mod-
ified Lennard-Jones which allows to model particles
polydispersity, and which is parametrised from stress-
strain curves derived from new molecular simulations
of geopolymer mechanics.

2 METHODOLOGY

2.1 Mesoscale model construction

The mesoscale model is developed using the software
LAMMPS (Plimpton 1995). The starting point is an
empty simulation box of predefined dimensions, in
which particles are added randomly. The range of pos-
sible particle sizes is chosen to be consistent with ex-
perimental results described in Section 3.1. The pro-
cess to construct the model structures, such as the one
in Fig. 1 a., is the following:

1. Particles with various diameters are added in
groups of many hundreds at a time: this differs

and turns out to be computationally more effi-
cient than other space-filling algorithms where
particles are added one at a time (Masoero et al.
2014, Ioannidou et al. 2014).

2. Each filling step is followed by energy minimisa-
tion using the conjugate gradient method (Polak-
Ribiere version) implemented in LAMMPS
(Plimpton 1995); particle interactions are ex-
plained in Section 2.2.

3. When the system is sufficiently dense to display
mechanical stability, the configuration is further
stabilised by applying a pre-compressive stress
to the box, followed by energy minimisation.
The stress is then released by expanding the sim-
ulation box until zero pressure is recovered.

4. The entire process (partial space filling, com-
pression, and relaxation back to zero pressure)
is repeated until the desired packing density is
obtained.

2.2 Interaction potentials between particles

The functional form of the effective interactions be-
tween nanoparticles is assumed to be a particle-size-
dependent generalised Lennard-Jones (Mie potential,
Avendano et al. 2011), developed by Masoero et al.
(2014) to simulate the mesoscale mechanics of cal-
cium silicate hydrates:

_ 2c _ [eY
Uij(ri;) = 4€(04, 0;) [(?) - <i”) ] ()
ij i

U;;(ri;) is the potential energy of an interaction be-
tween two particles i and j at a distance r;; from one
another and with diameters o; and o;. The depth of the
energy well is governed by the parameter ¢(o;, 0;) and
« determines the narrowness of the energy well. 7;; is



Table 1: Interaction potential parameters depending on the particle size.

M o o o T e(os,05)
GPa A A A eV

75.18 6 50 50 50 1,035
75.18 6 50 100 75 3,107
75.18 6 50 500 275 56,973
75.18 6 50 1000 525 217,536
75.18 6 100 100 100 8,287
75.18 6 100 500 300 124,306
75.18 6 100 1000 550 455,790
75.18 6 500 500 500 1,035,888
75.18 6 500 1000 750 3,107,665

the average diameter of the two particles. Shear forces
are not transferred between particles. Following the
same calculation explained by Masoero et al. (2014)
and adapted to the results obtained with a molecular
model of geopolymers (see Section 2.3) it is possible
to identify:

e(0i,05) = f(@)MBy;(0i,05)7:;° 2)

where M is the indentation modulus, viz. the initial
slope of the axial stress versus axial strain graph ob-
tained at the molecular scale, when the simulation box
is not allowed to contract nor expand in the directions
perpendicular to the direction of loading (see Sec-
tion 2.3). (3 is a corrective factor for the different size
of the two interacting particles. f(«) is a numerical
constant that depends on the mapping between inter-
action potential and linear elastic properties (Masoero
et al. 2014). « is calculated considering the ultimate
strain obtained with the same stress-strain curve from
the molecular scale and applying Eq. 3.
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Therefore, the potential in Eq. 1 is entirely deter-
mined by two molecular-scale mechanical parameters
only: €,;; and M.

2.3 Reference mechanical parameters from the
molecular model

At the molecular scale geopolymers are constituted by
sodium-aluminate-silicate hydrate (N-A-S-H), char-
acterised by a nanocrystalline network embedded in
an amorphous alumino-silicate gel (Provis, Lukey,
& van Deventer 2005). This definition finds its ori-
gin in experimental evidence showing features typi-
cal of both amorphous and crystalline structures. X-
Ray diffraction (XRD) of metakaolin geopolymers is
characterised by a broad hump corresponding to 26=
25° to 35° which is typical of amorphous materials,
but the same experiment identifies also crystalline ze-
olites peaks corresponding to sodalite and faujasite
(Fernandez-Jiménez et al. 2008). In the X-ray pair

distribution function the amorphous region is identi-
fied with broad peaks beyond 5 A r-correlation func-
tion (White et al. 2013), but at shorter distance higher
peaks are typical of crystalline domains. A molecu-
lar model that could be used to extract mechanical
properties and inform the mesoscale potential in Eq. 1
has been developed only very recently by Sadat et al.
(2016). This model, however, assumes a fully amor-
phous molecular structure of geopolymer and there-
fore, in this paper, another reference molecular struc-
ture is used in order to compute mechanical prop-
erties. This structure, recently developed by the au-
thors of the present paper (details in a separate pa-
per, currently under preparation), is intermediate be-
tween crystalline and amorphous and built by intro-
ducing defects into a crystalline structure of the so-
dalite type. Two different structures are developed,
with Si:Al molar ratios of 1.5 and 2. The desired Si:Al
ratio is obtained starting from a Si-only defective so-
dalite framework and substituting Si with Al while
respecting the Lowenstein’s rule and avoiding the for-
mation of edge-sharing O-Si-O or O-Al-O tetrahedra.
Na atoms and water molecules are packed randomly
using Packmol (Martinez et al. 2009) applying pe-
riodic conditions in all three directions. The result-
ing structures respect charge neutrality: Na cations
balance Al negative charges and Al tetrahedra are
linked to four Si tetrahedra (Davidovits 1991). The
fully polymerised defective structures are then anal-
ysed and subjected to large-strain tensile test to ob-
tain stress-strain curves shown in Section 3 using
LAMMPS (Plimpton 1995). During the simulation,
each deformation step imposes an extension of 1% of
the length in one direction, until rupture. From these
tests it has been possible to calculate the indentation
modulus (M) and the strain at failure ¢,;; required
to parametrise the mesoscale potential, as per Sec-
tion 2.2.

3 RESULTS

3.1 Definition of the particle size distribution

Geopolymers are widely described as mesoporous
materials (Provis et al. 2015, Duxson et al. 2006), viz.
materials with pore diameters between 2 and 50 nm
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Figure 2: Stress strain graphs for two molecular structure with
different Si:Al ratio.

as per IUPAC classification. Benavent et al. (2016)
analysed the pore structure of geopolymers with dif-
ferent techniques, such as small-angle X-ray scatter-
ing, BET and MIP. Results describe a mean pore size
between 5 and 15 nm, with a mesoporous network
mainly open with only 1.2% to 2.7% of closed poros-
ity, depending on the type of activator used. On the
same line Kriven et al. (2004) studied the geopolymer
gel with Transmission Electron Microscopy (TEM)
identifying particles and pores in the order of 5 to
10 nm. Fig. 1 b. shows a TEM micrograph of a
metakaolin geopolymer paste in which it is possible
to distinguish the amorphous geopolymer matrix with
a grain size ranging between 10 and 50 nm. Therefore
the N-A-S-H gel can be described as an aggregate of
nanoparticles ranging from 5 to 50 nm with a meso-
porous network ranging from 2 to 50 nm.

3.2  Mechanical parameters at the molecular scale

Fig. 2 shows the stress - strain curves obtained from
the molecular model of the defective structures with
Si:Al 1.5 and 2. The mechanical behaviour displayed
is similar for both structures with a ductile rupture,
i.e. the tensile stress doesn’t present a sudden drop
after reaching its maximum value (strength). The ul-
timate tensile strain, viz. the strain corresponding to
the maximum tensile stress, defined as a reference to
calculate the parameter «v is €,y =11.47%. The inden-
tation modulus M is 75.18 GPa for the structure with
Si:Al =2.

3.3 Interaction potential parameters

Table 1 collects interaction potential parameters for
different particle sizes identified as most characteris-
tic for the mesoscale model (from 5 to 100 nm). o =
6 leads to f(a)= 0.0154. Fig. 3 illustrates two curves
for interaction potential between particles with same
size and with different size. The depth of the potential
well for particles with same size is lower than for par-
ticles with different size. This is due to the fact that the
depth correlates to the strength of the interaction and
a deeper potential well indicates that more energy is
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Figure 3: Interaction potential between two particles with same
diameter of 5 nm and between two particles with different sizes.
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Figure 4: Force distance relationship obtained from the molecu-
lar model with Si:Al =2 and from the derivative of the effective
interaction potential.

required in order to deform the structure. Fig. 4 com-
pared the effective forces computed as the derivative
of the Lennard-Jones potential in Eq. 1, and the inte-
gral of the stress-strain graph at the molecular scale
over the contact area between two particles with di-
ameter of 2 nm. The figure shows that the initial slope
of the force-displacement curve, which is related to
the indentation modulus M, is indeed well captured
by the generalised Lennard-Jones functional form in
Eq. 1. Also the interparticle distance corresponding
to the maximum interaction force, which is related
to the strain at failure €,;, is well captured. On the
other hand, the effective Lennard-Jones potential un-
derestimates force over most of the interaction range,
hence the functional form in Eq. 1 may not be the op-
timum one to describe the mechanical interactions in
a nanoparticle-based model of geopolymer. This indi-
cates that the Lennard-Jones potential is not the op-
timum solution for this fitting. A possible alternative
could be to develop a suitable effective potential in
LAMMPS, obtained by directly tabulating the inter-
action force and energy as a function of interparticle
distance obtained from the molecular simulations.

4 CONCLUSIONS

In this work a first polydisperse mesoscale model of
geopolymers is presented. This model is based on me-
chanical properties obtained at the molecular scale.



The effective pair interaction potentials are computed
between particles ranging from 5 to 100 nm, with par-
ticle size distribution based on experimental results
at different scales. It is also shown that a generalised
Lennard-Jones functional form of the interaction po-
tential captures some key features of the mechanics
at the molecular scale, but it would also significantly
underestimate the interaction forces at the mesoscale.
By linking molecular scale mechanics with mesoscale
structure and properties, the proposed model allows
investigating the role of particle size distributions and
different packing densities for a range of Si:Al mo-
lar ratios, types of activators, and water contents. The
effective interactions presented here create the condi-
tions to simulate for the first time the mechanical be-
haviour of geopolymer binders at the mesoscale, with
the aim of providing fundamental informations on the
failure mechanism and deformations of these materi-
als.
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A defective crystal model for the molecular structure of
geopolymers: disorder, structure, and mechanics.
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ABSTRACT

Geopolymers represent a sustainable alternative to cementitious materials, since they can be obtained
from waste products. Chemically speaking, their binding phase is constituted by sodium-alumino-
silicate-hydrates (N-A-S-H), through the reaction of an alumino-silicate source with a sodium silicate
solution. The adaptation of geopolymers in the construction field is still limited by insufficient
understanding of their long-term properties and chemo-mechanical stability. Reducing these
uncertainties requires an integrated approach between modelling and experimental verification.
However, the existing models, based on solely amorphous or crystalline structures, are not always in
agreement with experimental results. For this reason, a defective crystalline structure is proposed as a
baseline geopolymer cell, featuring both amorphism and crystallinity. This novel structure is created by
inducing vacancies to a sodalite crystalline cage, then reorganised while respecting the Loewenstein's
principle, thereby achieving a full polymerisation of Al and Si tetrahedra. Molecular simulation results of
this novel structure are compared to a pure amorphous glass and a sodalite crystal, showing better
correspondence to experimental results. Specifically, verification is done by computing the effect of
Si:Al molar ratio and water content on a range of structural and mechanical properties such as skeletal
density, ring structure, bong-angle distribution, X-ray diffraction and X-ray pair distribution function. The
simulation results confirm the necessity of a defective structure able to detect both order and disorder
in geopolymers experiments, which suggests a heterogeneous material with both crystalline and
amorphous features. The proposed defective molecular model serves as a baseline for multiscale
understanding of geopolymer structure.

1. INTRODUCTION

Geopolymers, also more appropriately defined as low-calcium alkali activated cements, are the product
of the reaction between an aluminosilicate precursor (flash calcined clay, e.g. metakaolin, or by-
products such as pulverised fuel ash or slag) and an alkali activated solution (usually sodium silicate or
potassium silicate). Geopolymers have similar macroscale properties to Portland cement, but with the
advantage of entailing 35%-45% lower CO, emissions compared to traditional cements (Habert &
Ouellet-Plamondon 2016).

The geopolymerisation process is very different from the hydration of cement paste. The alkaline
solution dissolves the precursor releasing aluminate and silicate monomers, which condensate into
oligomeric structures eventually forming a three-dimensional aluminosilicate structure. In this final
structure, cations (Na* or K*) provide a positive charge that balances the negative charge of the tetra-
coordinated aluminium, and some water molecules remain physisorbed. Provis et al. 2005 described
the molecular structure of geopolymers as pseudo-zeolitic, in the sense that they feature zeolite nano-
crystals embedded in an amorphous gel. This model is supported by experiments on the
characterisation of geopolymers, which indicated both crystalline domains (frequently zeolite-type
structures, such as zeolite A, faujasite and sodalite) and amorphous domains (White et al. 2013,
Fernandez-Jiménez et al. 2008, Kriven, Gordon & Bell 2004). The relationship between chemical
compositon and level of disorder at the molecular scale as well as the implications of different level of
disorder on the physical and mechanical properties of the material are still not understood. Molecular
modelling, and molecular dynamic (MD) simulations can contribute to this current scientific discussion.

Molecular dynamic (MD) simulations of geopolymers are very recent and mainly based on completely
amorphous and not fully polymerised structures (Kupwade-Patil et al. 2013, Sadat et al. 2016, Hou et
al. 2018, Zhang et al. 2018). To the authors’ knowledge, only two studies thus far have considered
crystalline zeolite as a precursor to model the atomic structure (Bagheri et al. 2018, Lolli et al. 2018).
This manuscript presents an atomistic model of the N-A-S-H structure (sodium aluminate silicate
hydrates) based on defective sodalite. Model geopolymer structures are built by introducing some



degree of disorder in the highly ordered sodalite network, so that the final structures preserve
nevertheless a certain level of crystallinity. The porous network at the nanoscale level is then analysed
providing data that are useful to understand water diffusivity in the geopolymer matrix both at this scale
and at the mesoscale. Additionally, the importance of molecular modelling as a tool to support
experimental research and provide insights on the chemical and structural mechanisms responsible for
macroscale properties, is discussed. Finally, a mesoscale model of geopolymer is obtained from
molecular scale data, and an insight on the porous network at this scale is discussed.

2. THE DEFECTIVE SODALITE MOLECULAR MODEL OF GEOPOLYMERS

This section describes some key steps to construct model geopolymer structures for atomistic
simulations based on defective sodalite geometries. The interested reader can find additional details,
also including the construction of fully amorphous and fully crystalline model structure, in a recently
published manuscript by the same authors (Lolli et al. 2018).

The defective model is built starting from a siliceous crystalline sodalite structure with only Si and O
atoms, which is minimised at T=0 K and P=1 atm using LAMMPS (Plimpton et al. 2007) (Polak-Ribiere
version of the conjugate gradient method) and the ReaxFF interaction potential (Chenoweth et al.
2008). To generate defects, two SiO, molecules have been randomly deleted, creating vacancies. The
resulting intermediate structure is equilibrated via 0.01 ns of molecular dynamics (MD) at P=1 atm and
T=300 K in the NPT ensembile, followed by 0.01 ns in the NVT ensemble. After this step, some O atoms
presented dangling bonds, hence individual atoms are slightly displaced and NPT-MD simulations are
run at P=1 atm and T=1000 K until full polymerisation is restored.

Two different Si/Al ratio are then analysed, 1.5 and 2, corresponding to the molar ratios that are
experimentally known to produce optimum mechanical properties (Leonelli 2011, De Silva, Sagoe-
Crenstil & Sirivivatnanon 2007, Zhang et al. 2013). To control the Si/Al ratio, some Si atoms are
substituted with Al atoms. Aluminium is tetra coordinated, hence the structure is not significantly altered
when introducing it in the place of Si. However, Al carries a net negative charge, thus sodium atoms
are added in the same quantity as aluminium atoms (i.e. Na/Al =1) to restore charge neutrality.

To determine the water quantity, which could be considered as “structural water” i.e. water pertaining
to the skeletal atomic structure of the N-A-S-H gel, realistic assumptions are made based on
experimental results from the literature. In particular, here it is considered that structural water is the
minimum amount of water needed to avoid large microstructural changes during drying (viz. drying
shrinkage, which can cause microcracks). Duxson et al. 2007, analysed sodium activated geopolymer
samples with Si/Al varying from 1.15 to 2.15 molar ratio, and with H,O/Na = 5.5. Drying the samples at
150°C caused a mass loss between 20 and 40% of the initial mass of the sample, and analysing the
stoichiometry of the mix design this corresponded to a residual H,O/Na molar ratio between 3.3 and
4.4 even after the thermal treatment. Likewise, Kuenzel et al. 2012 studied ambient temperature drying
shrinkage for geopolymer samples with varying initial water content and drying shrinkage started only
when the residual water content was H,O/Na=3 for geopolymers with Si/Al=2, regardless of the initial
water content of the mix design. In the same work, it is also shown that the residual water content
depends on the Si/Al ratio of the mix design, notably decreasing with the decrease of Si/Al. For the
atomistic model investigated here, it is therefore decided to consider H,O/Na=3 as simulation parameter
for both the Si/Al ratios analysed.

The final geopolymer model structure presents Si:Al:Na:H,O= 1.5-2:1:1:3 molar ratios, but other
structural constraints have been defined. Al and Si atoms are all tetra coordinated, representing a fully
polymerised structure, Al tetrahedra do not present edge-sharing, meaning that two tetrahedra cannot
be linked with two oxygen bonds, and finally Loewenstein’s principle is always respected. Loewenstein’s
principle states that two Al tetrahedra cannot be linked by a single oxygen bond. Lastly, the N-A-S-H
structures are energy minimised using the Polak-Ribiere version of the conjugate gradient method, and
then equilibrated via 1 ns of molecular dynamics at P=1 atm and T=300 K in NPT ensemble, followed
by 1ns in NVT ensemble. A snapshot obtained with Vesta of the resulting defective N-A-S-H gel is
shown in Figure 1a. In a previous work (Lolli et al. 2018) the molecular model has been used to provide
insights into the impact of the structural organisation (studied through XRD, X-ray PDF, ring and bond
length analysis) on the development of mechanical properties at the molecular scale. Here the focus is
kept instead on the pore structure.
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Figure 1. a) Snapshot of the defective molecular model with Si/Al = 1.5. b) Sensitivity analysis
of the pore size distribution of the siliceous baseline structure c) Snapshot of the pore
structure (light gray) within the defective siliceous baseline structure (dark gray).

The pore size distributions in Figure 1b is calculated with the open source software Zeo++ (Haranczyk
et al. 2012), using Pinheiro et al. method (Pinheiro et al. 2013), based on the Voronoi tassellation. A
probe radius of 0.15 A was used to simulate the diameter of a water molecule (2.8 A) and obtaining a
pore size distribution accessible by water. It is possible to distinguish two main peaks, at 4.5 A and 6.5
A, the former typical of completely amorphous structures, and the latter describing the characteristic
size of the sodalite cage. Figure 1c shows a snapshot of the porosity network of the defective siliceous
baseline structure obtained with Ovito considering the pore surface as atoms radius. This three-
dimensional model allows a clear visualisation of the geometry of the pore network and it is possible to
identify a fully percolated structure, which may have implications for the diffusivity of water at the
molecular scale and consequent durability issues at the macroscale. The previously mentioned
reference paper (Lolli et al. 2018) presents an in depth analysis of structural features of the siliceous
structures and of the mechanical properties of the N-A-S-H gel at the molecular scale. The present
manuscript instead aims at clarifying the importance of molecular modelling for advances on material
research, as explained in the following paragraphs.

3. MESOSCALE MODEL OF GEOPOLYMERS

Mesoscale structures can be modeled using molecular scale inputs, and this section summarizes the
approach used by Lolli et al. (Lolli & Masoero 2018) to construct a mesoscale model of geopolymers
and presents a porosity analysis at this scale.

The mesoscale model in Figure 2a, is built considering aggregated polydisperse nanoparticles
interacting via effective interaction potentials, which are fully defined by two molecular scale mechanical
parameters: the ultimate tensile strain ¢, and the indentation modulus M. Both these parameters can
be obtained from the molecular model described in Section 2. In addition to the interaction potentials,
particles and pore size distribution have been defined analyzing literature and experimental data,
defining target ranges of 5 to 50 nm for particle size distribution, and a mesoporous network from 2 to
50 nm (Lolli & Masoero 2018). Figure 2b shows the nanoscale structure of a metakaolin geopolymer
paste with Si:Al = 1.5, in which the upper limit of the targeted range is displayed, showing particle and
pores with a diameter of 50 nm.



Figure 2. a) Snapshot of the mesoscale model from (Lolli and Masoero 2018). b) Helium lon
Microscopy image showing the polydisperse structure of the N-A-S-H gel at the nanoscale.

During the construction process particles of different radius are added randomly into an empty box
(more details in Lolli & Masoero 2018), permitting to define a preferential size of particles during the
filling process. This allowed to study the effect of different particle size distribution on the mesopores
structure. Two filling limit cases have been considered; the first results from setting a preference for big
particles (50 nm diameters) over smaller particles, while the second is built preferring particles with a
diameter of 10 and 25 nm over 50 nm, in Figure 3. The two different filling steps represented in Figure
3a and b, display different packing fractions, therefore different densities of the N-A-S-H gel, which can
be found in the same geopolymer paste in different polymerization sites. The two packing fraction may
as well describe the evolution of the N-A-S-H gel over time. To study the effect of the gel density on the
porosity of the N-A-S-H, pore size distributions are simulated using the open source software Zeo++
(Haranczyk et al. 2012), with the Pinheiro et al. method (Pinheiro et al. 2013) based on the Voronoi
tassellation. To obtain the results displayed in Figure 3¢ the parameters for the sampling are: a probe
radius of 0.2 nm and Monte Carlo samples per unit cell equal to 5000. These parameters are chosen
after a sensitivity analysis that considered probe radii from 0.1 to 0.5 nm and Monte Carlo samples
varying from 1000 to 50000. The results in Figure 3¢ show the evolution of the pore distribution from a
porosity of 79% (Configuration 1) to a porosity of 51% (Configuration Il). Configuration | displays one
broad peak from 60 to 100 nm and centered at 77 nm, and a second peak at 15 nm. When densifying
the structure in Configuration Il the broad peak disappears, while the peak centered at 15 nm shifts
slightly to 20 nm, increasing its intensity.

The same behavior has been observed in the CSH, where a higher densification of the gel over time
corresponds to progressively smaller average pore diameter. For CSH this is explained with a
progressive precipitation of newly formed solid hydration product in the gel pores (loannidou et al.
2016), and it is a process that continues for months and years (Masoero et al. 2018, Jiang et al. 2019).
For sodium silicate activated geopolymers, it is instead hypothesized a rapid densification, with full
geopolymerisation completed in hours. On the contrary sodium hydroxide activated geopolymers,
display the formation of new crystalline phases as a secondary products, days after the casting (Zhang
et al. 2012).
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Figure 3. Mesoscale model with preference of small particles over big ones a) Configuration I.
Filling algorithm stopped at a packing fraction of 21%. b) Configuration Il. Filling algorithm
stopped at a packing fraction of 49%. c) Pore size distribution of the two configurations.

4. IMPLICATIONS OF NANOSCALE MODELLING OF GEOPOLYMERS

The study of the porous network at different scales of both C-S-H and N-A-S-H gel is of fundamental
importance for understanding their durability. In fact, durability is directly linked to mechanisms such as
water transport inside materials. Creep and shrinkage for example are related to these mechanisms
and experimental techniques available nowadays (e.g. proton NMR and quasi elastic neutron
scattering) can only detect the presence of water in the nanopores. Therefore, the combination of these
techniques with MD simulation can be useful to identify the direct correlation between water transport
and degradation mechanisms, both through three-dimensional visualisation and simulation of
mechanical tests.

Pinson et al. 2015, developed a mesoscale model of water sorption in the C-S-H, discussing the
implications for transport properties caused by the interaction between cement and water. The authors
reproduced the water sorption isotherms coupling the molecular model of C-S-H from Pellenq et al.
2009 with a mesoscale model. Hysteresis in water sorption isotherms depends on pore size distribution
and pore connectivity, therefore the effect of both micropores and mesopores must considered. In
Pinson et al 2015, a molecular model of C-S-H was crucial to distinguish the sorption effect due to the
interaction between C-S-H and water in the nanopores from the interaction due to capillary forces in
the gel pores, at the mesoscale. In addition, the distribution of pores in the matrix is also connected to
volume changes due to drying shrinkage, hence with the same model Pinson et al. were able to simulate
the shrinkage associated with sorption isotherms. Molecular modelling is also the starting point to
simulate long term mechanical responses such as creep. Recent works applied quasi static shear
(Masoero et al. 2013), oscillatory stress (Bauchy et al. 2015, Bauchy et al. 2017), and incremental
stress-marching (ISM) (Morshedifard et al. 2018) to replicate viscoelastic deformations and creep,
accelerating thermal fluctuation. These studies showed that the viscoelastic creep behaviour of C-S-H
transitioned from asymptotic to logarithmic when the water content in the interlayer region was
increased. The implications of the water content in the interlayers zones of C-S-H was also the focus
of a study by Manzano et al. 2013. Comparing two different molecular models of C-S-H, the authors
studied the effect of water content on the shear behaviour of C-S-H. The two models presented a
different degree of molecular order: the first one was a glassy C-S-H (amorphous system) and the
second one a highly-ordered C-S-H (tobermorite). Both systems were subjected to shear deformation
and for both this deformation was concentrated in the water confined nanolayers, suggesting that the
C-S-H gel can be modelled as composed by aggregated nanoparticles with water rich regions on their
interfaces. All this shows that molecular models clarified the relation between nanostructure and
mechanical properties of C-S-H.

The hypothesis of C-S-H gel as aggregate of interacting nanoparticles is at the basis of mesoscale
models that use molecular scale inputs to model interactions (Bonnaud et al. 2016). The effective
interaction potentials between particles U(r) are a function of the distance between particles, and a
possible approach to compute such potentials is from stress-strain curves derived from molecular



simulations. Masoero et al. 2012 used this methodology to compute mechanical properties of C-S-H at
the mesoscale (ca. 500 nm) leading to realistic results, function of packing fraction and polydispersity.
Finally, molecular models together with experimental results were used by Shvab et al. 2017 to simulate
different mechanism of C-S-H precipitation. Specifically, the simulated Boundary Nucleation and
Growth mechanism displayed evolution rates comparable to literature results, indicating that this could
be the most representative hypothesized growth mechanism for C-S-H. This indicates that molecular
models can be used to upscale C-S-H models at the mesoscale, and understand gel formation
mechanisms happening at different scales.

Finally, from a technological point of view, molecular dynamics simulations hold the promise of
impacting the field of nuclear waste encapsulation. Ordinary Portland Cement is commonly used as a
binder to immobilize different types of radioactive waste (Evans 2008, Young et al. 2013), but current
studies on geopolymer indicate that metakaolin geopolymers could be used successfully as well
(Geddes et al. 2018, Kiinzel 2013). Molecular model simulations could be employed to provide insights
on the mechanisms that govern the retention of radionuclides in the cement matrix. Duque-Redondo et
al. 2018 applied MD to simulate absorption and diffusivity of Cs-137 in the C-S-H gel pores, to determine
which leaching mechanisms could cause the release of the contaminants in the environment. This
ability to predict encapsulation as a function of chemical composition is an asset for the development
of new, more sustainable and effective binders for the nuclear industry.

5. CONCLUSIONS

This manuscript has shown that N-A-S-H models can be used to provide insights on the pore structure
of geopolymers at the molecular scale and at the mesoscale. The molecular scale model displayed a
fully percolated pore structure with characteristic pore diameters typical of amorphous and crystalline
structures. The mesoscale model showed that the densification of the structure entails changes in the
pore size distribution toward one characteristic mean pore diameter. These findings provide a better
understanding of the pore structure of geopolymers, therefore add new information useful to discuss
the water diffusivity mechanisms in these materials, and consequently durability issues at the
macroscale. Additionally, a literature review on the importance of molecular modelling as a reference
for several types of simulations has been presented. Hence, analysis related to water transport
mechanisms, leaching of different types of chemicals (e.g. radioactive isotopes) and carbon captures
can be considered for future research. Molecular modelling is therefore a central support to the
experimental research on geopolymers to promote and discuss the application of these materials in
civil engineering.
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