ADVANCED CHARACTERIZATION OF

CEMENTITIOUS MATERIALS



ADVANCED CHARACTERIZATION OF

CEMENTITIOUS MATERIALS

PENG DONG, B.ENG., M.ENG

A Thesis Submitted to the School of Graduate Studies in Partial

Fulfilment of the Requirements for the Degree

Doctor of Philosophy

McMaster University © Copyright by Peng Dong, June 2020



DOCTOR OF PHILOSOPHY (2020) McMaster University

(Materials Science and Engineering) Hamilton, Ontario

TITLE: Advanced Characterization of Cementitious Materials

AUTHOR: Peng Dong, B.Eng., M.Eng.

SUPERVISOR: Professor Nabil Bassim

NUMBER OF PAGES: xvi, 256



Lay Abstract

Cement is the binding material for concrete, which “glues” pieces of fine and coarse
aggregate into concrete, which is the most widely used human-made material on the planet.
Cement hydration consists of early-age and late-age chemical reactions that transforms
unhydrated powder into the binding medium upon which concrete is based. This work is
focused on researching structure evolution and phase transformation as well as hydration
kinetics of early hydration reactions up to 24 h, and characterizing 3D structure and pore
systems of mortar samples. The liquid-based reactions up to 24 h are achieved using liquid cell
transmission electron microscopy, which provides insights into real-time structural evolution
of main hydrated products, especially C-S-H nucleation and growth. The effects of adding
nano-silica on early hydration reactions up to 24 h are also evaluated. Furthermore, the

reconstruction models of pore systems show transport pathways of mortar sample.



Abstract

Early-age hydration reactions contribute to early structure and strength development, which
is closely related to transportation and concrete placing on site in real practice. The in-situ
hydration reactions of nano Portland cement (PC) and nano PC with nano-silica up to 24 h
were realized using liquid cell transmission electron microscopy (LC-TEM). The main
hydrated product, calcium silicate hydrate (C-S-H) was found to shed light on a complex early
stage process, where C-S-H develops according to both layered structure morphology and
aggregation of building blocks. These experiments are the first application of the LC-TEM

technique in real-time imaging reaction process of cementitious materials.

Also, the effects of nano-silica on microstructure evolution, phase transformation and heat
release, especially in early hydration reactions up to 24 h needs further elucidation. The results
indicated that the addition of nano-silica provided more nucleation sites for hydrated products
leading to more well-distributed precipitates in the reaction. It was also observed that nano-
silica had a strong tendency to attach to ettringite crystals and accelerated the conversion of

ettringite to monosulfate.

In mortar or concrete, the pore systems and distribution of various cementitious phases were
characterized using plasma focused ion beam (PFIB) and X-ray micro-computed tomography
(CT) to obtain dataset of larger length scale (100s of nm to mm). A workflow working with
cement mortar on PFIB was established, in which a hard Si mask was applied to minimize the
curtaining effect. The 3D reconstruction models reveal fluid transport pathways through
connected pores and cracks. The thickness mesh of anhydrous phases shows different
dissolution rates and preferential dissolution locations. This is the first time that PFIB has been
used for cementitious materials and bridges a critical mesoscale length scale that dictates some

materials properties such as strength and fluid transport properties.
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Preface

In this collective work, hydration reactions including microstructure evolution, hydration
kinetics and phase transformation in early stage, and 3D distribution of different phases, pore
systems in late stage were examined using advanced characterization techniques. This thesis is
written as “sandwich” thesis consisting of seven chapters. Chapter 1 briefly outlines the
research background, hypothesis and objectives and the overall layout of the thesis. Chapter 2
summarizes the competing theories under discussion and knowledge states with respect to C-
S-H nucleation and growth mechanisms, the effects of supplementary cementitious materials
and characterization techniques to evaluate pore systems. Chapters 3-6 present four
manuscripts that have been written based on the research work. Chapter 7 draws the major
conclusions of the collective work and provide insights for future work. The appendix adds 3
additional published works and 1 work currently under review at Journal of Building

Engineering for which the author has been a contributor.



1. Introduction

1.1 Research Background

Cement is the material that binds together aggregates such as sand and rocks into a structural
composite known as concrete. Ordinary Portland cement (OPC) and concrete materials that use
OPC as its binder are the most widely used formulations of cement in the construction industry.
It is a multiphase mixture that constitutes several phases that react in a complex manner upon
hydration (i.e. reaction with water) designed to give special properties, such as early strength,
durability, controlled heat of formation and other properties. It is used to bind aggregate
particles in a strong composite that is durable and performs well under many different operating
conditions. These hydration reactions occur at first over the span of minutes but can continue
within a concrete microstructure over the span of decades, in a complex evolution of chemistry
and physical structure, including developing important internal pore structures and networks.
Since it was introduced in 1824 [1], OPC has been playing a crucial role in the modern
infrastructure that defines our way of life: buildings, bridges and dams, sidewalks, and more.
However, the production of OPC requires an enormous amount of energy, and releases almost
one ton of carbon dioxide for every ton of cement produced [2]. One way to reduce the lifetime
carbon release is to improve concrete strength and durability by adding supplementary
cementitious materials (SCM) to the design of cement. Recently, addition of amorphous nano-
silica particles between 1 nm to 500 nm has attracted much attention because its higher surface
area and reactivity accelerates hydration reactions and promises to make high performance
concrete [3]. Hydration reactions and microstructure evolution of both early and late ages are
important in cementitious materials because the state of hydration and pore network geometry
and chemistry contribute to the strength and durability of the composite. Thus, understanding
reaction mechanisms, microstructure evolution and pore systems are necessary in designing

strong and durable concrete.



Many efforts have been devoted to characterizing early hydration reactions that are related
to early strength. Some techniques including scanning electron microscopy (SEM) [4-6],
Fourier transform infrared spectroscopy (FTIR) [7], quantitative in-situ X-ray diffraction
(XRD) [8-11], calorimetry and thermodynamic modelling [12, 13], have been used for
measuring such properties as heat evolution, chemical bonding and phase evolution and
distribution at different time and length scales. These are indirect methods of analysis that infer
the chemical and structural changes happening at the nanoscale and do not provide direct
observation of microstructural evolution at relevant length scales. With the development of
micro-electro-mechanical system (MEMSs) technology (from the semiconductor industry),
direct observation of liquid-phase chemical reactions at the nanoscale can now be achieved in
a within a transmission electron microscope (TEM) with both nanometer and temporal
resolution [14]. The liquid cell TEM (LC-TEM) is a powerful new tool to research mechanisms

and microstructure of early hydration reactions in cementitious materials.

The relationship between microstructure and materials properties is critical for optimizing
materials processing and lifetime. The microstructure of cementitious materials is
tremendously complex due to the presence in the cement mixture of many compounds, with
both of hydrated and anhydrous phases, amorphous and crystalline phases and pore networks
that form between these reacting phases [15]. The porosity in mortar (defined as the mixture
of cement and fine aggregate (from 75 um to 4.75 mm)) and concrete (cement plus fine plus
coarse (> 4.75 mm) aggregates) is linked to strength and durability [16]. The pore network is a
hierarchical structure, and pores range from nanoscale to cm-scale, with mechanical behaviour
defined by the mesoscale interplay between the pore networks, the composition of the still-
hydrated solution in the pore networks and the adjacent evolving materials phases near the pore
network [17]. Because the pore network is so hierarchical, it is difficult to directly measure and

analyze porosity simultaneously at many length scales. Researchers have been trying to study



and quantify concrete and mortar porosity and pore structures using various methods, such as
gas absorption, mercury intrusion porosimetry (MIP), X-ray micro computed tomography (X-
CT), and focused ion beam (FIB) tomography. Recently, a new variant of focused ion beam
(PFIB) that employs a plasma Xe™ source has been developed and promises to acquire nano to
meso- scale and, 3-dimensional microstructural information in porous materials simultaneously
[18]. Therefore, it is possible to measure later hydration reactions, microstructure and pore

network by three-dimensional tomography using PFIB.

This work is focused on employing new techniques in electron and ion microscopy that have
been recently developed for materials science applications to measure hydration reactions in
cements and microstructure evolution of early and late stages of cements and mortars. The
reaction mechanisms, reaction kinetics and real-time microstructural evolution in the early
stage are researched using advanced characterization techniques, such as liquid cell
transmission electron microscopy (LCTEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS), and isothermal calorimetry. For hydration reactions in later stages, FIB-SEM serial
sectioning tomography and subsequent image processing are applied to distinguish the
microstructure and pore systems of OPC mortar. Some complimentary experiments such as p-

CT x-ray tomography are also performed to be compared with FIB tomography.

1.2 Research Hypothesis and Objectives

This research is based on two kinds of cementitious materials formulations: OPC and OPC
with nano silica additives. OPC is in most common building material cement formulation at
present. However, despite a 200-year successful practical use, the nucleation and growth
mechanisms of main hydrated products at the nanoscale are still unclear and some formation
mechanisms are the object debate. Meanwhile, the addition of nano-silica in cementitious

materials has attracted much attention while the effects of nano-silica on modifying
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microstructure and hydration Kinetics in early age up to 24 h needs further clarification. In
mature OPC mortar, it is important to investigate pore networks and various phases within a
representative volume. In sum, this study aims at applying advanced characterization

techniques to research hydration reactions of both early and late stages.

1.2.1 Hydration Mechanisms and Kinetics in Early Hydration Reactions

For early hydration reactions, the focus is on the nucleation and growth mechanisms and
hydration kinetics. Basically, there are two main hypothesises for early calcium silicate hydrate
(C-S-H), the main cement hydration product, reaction growth mechanisms, which are modeled
as 2D layers or a colloidal aggregate. The former mechanism suggests that C-S-H develops
through attachment of silicate tetrahedra along the margin of embryos to form a disordered
layered structure. In contrast, the colloidal model believes that C-S-H forms by the aggregation
of C-S-H nanoparticles, which grow to a certain size and remain stable. This study is trying to
provide new insights into hypothesis of C-S-H growth mechanisms through direct observation

of a dilute nano PC after hydration reaction is started.

The kinetics of the cement hydration reaction are also crucial in early hydration reactions.
This is critically important to apply experimental rigour to compare nanoscale cement
hydration kinetics to realistic OPC reaction Kkinetics, thus identifying the aspects of nanoscale
cement characterization that universal and those that are unique to the geometry of the materials
system and experimental technique. Specifically, it is necessary that the four main time periods
in the hydration reaction, namely, i) slow reaction stage, ii) induction stage, iii) acceleration
stage and iv) deceleration stage are clarified. Besides, real-time microstructure evolution and
quantitative phase contents will help to understand phase transformations in early hydration

reactions.



The effects of a nano-silica addition on nucleation and growth as well as hydration kinetics
are compared with those of nano PC formula. The phase transformation and hydration reactions

are also evaluated qualitatively and quantitatively.

1.2.2 Characterization of Pore Systems and Different Phases in Late Hydration
Reactions

In this part, some important pore characteristics including porosity, pore size distribution,
and connectivity of mature mortars are characterized through PFIB tomography and X-ray
micro CT tomography. The sample preparation and instrumentation parameters are refined and
improved in order to exploit the application and feasibility of PFIB on cementitious materials.
Different porosity characterization techniques are to be compared. The hydrated and anhydrous
phases are to be examined and compared as well. The complex issue of interpreting porosity
from 3-D image stacks at all length scales is addressed using multi-detector integration and

machine learning protocols to perform image segmentation.

1.3 Thesis Outline

Chapter 1: Introduction. This chapter summarizes the overall research context, research

hypothesis and objectives and the thesis outline.

Chapter 2: Literature review. This chapter presents state of the art and background in the
fields of cementitious materials and advanced microscopy. Competing theories of C-S-H
growth mechanisms such as colloidal model or layered structure model are introduced. The
contradictory findings and effects of nano-silica on hydration reactions are also summarized.
Various advanced characterization techniques that have been used to evaluate cementitious

materials are presented.

Chapter 3: Liquid cell transmission electron microscopy reveals C-S-H growth mechanism

during Portland cement hydration. This chapter presents the in-situ results of C-S-H nucleation



and growth using LC-TEM and post-situ experiments. This work aims at realizing the
application of in-situ TEM to research hydration reactions of nano PC and providing direct
evidence of microstructure evolution. It is found that C-S-H precipitates develop through lateral
growth with an alternating nanocrystalline and amorphous structure. Evidence also suggests
the other C-S-H growth mode of the aggregation of particles. This work has been submitted to

Nature Communications and is under review.

Chapter 4: In-situ Observations of Different Cement Hydration Stages Using Liquid-cell
Transmission Electron Microscopy. This chapter is to understand the hydration kinetics of nano
PC and evaluate the applicability of nanoscale measurements to real-word applications. The
different hydration stages are revealed using LC-TEM, combined with isothermal calorimetry
and Rietveld refinement. The C-S-H precipitates nucleate on the SiN membrane, collapse
together and grow in 3D to form a network. The real-time dissolution of needle-like ettringite
was also captured, whose process releases sulfate to form monosulfate, leading to a retardation

in the early acceleration stage. This work will be submitted to Materials Characterization.

Chapter 5: The effects of nano-silica on early-age hydration reactions of nano Portland
cement. In this chapter, the effects of nano-silica on hydration reactions of nano PC including
microstructure evolution, phase transformation and kinetics are investigated. The results show
that nano-silica are easily attached to the surfaces of needle-like ettringites contributing to more
nucleation sites for C-S-H precipitates. Also, a lower content of ettringite is achieved in nano
PC with nano-silica due to acceleration of ettringite conversion to monosulfate. These findings

will be submitted to Nanoscale.

Chapter 6: Advanced Characterization of 3D Structure and Porosity of Ordinary Portland
Cement (OPC) Mortar Using Plasma Focused lon Beam Tomography and X-ray Computed

Tomography. This chapter presents results of 3D reconstruction models of mortar structure and



pore systems from nanometric to millimetric scales. A novel characterization technique, PFIB
is used and the workflow working with cementitious materials is explored. The reconstruction
and segmentation models employ advanced machine learning algorithms and reveal different
hydration kinetics and fluid transport pathways. This has been submitted to Microscopy and

Microanalysis.

Chapter 7: This chapter concludes the important findings from each of previous chapters and
discusses the significance of these conclusions. Finally, the future work is proposed and

outlined.

Appendix: This includes 3 additional publications and an additional manuscript under review
at Journal of Building Engineering that are focused on cementitious materials and advanced

characterization.
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2 Literature Review
2.1 Development of Ordinary Portland Cement (OPC)

2.1.1 Introduction of OPC and Its Environmental Effects

Concrete is the most widely used construction material because it is widely available, low-
cost and easily shaped into various shapes and sizes. Concrete production scaled to about one
ton of concrete for every living person worldwide in 2005, an amount by weight only exceeded
by that of water [1]. OPC, the most important binding material of concrete, has played a crucial
role in human development since it was introduced in the nineteenth century [2]. Portland
cement (PC) was invented and patented by Joseph Aspdin through burning impure limestones
at temperatures above 1450 °C [3]. The quality and quantity of OPC production was increased
later in the 1870 — 80s due to the application of continuous shaft kilns. In the early 20th century,
the implementation of rotary kilns, ball mills as well as gypsum contributed greatly to its
worldwide acceptance and popularity [2, 4]. However, modern human lifestyles and
infrastructural development require a large amount of Portland cement, whose production
process consumes enormous amounts of energy due to synthesis at very high temperatures. It
is reported that one ton of carbon dioxide is released to produce almost one tone of Portland
cement, and that Portland cement industries contribute 5 to 7% of anthropogenic carbon
dioxide emissions [3, 5, 6]. In recent years, society is increasingly much aware of the
importance of sustainable living including reduction of energy consumption, a low carbon
economy and application of new technologies. From a building and construction perspective,
it is essential that new green buildings are utilized both environmentally and economically,
with an emphasis on durability, and with a lowered energy budget for concrete production.
This requires new insights into concrete and cement chemistry and the combined efforts of the

research community to satisfy the demand for better concrete for construction.
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2.1.2 Hydration Reactions of OPC

The manufacturing process of OPC involves the preparation of PC clinker, which is a
sintering product of burning impure limestone, or limestone and aluminosilicate-containing
materials at about 1450°C [1]. Cement is then produced by grinding PC clinker to powders
under 75 um that is usually conducted in ball mills. During the grinding process, a few percent

of gypsum or other calcium sulphates are added to regulate early hydration reactions [3].

The hydration reactions of OPC are complex because of its multi-component starting
compositions and many phases that evolve during the hydration reactions. Table 2.1 shows
information of chemical formula, abbreviation, morphology, and crystal structure of common
compounds in cementitious materials and will be referenced throughout the text of this
dissertation. The starting constituents of OPC prior to hydration are tricalcium silicate (CsS or
alite), dicalcium silicate (CzS or belite), tricalcium aluminate (C3A or aluminate phase) and
tetracalcium aluminoferrite (C4AF or ferrite phase) and a few other minor compounds.
Commercial cement mixes are usually designed by varying the content of the different phases
and contain mainly 50% ~ 70% tricalcium silicate, 15% ~ 30% dicalcium silicate, 5% ~ 10%

aluminate phase and 5% ~15% ferrite phase [1, 3].
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Table 2.1 Common compounds in cementitious materials

Name Chemical formula | abbrev | Morpholo Common Note
iation ay Crystal
structure
Reactants
Hexagonal Triclinic, Responsible
1 Alite 3Ca0-SiO; CsS crystals monoclinic, for early
trigonal strength
Far less
2 Belite 2Ca,0-Si0; C.S Irregular Monoclinic reactive than
alite
prismatic Reacts first
3 Tricalcium 3Ca0-Al;03 CsA and Cubic, in the
aluminate granular orthorhombic hydration
reaction
4 | Tetracalcium C.AF | Hexagonal | Orthorhombic High
aluminoferrite 4Ca0-Al;03-Fe; 03 crystal reactivity
Elongated Regulates
5 Gypsum CaS0O, -2H:0 CSH; and Monoclinic setting (fluid
prismatic to solid)
6 Anhydrite CaSO4 CS cleavage orthorhombic | Soluble form
masses of gypsum
7 Alkali OH -- - -- pH >7.0
8 Limestone CaCOs - - - Source for
OPC
Products
9 Ettringite 3Ca0-Al;03:3CaS04- | CeAS Needle Hexagonal Forms after
32H,0 Hso mixing
Large By-product
10 Portlandite Ca(OH), CH Hexagonal- Hexagonal of silicate
prism reactions
crystals
Calcium Crystalline | Amorphous Main
11 silicate 3Ca0-2Si0;-3H.0 C-S-H fibers or and/or hydration
hydrate reticular | Nanocrystallin products
network e
12 | Tobermorite 5Ca0-6Si0,-5H,0 C-S-H | Fibersand | Orthorhombic Mineral
platelets
Blade
13 Jennite 9Ca0-6Si0,-11H,0 | C-S-H shaped Triclinic Mineral
crystals,
fibrous and
sheet form
Calcium Compact Forms
14 aluminate 3Ca0-Al;05-6H,0 C-A-H facetted Hexagonal quickly
hydrate crystals
Triclinic
15 | Monosulfate | 3CaO-(Al,Fe),0s-CaS C.A Hexagonal and/or Forms slowly
04-nH,0 SH1s plate rhombohedral

where C stands for CaO, S stands for SiO», A stands for Al.O3 and F stands for Fe>Os, H stands

for H20, and S stands for SO3
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Various compounds in cement react with water to form different hydrated products like
calcium silicate hydrate (C-S-H), calcium aluminate hydrates (C-A-H) as well as portlandite,
whose hydration reaction equations are listed below [1]. It is worth mentioning that original
cement designs used to exhibit rapid or “flash” setting (or hardening) behaviour in just a few
minutes, because of the fast setting (solidification of the paste) of C3A in a few minutes with
water addition, thus forming calcium aluminate hydrate (C-A-H). Another drawback of this
reaction is that much exothermal heat is released and causes evaporation and loss of water and
subsequently a drop in compressive strength [7]. Therefore, gypsum (CaS04-2H.0), is
typically added as a retarding agent is added during the cement clinker manufacturing process
to regulate the setting due to the affinity of C3A to SOs. The reaction of calcium aluminate with

gypsum is shown below.

2(3Ca0-Si0,) + 6H20—3Ca0-2Si0;- 3H0 + 3Ca(OH); (2.1)
2(2Ca0-Si0;) + 4H;0—3Ca0-2Si0;-3H20 + Ca(OH)2 (2.2)
3Ca0-Al;03 + 6H20—3Ca0-AL,03-6H20 (2.3)
3Ca0-Al;03 + 3CaS04-2H,0 + 26H20—3Ca0- Al203-3CaS04-32H;0 (2.4)

The above reaction (4) releases less heat than reaction (3), which is less harmful to the
microstructure from water loss and allows further, slower hydration reactions to continue. The
product of the reaction, known as ettringite (3Ca0O-Al>.03-3CaS04-32H20), to some extent
accelerates hardening effects leading to higher early strength [7]. So far gypsum has proven to
be the most effective hydration regulator in cement. The reaction proceeds as follows, with a
change in microstructural form from a powder of anhydrous cement, with a powder size
distribution under 75 um to a hydrated network of binding material that has a specific
mechanical strength. The ettringite crystals are formed after mixing cement with water. The

needle-like ettringite crystals are likely to appear first in the transition zone resulting from the
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forming of water films around the large aggregate particles in freshly compact concrete [1].
The main by-products, Portlandite (Ca(OH)2) from silicate reactions and ettringite from
aluminate reactions are embedded inside the matrix [1]. A schematic microstructure after

hydration reactions in the presence of gypsum is shown in Figure 2.1.
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Aggregate Interfacial Bulk
transition zone cement paste

Figure 2.1 Schematic representation of interfacial transition zone from an aggregate to
bulk cement paste in concrete from [1]

Generally, concrete is divided into three categories based on formulation according to
compressive strength. These are low-strength concrete (less than 20 MPa), moderate-strength
concrete (20 to 40 MPa) and high-strength concrete (more than 40 MPa) [1]. The compressive
strength of concrete depends on various factors including water to cement ratio, aggregate type
and size, admixtures (minerals, water-reducing, and air-entraining admixtures, etc.), and curing
conditions (time, temperature, and humidity conditions). It is well accepted that strength is in
inverse relationship with porosity in solids [1]. In cement paste, the small voids within the
matrix are detrimental to strength. As for mortar and concrete, the strength is determined by

the matrix, matrix-aggregate transition zone and aggregate, in which water/cement ratio-
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porosity affects the porosity both of cement paste and the transition zone. This makes it very
important to understand porosity in a volume when considering strength of cementitious

materials.

Reactions occur at different rates and with different reaction enthalpies. Typically, the first
reactions, aluminate reactions occur and ettringite crystals are formed in a few minutes after
mixing cement and water, followed by the precipitation of C-S-H from alite hydration, and
hydration reactions of belite happen slowly and can last for years as hydration products diffuse
through a complex pore system in the concrete. Therefore, alite hydration accounts for early

compressive strength and belite hydration reactions increase late strength slowly.

2.1.3 Hypothesis of Growth Mechanisms of C-S-H

The most significant cement hydration product is C-S-H, which provides basic structure, and
dominates subsequent mechanical properties of both cement and concrete, such as strength and
durability. Research on cement hydration reactions have been performed for more than a
century. However, the early-stage growth mechanisms and microstructural evolution of C-S-H
and whether it conforms one of two competing theories of formation: a colloidal model or
layered model are still not fully understood. The beginning of this discussion originated at the
12™ international conference on cement conference in London in 1918, when the nature of
cement as colloids was addressed first [8]. A colloidal model was developed by Powers and
Brownyard in 1946, based on a joint research on mechanisms of shrinkage, different size of
pores, and various phases and states of water [9]. They proposed that the hydrated products of
OPC may be a colloidal gel by electron microscopic analysis [10, 11]. With the development
of higher resolution techniques later, much information on structure was revealed on atomic
scale. It is now well acceptable that C-S-H be explained as tobermorite mixed with jennite,
consistent with many experimental results. In 2000, Jennings [12] proposed that C-S-H
microstructure between 1 and 100 nm and ascribed the basic building block of these phases to
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roughly spherical units of nearly 2 nm, which packed together to form globules. The specific
surface area and packing factor were also calculated in the model, which promoted the
discussion and experiments. Their later experimental results were also interpreted based on this
modified colloidal model with 5 nm globules to explain nanoporosity associated with drying
and heat curing (shown in Figure 2.2) [13]. The composition, mean formula and solid density
of C-S-H were measured in gel particles [14]. Later studies provided insights into the evolution
of tricalcium silicate after hydration using a variety of methods, including isothermal
calorimetry and in-situ synchrotron measurements, which revealed more details of the

hydration kinetics and crystalline nature of C-S-H gel during transformation [15].

Figure 2.2 Proposed formation of C-S-H gel by Jennings [13]. a) One relatively small
volume fractal region, formed from contacting ~ 5 nm globules of C-S-H. b) The same
volume fractal region (shown in white) has grown into a larger, self-similar structure
with a reduced packing density. c) Adjacent fractal regions have grown into each other
to form a relatively uniform structure with a range of gel pore sizes. The largest pores
are greater than 10 nm. Upon drying these pores collapse to form a structure with a
packing density of about 0.64.

An alternative hypothesis of the early stages of C-S-H formation in the form of layered
structure model was first proposed based on X-ray diffraction evidence in 1952 [9]. Taylor
explained the C-S-H structure as a disordered layered structure, which comprised of imperfect

jennite (Table 2.1) and tobermorite (repeating distance of crystal structure 1.4 nm, Table 2.1).

17



The chains that construct the C-S-H structure were assumed to repeat at intervals of silicate
tetrahedra [16, 17]. The nature and relative proportions of ions and molecules including
calcium silicate, Ca(OH), and water molecules, and AI**, Si**, alkali cations and Ca?* ions
were discussed. A disordered layer structure was also proposed in Richardson and Groves’
Model [8, 18, 19]. Gartner [20] believed that C-S-H grows as wavy or buckled sheets. These
sheets are formed through the attachment of silicate tetrahedra at silicate chains along the
margin of two-dimensional sheets. The well — ordered silicate sheets from growth of small two-
dimensional C-S-H nuclei are within about 5 nm, beyond which more defects will probably be
built in because of more defect nucleation sites inside the sheets. In the meantime,
heterogeneous nucleation from the first C-S-H sheet at one point may produce a second sheet
with active nucleation. In this case, several layers of sheets perpendicular to the original sheet
may form, which appeared like imperfect tobermorite or jennite (Table 2.1) [20, 21].
Synchrotron-based X-ray diffraction was conducted to further reveal the feature of a
tobermorite-based dimer with a layer thickness of 11.7 A [22]. Zhang [23] also illustrated the
hydration mechanisms on tricalcium silicate in a dilute slurry by characterizing hydration
products after 1 day to 1 year and molecular dynamics. The relationship between Ca/Si ratio

and polymerization reaction of silicate monomers and silicate chains were further clarified.
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Figure 2.3 Adopted from Gartner [20]. Schematic of growth process with three separate
sheets of C-S-H emanating from a common nucleation point which can be considered a
nanocrystalline region

The main difference of two models is whether the microstructure evolves as growing silicate

chains from the solution or globules of agglomerated nanoparticles with certain size.

The debate of C-S-H growth mechanisms has been continued for decades. Many researchers
have been devoted time and effort to elucidate it at the nanoscale. However, direct evidence of
microstructural evolution of C-S-H is still needed. Also, a good understanding of C-S-H growth
mechanisms will benefit the control and modification of hydration reactions and thus facilitate

the design of concrete with good strength and durability.

2.1.4 Reaction Stages and Kinetics of Alite/C3S

The hydration reactions of alite/CsS and even OPC vary with a wide range of timescales, but
during early hydration (24 hours), most of the dominant effects take place. Many efforts have
been devoted to hydration reactions of alite because it accounts for 50% to 70% of cement and
dominates the early microstructure and strength development. The hydration kinetics of alite
is usually analyzed by considering four hydration stages, which are stage of initial reaction,
induction stage, acceleration stage and deceleration stage, indicated by heat flow calorimetry

as shown in Figure 2.4 [24].

The initial reaction stage is described as an early exothermic peak during the wetting process.
It is known that the rates of alite dissolution decelerate quickly before the solution of dissolved
alite reaches a saturation state [25]. Some hypothesis of decelerating dissolution rates involve
metastable barrier hypothesis, whereby a continuous thin layer of calcium silicate hydrate
restricts further hydration of cement particles, and a slow dissolution hypothesis, where there
IS a near-steady state balance between CsS dissolution and slow growth of C-S-H [24, 26, 27].
The supersaturation of the hydration water with dissolving salts is reached, and the C-S-H

nuclei are stable in an induction period. The acceleration period involves the accelerated
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growth of hydrated products, while decelerated rate of microstructure and strength
development is observed in deceleration stage. Some experiments show the relationship
between alite dissolution and growth of etch pits of alite surface, which is affected by the
composition of liquid [26]. Also, Nicoleau et al. [27] attributed this deceleration stage to CsS
dissolution instead of the growth of C-S-H. Gartner [28] argued that the rate of C3S hydration
cannot not be controlled by the dissolution rate other than at extremely early ages. Bergold et
al. [29] studied mechanically synthesized alite and found that amorphous alite speeded up the
hydration. The etch pit opening on crystalline alite increased reactive surface and enhanced the

hydration degree during deceleration stage.

Initial reaction
Period of slow reaction

Acceleration period
Deceleration period

Heat Flow (mW/g)

o 3 6 9 12 15 18 21 24
Age of Specimen (Hours)

Figure 2.4 Rate of alite hydration as a function of time given by isothermal calorimetry
measurements [24]

As mentioned previously, the other important category of reactions is the aluminate
reactions, which influence reaction kinetics in early stages. Quennoz et al. [30] clarified the
relationships between alite and C3A-gypsum hydration in a calorimetry study, in which alite
hydration reactions are accelerated with gypsum, due to interactions of sulfate ions and

aluminum ions. It was also concluded that an aluminate peak appeared prior to a silicate peak
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in undersulfated systems while a silicate peak occurred prior to an aluminate peak in properly
sulfated systems. Heat evolution curves were compared at different setting temperatures,
showing different curve shapes above 26 °C due to activation energy. Mota et al. [31] studied
the effects of alkali and sulfate on hydration kinetics of alite by adding gypsum, Na;SOs, NaOH
and gypsum, and NaOH separately to an alite system, in which all systems exhibited clear early
acceleration of hydration. However, the silicate reactions at later ages were inhibited, resulting
from increasing solubility of aluminate by alkalis. Pustovgar et al. [32] researched the influence
of aluminates on hydration Kkinetics of alite with the addition of NaAIO,. Their experimental
and simulated results showed that aluminates hindered CsS dissolution by absorbing to the
hydroxylated CsS on the surface. Bergold et al. [33] further concluded from their study that
sulfate accelerated alite hydration, resulting from the seeding effects of fine ettringite and more
surface for alite precipitation. However, the precipitation of monosulfate phases (Afm) instead

of Al inhibition lead to the slowdown of alite hydration.

2.1.5 Reaction Stages and Kinetics of OPC

The hydration kinetics of the OPC mixture are much more complex than those of pure alite
and requires advanced characterization techniques. Quantitative X-ray diffraction (QXRD) on
cement hydration has been developed by many researchers and proved to be an effective
method [34]. While calorimetry can provide information of heat evolution, QXRD reveals the
information of quantitative phase content. It is achieved through the Rietveld refinement, in
which measured X-ray diffraction pattern peaks are fitted and refined using a scale factor, and
adjusting lattice parameters and accounting for preferred orientations [35]. Rietveld analysis
gives quantitative analysis of multiphase mixtures of detected crystalline phases normalized to
100%. Adjustments to the phase calculations are also employed according to a simplified

hypothesis which assumes only alite hydrates with water in early age [34].
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Many studies have been conducted to understand the hydration kinetics of OPC, combining
various analysis techniques. Merlini and Artioli [36] studied the phase evolution during first
hours of hydration using in-situ synchrotron experiments. It showed that ettringite precipitates
after mixing with water and C-S-H were formed after a few hours. The phase contents of CsS,
Ca(OH), ettringite and C3A were quantified as well. Hesse et al. [34] researched early
hydration reactions by in-situ QXRD, in which amorphous C-S-H content was calculated by
using portlandite (Ca(OH)2) as a standard, and other crystalline phases were quantified. The
formation of ettringite and portlandite indicated the process of hydration reactions. It was also
concluded that the formation of ettringite was closely related to the dissolution of anhydrite
(CaS0s) and CsA. Jansen et al. [37] combined heat flow calorimetry and QXRD to analyze
hydration kinetics and found the dissolution of anhydrite and gypsum contributed in a minor
fashion to released heat. The research was conducted to compare the heat flow calculated from
QXRD phase contents and measured heat flow, which exhibited a good agreement [38]. The
conclusion was also reached that the first maximum peak in calorimetry data resulted from the
aluminate reaction, and that the aluminate reaction, dissolution of C3A along with the formation
of ettringite accounted for a second smaller peak, as a shoulder on the maximum silicate peak.
Some researchers [39] incorporated Proton nuclear magnetic resonance (*H NMR) with heat
flow and QXRD to study ion behavior during hydration reactions. It was found that the sulfate
and aluminum adsorption affected sulfate depletion greatly. Other techniques have also been
used in characterizing hydration reactions, such as quantitative analysis on Raman patterns
[40], quantitative analysis from backscattered electron (BSE) and energy dispersive
spectroscopy (EDS) [41], infrared spectroscopy (IR) and Viscat (determine water amount by

measuring needle penetration) techniques [42].

Early hydration reactions of OPC are complex due to the large number of constituents and

wide variety of hydrated products. Moreover, two kinds of reactions, namely, silicate reaction
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and aluminate reactions interact with each other, which usually are reflected from
measurements of phase transformations and heat changes. It is necessary that multiple

techniques be used to analyze hydration in early age both qualitatively and quantitatively.

2.2 Supplementary Cementitious Materials in Concrete

2.2.1 Motivation to Add Supplementary Cementitious Materials in Cement

The attempt to add natural and artificial materials to produce blended cement, which shares
comparable strength and durability to OPC, started in the late 20" century [43]. It is well known
that the production of Portland clinker is an energy-intensive process, due to high reaction
temperature, usually up to 1450 °C. The addition of supplementary cementitious materials in
blended cements with a potential lowered carbon budget, has attracted much attention, in

response to the problem of huge energy consumption and climate change.

Natural Supplementary cementitious materials are abundant and are used in many countries
around the world. A significant number of industrial by-products and waste materials are
becoming environmental issues because of a disposal crisis. These wastes need substantial
amount of space to dispose and does harm to soil and water resources. On the other hand, these
industrial wastes are potential replacement materials in the cement industry, which also lead to
less consumption of PC and reduction of environmental issues. Industrial by-products
including fly ash, silica fume, and ground granulated blast slag, rice husk ash and palm oil fuel
ash have been researched and used in concrete for many years[44]. Another advantage to using
waste materials from industries is to reduce costs. They are easy to access since there are
massive production of wastes worldwide. The consumption of electricity and coal can be

reduced as well.
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2.2.2 The Definition of Supplementary Cementitious Materials

The supplementary cementitious materials are those that exhibit hydraulic or pozzolanic
behavior. A hydraulic property refers to the ability of a binder to set and harden when mixed
with water, such as OPC. Blast furnace slags from the steelmaking industry, however, show
relatively slow hydraulic behavior compared with OPC. They can be chemically activated in
the presence of alkali-hydroxides, sulfates like gypsum, and may exhibit pozzolan behavior.
Pozzolan materials contain siliceous materials and show cementitious properties through the
reaction of calcium hydroxide in moisture [43]. The fundamental reaction of the pozzolan
reaction is the recombination of silicate or aluminate material and the formation of hydrated

products. It is described as follows [1].

AS + CH + H—» C-S-H + C-A-H (2.5)

where C stands for CaO, S stands for SiO2, A stands for Al,O3, and H stands for H>O. This
reaction is beneficial for cement mixtures. Less heat is produced from the pozzolan reactions
of supplementary cementitious materials compared with that of C3S cement hydration reactions
[45]. The reduction of heat release is critical to avoid cracking caused by thermal effects when

it comes to a massive production.

2.2.3 Classification of Supplementary Cementitious Materials

Supplementary cementitious materials may be divided into two categories based on origin.
The first group of materials are natural supplementary cementitious materials and can be used
in their natural form, such as sedimentary rocks and diatomaceous earths (consists mainly of
amorphous hydrated silica). The other group of materials are artificial supplementary
cementitious materials that require further structure modification through the manufacturing or
production process. Some industrial wastes including blast furnace slag, fly ash and silica fume

belong to artificial supplementary cementitious materials [43].
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Natural supplementary cementitious materials consist of volcanic materials and sedimentary
materials. The majority of natural pozzolan originated from volcanic rocks due to the wide
availability in many countries. Two kinds of volcanic pozzolan materials, volcanic ashes and
pumice exhibit high activity due to their highly glassy and porous nature. Some volcanic rocks
after alteration by alkaline fluids show much compact and strong structure, for example zeolites

[43].

Sediments that may also serve as natural pozzolan materials include both biogenic sediments
like organism skeletons and chemical precipitates. In some cases, thermal treatments are
needed to improve the pozzolan activity of sediments. It is shown that clay and shales exhibit
higher activity after heating to 600 °C to 900 °C. It is the amorphous or disordered

aluminosilicate structure that contributes to the increase of pozzolanic activity of clay [1].

Industrial by-products and wastes are the most important sources of pozzolanic materials to
substitute OPC. A variety of wastes are applicable to the cement industry. Some of the most

widely used industrial wastes are discussed below.

1) Blast furnace slags

Blast furnace slags from steelmaking exhibit latent hydraulic behavior, and substitute for a
larger portion of cement than pozzolanic materials. They are obtained in the pig iron production
process as a by-product. Blast furnace slag floats on top of molten iron and steel and contains
silicate and aluminate. The glassy product is created through rapid quenching below 800 °C
after separation instead of slow cooling, which only produces unreactive crystalline materials.
The porous glassy structure is introduced as a supplementary cementitious material while the
coarser crystalline part is treated as lightweight aggregate. Blast furnace slags are composed of

30 ~ 50% CaO, 28 ~ 38% SiO2, 8 ~ 24% Al203, 1 ~ 18% MgO [43]. The property of latent
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hydraulic and pozzolanic reactions makes it an applicable replacement in PC up to 40 ~ 60%

with a comparable compressive strength [45, 46].

2) Coal fly ash

Fly ash or pulverized fly ash is a product of coal combustion in modern thermal plants, and
widely used as supplementary cementitious materials as well. They are materials recaptured
from exhausted flue gas. The coal used contains both organic and inorganic matter. After
passing through a high temperature zone, carbon-containing matter mostly transforms into
volatile gases, while inorganic minerals, such as quartz and clay remain. Some minerals may
undergo some chemical, physical and mineralogical changes and form amorphous structures.
Like other pozzolanic materials, fly ashes share a composition of SiO., Al.O3, Fe203 and CaO
[47]. Those with low CaO content are used as supplementary cementitious materials and those

with higher CaO content are considered to be a cement-replacement material.

3) Silica fume

Silica fume, also known as microsilica is a by-product of silicon metal industry. The silicon
dioxide vapor is produced during quartz reduction process at temperature of more than 2000
°C. The vapor is then condensed into small, high-purity amorphous silica of 0.1 ~ 0.2 pum. The
advantage of silica fume is consistency in composition, which shares more than 90% silica,

and a few other minor compounds of less than 1%, separately.

2.2.4 Filler Effects of Supplementary Cementitious Materials

It is crucial to understand the effects of SCMs in blended cement reactions. Many studies
have been conducted to clarify the effects of these materials on hydration kinetics. The most
significant effect is described as a filler effect (the hydration of the clinker component is
accelerated due to mineral addition in cement) [48], for which even the inert materials have on

blended systems.
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In general, there are two primary mechanisms leading to the filler effect. The first
mechanism is that in the presence of SCMs the water to clinker ratio is higher at the same water
to solid ratio, assuming the blended materials do not react, ensuring hydration reactions run to
completion. The other mechanism proposes that due to SCMs, the increased internal surface

area provides more nucleation sites for hydration products to precipitate [5].

Recent studies reveal that the finer microstructures were achieved in blended systems than
that of OPC systems [49, 50]. The nanoscale structure of foil-like C-S-H was also evaluated. It
was shown that blended cement with metakaolin (anhydrous calcined form of the clay mineral)
and limestone exhibited better mechanical properties at 7 and 28 days [51] after hydration.
Additionally, relatively higher amounts of portlandite was observed in these blended systems
than 100% OPC system. The degree of hydration was enhanced due to the filler effect, where
extra space was provided for hydrates. Mounanga et al. [52] researched the effects of limestone
filler on the setting time, mechanical properties and heat release of mortars. They found that
the shortest setting time was accomplished with the addition of finer particles. The mechanical
properties in blended systems were enhanced while the heat released were reduced. Oey et al.
[53] clarified the influencing factors of blended powders and reaction rates through
experimentation and simulation. Consistent with other studies, the research demonstrated that
mineral powders provided additional sites for nucleation of hydration products and accelerated
reactions. The results also revealed that increasing surface area and the capacity of the filler’s
surface to offer favorable nucleation sites for hydrated products contributed to acceleration of
hydration reactions. Further simulations also indicated that acceleration also related to the

compositions of fillers and their dissociated ions to participate in exchange reactions.

2.2.5 Applications of Supplementary Cementitious Materials in Cement
Supplementary cementitious materials can be added to cement to make greener concrete. It
is reported that the addition of supplementary cementitious materials has an impact on water
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demand, setting time, heat evolution, microstructure and properties [54]. Some applications of
supplementary cementitious materials have been seen in ultra high-performance concrete
(UHPC). UHPCs are composite materials with excellent static and dynamic mechanical
properties as well as superior durability [55]. Tuan et al. [56] compared UHPC made with rice
husk ash and silica fume, separately. The degree of hydration in later ages were increased with
the addition of rice husk ash. However, it seemed that silica fume exhibited larger ability than
rice husk ash to refine the pore structure, which contributed to strength increment and
durability, and reduce the content of Ca(OH) that is harmful for acidic attack. Concerning the
compressive strength of UHPC, samples with rice husk ash were higher than those with silica
fume. It was concluded that the long-term curing effect of storing water inside porous structure
of rice husk ash contributed to higher strength. Korpa et al. [57] examined phase development
in normal and UHPC without aggregate using QXRD and thermogravimetry (TG) methods.
The results showed most significant changes of phase development happened within seven
days, after which less changes were observed in both normal and UHPC. More of the anhydrous
phase, C3S remained in UHPC, resulting from less water for hydration. No carbonation
(calcium-containing phases attacked by carbon dioxide to form calcium carbonate) was seen
in UHPC sample. The role of glass powder on hydration degree and mechanical properties in
UHPC was researched [58]. It showed that the 100% substitution of silica fume by glass
powder gave the worst compressive strength, while the combination of silica fume and glass
powder resulted in best compressive strength of 221 MPa. By careful examination of phase
evolution, it was found out that the hydration was accelerated due to increasing dissolution of
PC clinker in the presence of glass powder. However, the pozzolanic properties of glass powder
were not as good as silica fume, which reacted with Ca(OH): five times more than that of glass
powder by weight. The role of glass powder in accelerating hydration reactions was due to

increased surface area for soluble alkali.
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It is promising that supplementary cementitious materials replace OPC and reduce the
emission of carbon dioxide. But efforts are still needed to understand the role of supplementary
cementitious materials in microstructure and properties. This is particularly important to
compare different results because of inconsistency of compositions of materials, even with the

same kind of supplementary cementitious materials.

2.3 Nano-silica in Cement and Concrete

2.3.1 Introduction of Nano-silica

Nanotechnology is greatly changing every aspect of our life [59]. With the advancement of
nanoscience and nanoengineering, it is promising to improve the microstructure and properties
of concrete in two ways. The first one is to combine nano-sized building blocks in concrete,
including nano-admixtures and nanoparticles. The properties of concrete, like surface
functionality, can also be improved by adsorbing customized molecules onto cement particles
to achieve certain surface properties [60]. Recently, nanotechnology in concrete has received

more and more attention.

Among various manufactured nano materials, nano-silica with sizes from 15 to 200 nm in
the beginning to see an increasing interest in concrete. Extending from microscale silica fume,
which has played an effective role in improving concrete properties, nano-silica is increasingly
being researched. Various forms of nano-silica can be produced via different methods, due to
advances in nanoparticle synthesis [61]. Nano-silica is amorphous silica with a nanoscale
structure, thus possessing a higher purity, surface area and reactivity [62]. Compared with silica
fume, nano-silica is believed to be very important in cement hydration because of its high
surface-to-volume ratio. Therefore, many investigations have been conducted to clarify the
reaction mechanisms, kinetics and the effects of nano-silica on cement microstructure and

properties.
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2.3.2 Strengthening Mechanisms of Nano-silica

Like microscale silica fume, nano-silica has a filler effect. High surface energy results in
absorption of hydrated products onto nano-silica particles and acceleration of cement hydration
[63]. Furthermore, the reactivity of nano-silica is significantly improved, which is easier for

nano-silica to react in the following two possible ways [64].

The first reaction type is nucleation reactions, which lead to the acceleration of hydration
reactions. The C-S-H precipitates on the surface of pure Cs3S grains and within the pore
structure, which are between cement particle, nano-silica and water. A large amount of seeds
is spread between cement grains in the water, serving as seeds for the formation of more C-S-
H. Then the reaction not only happens on the surface of particles, but also within the pores.
Therefore, the reactions are accelerated by the formation of a large amount of seeds for further

nucleation of C-S-H [59].
Cement + H,0 + nano-silica — Ca?* + H,Si0+> + OH" (2.6)

Furthermore, the addition of nano-silica promotes the pozzolanic reactions, which react
nano-silica with Ca(OH).. The advantage of this reaction is that the amount of Ca(OH): is
reduced [64]. It is good for properties, especially for resistance to acid attack, important for
acid rain applications, or in industrial environments, because portlandite reacts easily with
acids. The deterioration of cementitious materials caused by leaching in acid are reduced.
Additional C-S-H results in further hydration of the microstructure and increase the strength of

concrete as well.

2.3.3 Research on Effects of Nano-silica in Cement
Currently, many studies have been conducted to analyze the effects of nano-silica on
structure and properties. Many researchers have reported that nano-silica has a positive effect

on concrete. The research of addition of superplasticizer (chemically synthesized polymers as
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water-reducing admixtures) and colloidal nano-silica on the hydration of pure alite and belite
pastes were monitored using infrared spectroscopy (IR) [65]. The results showed that colloidal
nano-silica accelerated the hydration reactions of alite and belite pastes in the presence of
superplasticizer. The hydrated products were composed of C-S-H. Stefanidou and Papayianni
[66] performed the tests of adding nano-silica with and without superplasticizer. It was found
that the addition of nano-silica increased the amount of water needed for reaction without
superplasticizer due to the higher surface area. The compressive strength increased 20 ~ 25%
with the addition of 0.5 wt.% to 2 wt.% nano-silica in this case. But the addition of
superplasticizer reduced the amount of water needed and the strength increment was up to 35%
even with 1% addition of nano-silica. The hydration kinetics and phase contents of cement
were determined by examining mortars with same replacement ratios of nano-silica for up to
28 days [67]. A larger amount of hydration products, especially C-S-H and C-A-H, was seen
in mortars with higher percentages of replacement after the first day. The hydration rate and
the quantity of hydrates increased significantly between 1 day and 7 days. It was also worth
noting that the reactivity of nano-silica in first few hours was good because of high surface
area. Almost 20% to 34% increase in C-S-H content were observed with 5% and 10%
replacement of cement at 28 days. It is difficult to determine the exact amount of substitution
of nano-silica particles that are suitable for cement and concrete, due to greatly varied
compositions of raw materials. Many research groups are exploring their own formulas in

specific research studies.

Nano-silica will see increasing applications in UHPC than traditional supplementary
cementitious materials, due to superior effects on strength and durability. The nano-silica
possessed better structural and properties than traditional supplementary cementitious
materials, including quartz, and silica fume, and resulted in different microstructure and

compressive strength with 2.5% replacement of cement [68]. Both silica fume and nano-silica
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were responsible for acceleration of hydration reactions. Finer microstructures and an increase
in strength increment resulted from filler effects and the pozzolanic reaction with Ca(OH)..
The strength of pastes with the addition of nano-silica had higher strength as well [68]. Zapata
et al. [69] conducted research to assess the effects of micro and nano-silica in the presence of
superplasticizer on PC mortars. The air contents in both systems were decreased because of the
effects of these nanoparticles on improving structural compaction. However, mortar samples
from nano-silica exhibited the highest compressive strength with the addition of 1% nano-
silica, while the highest compressive strength of micro-silica addition was obtained at 15%.
This means that the addition of nano-silica helps to save some material while achieving the
same strengthening effects. Yu et al. [62] further researched the effects of nano-silica on
hydration and microstructure development of UHPC. Less binder in the unit volume can be
used to obtain a dense and homogeneous structure in the presence of superplasticizer. They
also concluded that an optimal amount of nano-silica can be selected to have the lowest
porosity, since porosity decreased with increasing addition of nano-silica at first but then
increased with continuing addition. Another study was conducted by Wu et al. [55] compared
the effects of nano-CaCOs and nano-silica on UHPC. Both nano materials contributed to
decrease of flowability and increase of heat of hydration with increasing contents. The results
showed that nano-silica led to increasing compressive strength in early age, but nano-CaCOs
contributed to increase of strength after 7 days. A less porous and more homogenous structure

were observed in both formulas due to the nucleation and filling effects.

However, some contradictory results have also been reported with the addition of nano-silica
in cement. A study by Dolado et al. [70] on fly ash belite pastes showed that compressive
strength declined at 28 days and 90 days with the addition of nano-silica. The trend went up
only after 180 days. Senff et al. [71] studied the individual and combined addition of nano-

SiO2 and nano-TiO2 in PC mortars. Unexpectedly, no significant increase of compressive
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strength was observed in proposed methods of addition. But the hydration kinetics of mortars
were greatly different in those with and without nano addition. The compressive strength from
Shih et al. [72] also showed a complicated trend, which increased with addition of nano-silica
and then decreased. The highest compressive strength was achieved at 0.6% addition of nano-
silica at 56 days. Besides, the increase of compressive strength reached the largest, up to 60.6%
compared with cement paste without the addition of nano-silica at the age of 14 days. But it
was reduced to 43.8% at the age of 56 days. It was further clarified by nuclear magnetic
resonance (NMR), nitrogen adsorption and mercury intrusion porosimetry (MIP) in which the
microstructure of PC pastes with the addition of nano-silica had a denser and more stable
framework. Berra et al.[73] also found that no significant improvement of compressive strength
was achieved. The addition of nano-silica led to significant reduction of workability, which
was overcome by the addition of superplasticizer. It was also believed that the addition of

superplasticizer decreased the reactivity of nano-silica.

The studies show completely different results and the main reasons are still to be clarified.
Kong et al. [74] ascribed less significant gain of compressive strength due to nano-silica
agglomeration. The results showed that the addition of nano-silica and fumed silica refined the
structure and pores. But the additional C-S-H that formed from agglomerates could not be
treated as binder because the agglomerates that were formed were weak zones due to their low
strength and elastic modulus. Further conclusions were drawn that microstructural
improvement was a result of water absorption, filling and pozzolanic effects instead of seeding
effects. Moreover, the large agglomerates of nano-silica absorbed less water than was predicted
to improve the fluidity in pastes, instead of acting as fillers to release free water from voids
[75]. The influence of primary particle size and sizes of agglomerates of amorphous nano-silica

on UHPC were compared. The results confirmed that non-agglomerated silica particles
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contributed to highest compressive strength at 7 days. The properties of UHPC may be

improved through a better dispersion of silica., using, for example, commercial silica sols [76].

Nano-silica is a particularly new material in concrete. Increasing the surface reactivity using
nano-silica can be promising in improving the structure and properties of cementitious
materials. It is difficult to get a universal consistency of formula for the introduction of nano
silica because size and composition of cementitious materials vary widely. Many contradictory
results of strength improvement are also seen in literature reviews. This may be due to the

agglomeration of nano-silica, which requires more research in the future.

2.4 Liquid Cell Transmission Electron Microscopy (LC-TEM)

2.4.1 The Development of TEM to Image Liquids

TEM is a powerful technique that provides structural and chemical information at the micro
to atomic scale. A typical TEM sample has long been prepared as a stable solid-phase sample
with a thickness of less than 100 nm, which allows electrons to transmit through the sample
and scatter, giving important structural and chemical information. Recently, there has been an
increasing demand to do liquid-phase analysis, which further reveals reaction mechanisms in
nano scale, like nanoparticle nucleation and growth mechanisms. However, it is impossible for
traditional TEM to do liquid analysis because all samples are exposed to a high vacuum

environment, conducive to the free-space emission and transmission of electrons. [77].

Generally, two techniques were developed to achieve liquid imaging inside TEM while
maintaining the right pressures for the electron source to operate. One method is the designed
open cell that enables a high pressure in the sample region for liquid to condense by differential
pumping. This is also known as environmental TEM or ETEM. The liquid sample is placed

onto a supporting sample, where the sample is in contact with a large electrode [77, 78]. It is
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still used in modern TEM for both gas-related and liquid reactions. The drawbacks of this

technique are the uncontrolled liquid thickness and limited maximum pressure.

The second technique is designed to overcome the disadvantages of uncontrolled thickness
in the open cell, as well as providing convenience of flowing liquid and heating. The idea is to
separate liquid from microscope vacuum using a closed cell with robust, electron-transparent
windows, which lead to good imaging resolution [79]. With the development of fabrication and
thin film and MEMS technology, a closed cell can be made using thin silicon or silicon nitride
windows that are deposited onto etched silicon wafers (shown in Figure 2-5). The liquid is
confined between such two chips that has been glued, wafer-bonded or sealed mechanically in
the holder with an O-ring [77]. Different sizes of reaction cells can be selected with different
chip geometries and with various heights of spacers. Liquid flow is achieved through an inside
channel, connected with inlets and outlets on the holder, which opens possibility for changing
reaction chemistry. Electrochemical reaction experiments are performed using special chips as

well. The system is tested for vacuum leaks before it is inserted into the microscope.

Electron beam

Silicon nitride
membrane
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\\ e Liquid (static or flowing)
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(\J) Bubble nucleation and growth Waw Electrochemical deposition

Figure 2.5 Schematic diagram of a liquid cell for transmission electron microscope
[77].
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New advancements make it possible to realize liquid reactions in TEM microscope. This
allows more insights into the real-time transformation and reaction mechanisms in various
fields, including electrochemistry, nanoparticle growth, liquid physics, and nano patterning

[77, 80, 81].

2.4.2 Electron Beam Effects

The electron beam interactions with liquid sample must be understood before some
conclusions are drawn from in-situ experiments in TEM. When a high-energy electron beam
goes through a liquid sample, it may affect liquid reactions in several ways, including heating,

radiolysis, and an imposing an electric field.

Heating is an important beam effect to take into account. Grogan et al. [82] estimated the
temperature increase based on an assumption that beam-induced heat generation dissipate away
from irradiated region. Then the heat is a function of the density of the irradiated medium and
the volumetric dose rate, where the increase of either parameter contributes to higher heat
generation. But the beam heating only leads to small temperature rises, like a few degrees or
less, because a thick (hundreds of nanometers) liquid sample possesses relatively good thermal
conductivity. This slight temperature rise may not be enough to cause a bubble effect [82], but

the reaction kinetics observed in a liquid cell may be altered [80].

Understanding of radiolysis that involves the interactions of ionizing radiation with fluid
medium is also necessary. Grogan et al. [82] also imaged bubble nucleation, growth and
migration in water in the liquid cell, and quantified varying concentrations of radiolysis species
with time and dimension using a simplified reaction-diffusion model. Different ionized species
including hydrated electrons (en), HsO", H, OH, Hz> and H20 were considered, where gaseous
products were probably responsible for bubble formation, while other products with high

oxidizing and reducing properties accounted for modifying nanoscale reactions. The results
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showed that the concentration of Hz increased with electron beam time, and beam energy. It is
found that ionized products like hydrogen and hydrated electrons achieve an equilibrium state
within seconds. In the meantime, the highly reactive radiolysis product like the hydrated
electron diffused only to short distance near the irradiated region, while gaseous products like
H> diffused further. Schneider et al. [83] further proposed a mathematical model to compute
the concentrations of radiolysis products as functions of electron beam irradiation parameters,
time, space, and solution composition in typical electron microscopy. The concentrations of
radiolysis products varied with time, where in homogeneous reactions, H> was formed with a
higher amount than secondary product, O with time in neat water. Also, the increase of dose
rate contributed to the steady-state concentration of each type of radiolysis products. In
heterogenous reactions where only a fraction of liquid in the cell was irradiated, gaseous
products like Hz and O diffused out further from the center of the irradiated region while ey
and H* only exhibited a high concentration within the irradiated region. The concentrations of
radiolysis products were affected by the initial pH of liquid solution, especially in acidic (pH
< 5) and alkaline (pH > 10) solutions. The steady-state concentrations of en” and O, decreased
while H" and H: increased in acidic solution compared with that of pH = 7. In alkaline
solutions, the steady state concentrations of en”and O2 were lower and H> was higher. Gupta et
al. [84] concluded that interfaces between water and surrounding surfaces led to a spatial
variation in the energy absorbed by water near the walls. Because the walls behaved like a
source of secondary and backscattered electrons to diffuse and deposit energy in water, the

dose rate and local concentrations may be increased.

Another electron beam effect is the imposed electron field that varies in TEM and STEM
circumstances due to different beam geometry. In a broad-beam illumination, the highest
resolution of liquid cell imaging is achieved at the electron beam exit side of the sample. For

STEM illumination, the highest resolution for an object within liquid sample occurs at the
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entrance side of the sample [80]. Moreover, in a focused-beam STEM mode, positive charges
mainly appear within the probed region, resulting in cylindrically symmetric field around the
illuminated region, with a declining strength away from the region. However, in TEM mode,
most positive charges accumulate in the surface region, such as the SiN membranes. The
electric fields are much stronger near the surfaces and the edge of the beam [85]. In some cases,
ion drift may happen if the electric field is strong enough to overcome the activation energy of
the process. Then the nucleation and growth of nanoparticles are results of the relationship
between self-diffusion and drift motion [86]. As a result, the variations of local compositions
and supersaturation may happen due to the drifting cations and anions [85]. This will probably

influence reaction chemistry and precipitation phenomenon.

In summary, the electron beam interacts with a liquid sample in the forms of heating,
irradiation of radiolysis and ion drift induced by the electric field. Therefore, local
concentrations and reaction kinetics may be altered in liquid cell electron microscopy. This
also requires that careful attention and suitable procedures be taken to reduce the interactions
between the electron beam and liquid solutions. A better understanding of electron beam effects

with liquid will help interpret results and draw suitable conclusions.

2.4.3 Applications of LC-TEM in Different Materials Systems

The advent of LC-TEM to achieve liquid reactions in real time allow new insights into many
fundamental reactions and mechanisms. It is possible to obtain both chemical and structural
information about materials, such as crystal structure from diffraction measurements, to
chemical bonding from coupled energy dispersive spectroscopy (EDS) detector and electron
energy loss spectroscopy (EELS) detector, though these are often hindered because of the large
degree of scattering through 2 nitride windows and liquid, which often bows to a larger
scattering through-thickness due to differential vacuum conditions between the SiN chip and
the microscope column.
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LC-TEM enables the examination of electrochemical processes including electrodeposition,
interfacial electrochemical reactions in battery materials and nanoscale microstructural
evolution of corrosion. Ross [87] realized the nucleation and growth of Cu nanoparticles on
polycrystalline Au in the presence of complex electrolyte chemistry. The nucleation and growth
were quantified based on diffusion models, which incorporated surface diffusion. Zhu et al.
[88] investigated simultaneous nanocatalyst degradation and electrochemical response of Pt-
Fe nanocatalysts using liquid cell electron microscopy. The coarsening processes of
nanocatalyst particles are not uniform in space and time scale. The particles exhibited
significantly different behavior after being attached to electrode compared with that of isolation
in the electrolyte. This demonstrated that in-situ characterization of nanocatalysts with
electrochemical bias were superior to ex-situ electrochemical studies. Jiang et al. [89] presented
an in-situ study of dynamic dissolution process of palladium nanocrystals. The results showed
that the dissolution rate increased with a decreasing radius in nanocrystals with radius lower
than Reritica. FOr nanocrystals with radius of larger than Reritical, the dissolution rate was a
constant. It is also promising for a variety of electrochemical process using liquid cell

technique.

The processes of nanoparticle nucleation, growth and coalescence can be resolved. Evans et
al. [90] visualized the lead sulfide nanoparticle growth using STEM imaging using LC-TEM.
The overall growth rate was measured by examining different frames of a continuously
acquired movie was estimated assuming growth occurs uniformly in all surfaces. The results
also demonstrated that the final morphology of nanostructures was controlled based on growth
mechanisms. Canepa et al. [91] clarified the growth phenomena of monodispersed size- and
shape-controlled Au nanocrystals in the presence of surfactant. The role of surfactant in this
process was also influenced by the STEM, where electron-induced radiolytic species acted as

reductant. The results showed that the particle shape strongly depends on the surfactant at a
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low dose circumstance. An increasing surfactant concentration contributed to a suppressed
growth rate of Au nanocrystals. It was further concluded that nanoparticles conformed with a
reaction-limited growth mechanism at low surfactant concentration, while a diffusion-limited
mechanism dominated at a high surfactant concentration. Noh et al. [92] observed the
dissolution of Ag and deposition of Ag under the beam in different conditions. The dissolution
of Ag was caused by ionization from the primary beam, while the precipitation of Ag was
through reduction of Ag* by radiolytic electron species in the solution. The effects of activity
of silver in solution and beam current density on relative rates were also incorporated into a

model to describe chemical kinetics and minimize electron beam induced damage.

More in-situ experiments have been realized in biological processes as well, like
biomineralization. Nielsen et al. [93] explored the process of calcium carbonate (CaCOs)
nucleation in a liquid reaction cell. They recorded the nucleation of both metastable and stable
phases that possessed the common morphologies. Various pathways of CaCO3 formation were
revealed, either through solutions directly or indirectly through transformation of amorphous
and crystalline precursors. The results showed real-time nucleation and growth mechanisms
previously limited by characterization techniques. Smeets et al. [94] further researched into the
role of matrix-immobilized acidic macromolecules in biomineralization and kinetic energy
barriers of nucleation by liquid phase electron microscopy. The results exhibited that the
binding of calcium ions to form Ca-PSS globules is a key step in the formation of metastable
amorphous calcium carbonate (ACC). It also demonstrated that the films in both cases
decreased the interfacial energy that determined the free-energy barrier to nucleate. It turned
out that ion binding contributed most to the nucleation. Kroger and Verch [95] attributed the
differences of the biomineralization results from in-situ TEM and those in bulk solutions to the
spatial restriction of reacting within a liquid cell. 2D Finite Elements (FE) simulations were

performed to study the impact of confinement on steady state concentration surrounding a
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nanoparticle in a supersaturated solution. It was believed that the concentration of available
ions in solutions was greatly reduced with confinement lower than a critical value, which

decreased the stability of the precipitates.

Besides, the liquid physics and interactions of electron beam with liquid sample are
important topics in liquid cell electron microscopy as well, as introduced in previous section.
These new advances in hardware makes it possible to realize fundamental research and provide

details into reaction mechanisms and kinetics.

2.4.4 Perspectives for Geological Materials

The understanding of hydration reactions is crucial for modifying reactions and designing
reliable building materials. The research of geological and mineral materials with hydrated and
anhydrous properties are restricted by research techniques [77]. In cement hydration reactions,
the growth mechanisms of the most important hydrates, C-S-H have been debated for decades.
Many researchers have devoted efforts in studying hydration reactions using various
techniques, such as heat flow calorimetry, quantitative XRD, modelling, etc. One attempt of
in-situ visualization technique was conducted by Katz et al. [96] using a self-designed capsule
in SEM. The ettringite crystal evolution was resolved with time. However, the real-time
changes of main hydrated products were not shown clearly, restricted by the resolution of SEM
technique. The LC-TEM technique is promising in its ability to provide real-time structural
and chemical information of hydrated products at the early stage. The research on nucleation
and growth mechanisms of main hydrated products in cementitious materials is not only
essential to understand hydration reactions, but also of commercial value. However, the

application of LC-TEM on cement hydration reactions has not yet been reported.
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2.5 Focused lon Beam (FIB) and 3D Tomography

2.5.1 Introduction to the FIB-SEM System

FIB systems have become useful tools in last 25 years, originating from developments in
semiconductor industry for mask repair and circuit edit applications. Dual beam FIB-SEM
systems (Figure 2-6) that contain both an ion beam column and an electron beam column enable
a site-specific ion milling and analysis in various fields of study [97]. Different dual-beam
platforms have been developed, in which the ion column is typically mounted at an angle of
45° ~ 55° from vertical electron column as well as orthogonally arranged FIB-SEM systems
[98, 99]. This allows both precise site-specific sample milling and imaging through aligning
two beams at a coincident point, taking the advantages of high energy ions and good resolution
of electron imaging [100]. A typical ion beam resolution of 5 nm is achieved in a liquid metal
Ga* FIB instrument [101]. Coupled with an energy dispersive X-ray spectroscopy (EDS)
detector or electron backscattered diffraction (EBSD) detector, more structural information can

be obtained.

SEM objective lens

sample in

milling position
(36° tilt)

sample in

EBSD position
(70° tilt)

camera

Figure 2.6 Schematic of dual-beam FIB-SEM system and geometry between columns and
sample [102]
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The application of FIB-SEM systems yields many advantages in localized milling and
analysis, and site-specific TEM sample preparation. Secondary electron imaging is suitable to
navigate to a region of interest as ion imaging may mill away the surrounding materials. Higher
resolution imaging is possible using electron imaging, especially with different imaging
contrast mechanisms, such as BSE electrons (sensitive to atomic number) and secondary
electrons (sensitive to topography) [97]. Moreover, the preparation of polymer lamellae on
glass is obtained with the advantage of a limited amount of preferential milling due to

perpendicular relationship between ion beam and the sample [103].

Many studies have benefited from the site-specific FIB-SEM systems. King et al. [104]
examined the surface of AA2024 and targeted corrosion products at specific sites in FIB-SEM
instrument coupled with EDS detector. They concluded that the predominant attack modes
were dealloying of S-phase particles, interfacial attack and grain boundary attack after
characterizing FIB-prepared sample in TEM. Soldati et al. [105] prepared site-specific thin
sample of cathode/electrolyte interface of intermediate temperature solid oxide fuel cells. The
semi-coherent interface between LSCF and CGO was observed by TEM technique in the first
time. Vieweg et al. [106] presented a FIB method by a shadow geometry of a platinum layer
for site-specific cross-sectioning of nanoparticles, which were anisotropic. The nanoparticles
were observed to obtain structural and chemical information with accuracy on the nanoscale.
The 3D failure analysis [107] and large volume 3D imaging [108] were also proved to be

applicable using FIB-SEM systems.

2.5.2 FIB Tomography and Instrumentation Setup
The FIB tomography technique has been applied in various materials systems because dual
beams enable both etching and subsequent imaging. This process can be repeated and is called

serial sectioning. It enables the acquisition of 3-D structural and chemical information about
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samples. To obtain a successful 3D tomogram, careful setups of sample geometry and software

are needed.

In a typical FIB-SEM instrument, the sample is mounted at the eucentric point, where the
converging angle is usually achieved by a pretilt holder and adjusted tilting angle. In this case,
localized sample milling are completed through ion beam sputtering of the target material while
the sectioned planes are imaged using electron beam [109]. Then a volume of interest (VOI) is
prepared, in which a trench in front of the VOI and trenches on both sides must be prepared,
allowing multiple acquisitions without shadowing effects. A protective layer, either Pt or C, is
deposited on top of VOI and helps with surface roughness and VVOI protection from ion beam
damage [98]. Moreover, markers are prepared on the top and side of VOI so that a precise
overlay of slices during tomogram post-acquisition image processing is guaranteed. Another
layer of deposition can also be conducted to prevent markers for further erosion and reduce

charging effects.

ror beam ™

et

Figure 2.7 FIB tomography setup and serial sectioning direction using dual-beam system
[110]
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After the preparation of VOI, automated 3D sectioning setup can be performed as shown in
Figure 2.7. The process of serial sectioning can be set automatically using software, where
suitable parameters need be determined in advance. In some cases, a sample rotation of 180 °
to an EBSD detector is needed [111] when conducting EBSD acquisition as well, which
depends on equipment setup [112]. It is also noted that a minimum number of 10 slices are
required for a sufficient reconstruction of a granular texture [109]. Furthermore, it has been
discussed that the BSE interaction volume has a huge influence on the effective resolution of
FIB tomography. For example, a layer of 50 nm is not successfully resolved in a 5 keV BSE
mode, which possesses an interaction volume of 100 nm [110]. This shows that depth
penetration and imaging conditions must be considered for a reasonable step size. During serial
sectioning, it is also necessary to correct beam shift, sample drift and changes in focal depth,

which can be adjusted either manually or automatically [109].

The obtained image series (or stacks) need further corrections and alignment. After that, 3D
reconstruction and segmentation can be performed to extract useful qualitative and quantitative
information related to microstructure [113]. The images may appear to have artifacts like
curtaining effects, which requires specific image processing algorithms to do some corrections

before reliable results are achieved.

2.5.3 Curtaining Effect

Dual-beam FIB-SEM systems provide capability for nano-tomography with nanometric
resolution in mesoscale. However, one major challenge associated with ion milling or polishing
is the so-called curtaining effect that refers to straight lines appearing on the cross section of
the sample [98] as the result of preferential milling. If left long enough, the curtaining streaks
actually change the milling front, with a 3-D wave-like morphology appearing on the surface.
For serial sectioning experiments, curtaining may also give information from deeper areas of
the sample (i.e. one is not imaging a planar milling front). Curtaining may result from
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inhomogeneities of the material, such as internal porosity, surface roughness, or heterogeneous
phases with different milling rates or ion channelling effects in different crystal orientations,

as well as insufficient ion beam dose or divergent beam tail effects. [114, 115].

One solution to this problem is the application of post-acquisition curtaining removal
algorithms. Early frequency-based attempts include zeroing k-space pixels in discrete Fourier
space [116], which leaves an unwanted wavy pattern and smoothing of image and may not
remove curtains entirely. Schankula et al. [117] introduced a flexible linear optimization model
based on calculating the continuous Fourier coefficients for correcting multi-angle curtaining
effects in FIB tomography. This method maybe not versatile on materials with severe porosity
due to the relatively simple assumptions of the model. Fitschen et al. [118] proposed a new
convex variational model for removing curtaining that the corrupted 3D image was split into a
clean image and two kinds of corruptions, including a striped part and a laminar one. Recently,
the low-rank-based single-image decomposition model was also implemented to separate the
original image considering the structural characteristic of stripe and the image equally [116,

119].

The second solution to reduce curtains is through physical methods during the experiment.
A rocking stage [120] or a goniometer stage [114] in a FIB-SEM system provide capability of
sample rotating and thus the alternating of ion beam angle to effectively cut across the grain of
the sample, resulting in better image quality. Also, sample preparation is crucial to obtain
artifact-free image for segmentation. Taillon et al. [121] established a sample preparation
workflow for porous materials that involved encasing the sample in a vacuum infiltrator,
degassing under vacuum followed by epoxy impregnation to stabilize the porous structure.
Gaboreau et al. [122] demonstrate that it was efficient to use methyl-methacrylate (MMA) resin
to preserve the texture of a compacted clay material without modifying the pore space geometry
for FIB and TEM imaging. Subramaniam et al. [123] developed a novel single-crystal
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sacrificial mask method and allowed a high-quality milling finish using PFIB. The masking
layer that served as a sacrificial protection tailored the beam, launched a planar milling front
into the sample (thus protecting the material from materials curtaining due to sample surface

roughness) and thus reduced material preferential artifacts during high current milling [123].

2.5.4 Segmentation

Segmentation is the process of identifying pixels in a 2D image or voxel in a 3D dataset and
to classify them into a series of categories known as the label field. This classification can be
performed based on the intensity of the pixel (for example corresponding to the backscattering
coefficient, and thus the atomic number), or a combination of values associated with the pixels
(such as a spectral map with windows), or based on geometric measures (the edges where large
changes in contrast are detected as a gradient of the intensity adjacent to the pixels). This
classification is necessary to enact, so as to extract and classify objects and to obtain statistically

relevant structural information from a digitized dataset.

Image segmentation is a wide field of image processing, which is a subset of computer
science and the signal processing field of electrical engineering. It is now commonly associated
with medical imaging, but could be used for real-time video processing, geospatial information
and many other fields. Simple image segmentation can be done by hand by a skilled operator
who can identify features of interest. This is typically extremely time consuming, and generally
relies on the attention span and biases of the image processor. More automated algorithms have
been developed to aid in the segmentation of image. These include global and local
thresholding of the images based on intensity contrast, to a more sophisticated clustering, or
spatial-dependent methods, such as k-means clustering [124] and edge detection [125].
However, many of these methods suffer from intensity variance of the data, so pre-
segmentation image processing is necessary to handle lighting corrections or depth-dependent
intensity variations, as can occur with shadowing from redeposition in 3D FIB-SEM data
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collection. A relatively new type of adaptive algorithm was developed on the idea that the
boundary of an object is delineated through dynamical evolution and deformation of a curve
[126, 127]. This contour-based segmentation depends on the regularity of boundary curve and

corresponding grayscale values, which may lead to over-segmentation.

In recent years, the ground-breaking advancements of Convolutional Neural Networks
(CNN) in deep learning have shown great promises in promoting image segmentation [128].
Machine learning typically requires a set of training data from the skilled user to identify a
“correct” segmentation from training data, followed by testing of the dataset to ensure that the
machine “learns” what is correct. Following an optimization of testing parameters, the machine
has learned the correct method of segmenting the dataset, it can then be applied to a larger or

different dataset. However, this degree of learning does inherit the biases of the training dataset.

The architecture of the CNN-based ML segmentation methods have the popular
computational design of the U-Net architecture consisting of an encoder and a decoder network
that are connected by skip connections [129]. U-Net and U-Net like models [129, 130] have
shown impressive capability of tackling complicated segmentation problems even with a small
amount of classified training data, which is promising to perform multi-modal segmentation
tasks on 3D FIB-SEM dataset. Design and training of U-Net architectures are beyond the scope
of the dissertation but a thorough review of machine learning as applied to microscopy data is
provide here in [131]. In recent years, several software companies for image processing have
integrated CNNs into user-friendly software packages, where the scientist optimizing some
parameters, provides training data, and the CNN performs the segmentation in a relatively user-

friendly but somewhat opaque manner.
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2.5.5 FIB Tomography and Pore Characteristics

The development of FIB tomography facilitates the quantification of the microstructure and
pore characteristics. It is crucial to characterize the pore network in different length scales,
which are responsible for mass transport properties, including of salt-diffusion which leads to
rebar corrosion for reinforced concrete, and mass transport of pore solution for hydration
reactions in cement and concrete. Bera et al. [132] combined micro-computed tomography
(CT) and focused ion beam tomography on Berea sandstone, which served as building block
for precious hydrocarbon fuel and possessed interconnected micro-pores of 2 ~ 5 um. They
concluded that small interconnected pores between 30 to 40 um connected with large voids
between 100 to 250 um in the materials. Karwachi et al. [133] also characterized mesopores in
steamed zeolites, which allowed a new quantitative insight into the characteristics of
mesopores, such as length, width and morphology. The distribution of nanopores can also be
obtained using FIB-SEM tomography [115, 134]. Porosity and pore characteristics were
compared using different techniques, ranging from mercury intrusion porosimetry, micro-CT,
FIB tomography, TEM tomography, where FIB tomography filled in the gap between micro-
CT and TEM tomography and overcomes disadvantages of porosimetry, like ink neck-effects

(a pore connected to external phase via a smaller pore, which acts as a neck ) [109, 135, 136].

The amount of information typically obtainable in a Ga* FIB-SEM instrument is usually
limited by ion milling rate. The advent of a new ion source of Xe" ions in a plasma source
configuration, allows milling at a higher current up to 2 uA, which makes it possible for large-
volume serial sectioning [137]. On the other hand, Ga* ion source provides probe current up to
several tens of nA, and the probe diameter increases dramatically after it reaches around 10 nA
[98, 137]. Burnett et al. [138] concluded from comparison of serial sectioning in both Ga* FIB
and Xe" FIB that it was 60 times faster and showed less artifacts on hard metals. VOI of

hundreds of microns was achieved in less than 24h, which showed features as small as tens of
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nanometers. Compared with Ga* source, Xe* source showed no trace of ion implantation. Xiao
et al. [139] obtained higher strength of single crystalline aluminum micropillars, from Xe* FIB
operations instead of Ga™ FIB, which results in segregation of Ga at the grain boundaries and
subsequent embrittlement. The advantages of emerging Plasma Xe* FIB make it suitable for

large volume 3D tomography of many kinds of materials.

2.5.6 Perspectives of 3D Tomography in Characterizing Pore Systems in Cementitious
Materials

It is essential to acquire three-dimensional (3D) data for a better understanding of pore
systems, which is critical to clarify microstructure-property relationship in cementitious
materials. The pore structure properties, such as porosity, pore size distribution, and pore
connectivity determine storage and transport characteristics of cement paste and concrete
[140]. Traditionally, mercury intrusion porosimetry (MIP) has been applied to analyze pore
distribution, which is strongly affected by ink-bottle effect [109, 141]. The micro computed Xx-
ray tomography (CT) allows 3D structure visualization at micrometer resolution, where
nanoscale pores cannot be visualized. 3D atom probe tomography and TEM tomography can
also reconstruct structure with resolution less than 1nm [142]. However, many samples are
needed since the sample for these techniques is less representative. Multiple techniques are
needed to characterize multiple length scales of porosity because of the complexity and size

distribution in cementitious materials.

Few studies on FIB tomography of cementitious materials have been reported. Holzer et al.
[143] conducted statistical particle shape analysis of cement particles using FIB
nanotomography (FIB-nt), which revealed structure information and particle-particle interface
at submicrometric scale. This provided data for proposed processing method of particle size
distribution, which were compared with that from laser granulometry [144]. Holzer et al. [145]
also applied X-ray CT to examine 3-D shape cement particles between 20 to 60 um and FIB-
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nt to check 3-D shape of cement particles between 0.4 to 2.0 um. It was found out that the
shape of cement particles in the range of 0.4 to 60 um depended on size. However, research on
hydrated cementitious materials, especially the interfaces between hydrated matrix and
aggregates, and pore characteristics have not been conducted by FIB tomography. Furthermore,
a reliable quantification of porosity of different scales and acquisition of pore networks are

prerequisites for determining properties and designing new materials.

Focused ion beam (FIB) is a powerful technique to conduct 3D tomography with nanometric
resolution. The new Xe" plasma focused ion beam (PFIB) achieves 20-50 times higher
sputtering and milling rates in given amount of time than Ga* source machine [138]. This
makes it a novel tool for material removal, serial sectioning and 3D tomography. It also remains
better resolution using higher milling current compared with Ga*™ FIB resulting from much
stable probe size. This opens a new window for large volume serial sectioning with good
resolution [98, 140]. It is very promising in making large representative 3D structures up to
hundreds of microns where complex microstructures and multiscale pore networks can be

analyzed in cementitious materials.
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Abstract

C-S-H is the main product of the cement hydration reactions and contributes to the binding
properties in concrete, in which ordinary Portland cement (OPC) reacts with water to form a
solid structure. Early-stage C-S-H growth mechanisms have been debated for several decades.
Many efforts have been devoted to the two main hypotheses whether C-S-H grows according
to colloidal agglomeration or layered structure precipitation and growth models. We report the
first application of in-situ liquid cell transmission electron microscopy (LC-TEM) to research
hydration reactions of nano PC, providing nanoscale insight into early liquid-based reaction
mechanisms. We demonstrate that the formation and growth of C-S-H precipitates starts
through lateral growth of planar silicate sheets, but soon continues in all directions resulting in
a 3D microstructure. Furthermore, nanocrystalline C-S-H structures with sizes between 5 nm
to 10 nm were observed inside the amorphous or highly disordered C-S-H matrix, denoting
that C-S-H growth is conformed with layered structure models. Crack formation and
propagation inside C-S-H precipitates confirms the presence of increasing lattice strain due to
growing defects that limits the growth of a fully crystalline structure by buckling and separating
the sheets. The rolling up and crumbling of C-S-H precipitates promotes the formation of new
embryos and later aggregation of building blocks, which is consistent with a colloidal model
as well. The hydration reactions of nano PC in liquid cell are very similar to known reactions
in real mortar and concrete samples in terms of microstructure and phase developments,

lending confidence to a clearer elucidation of C-S-H formation.

Keywords: Liquid cell transmission electron microscopy, Portland cement, Hydration, C-S-H

growth mechanism
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3.1. Introduction

Cements and concretes are the most widely used construction materials on the planet. The
chemistry and manufacturing processes have attracted much attention recently due to the
energy intensive nature of their fabrication and the potential for addressing greenhouse gas
emissions in the industrial materials space. Cements rely on a series of hydration reactions to
convert cement powder into a strong hardened paste that binds structures together.
Understanding, at the nanoscale, these hydration reaction mechanisms and the formation of its
predominant product, calcium-silicate hydrates (C-S-H) can lead to new pathways to design of
greener, stronger and more durable cementitious construction materials.

Hydration reactions of OPC have been studied for several centuries since Portland cement
was patented in Britain in 1824. Still, they are rather complex and remain a target of
optimization for materials improvement. Their complexity arises because OPC contains four
main constituents, namely tricalcium silicate (3CaO-SiO2, known as C3S, where C is CaO and
S is Si0»), dicalcium silicate (2Ca0-SiOz, C>S), tricalcium aluminate (3CaO-Al203, C3A, where
A is Al>03) and tetra-calcium aluminoferrite (4CaO-Al>O3-Fe203, C4AF, where F is Fe203), a
few percent of gypsum which acts as set regulating agent and other minor minerals [1, 2]. Post
hydration, OPC forms hydration products like calcium silicate hydrates (C-S-H), Portlandite
(Ca(OH)2), ettringite  ((CaO)3'Al203(CaS04)3'(H20)32), and calcium  monosulfate
((Ca0)3-Al203:CaS04:(H20)12) or monocarbonates [2]. The initial hydration reactions of C3S
to form C-S-H are particularly crucial to early microstructure and strength development [2]. C-
S-H nucleation and growth in early stages follow a known reaction pathway (CsS dissolution,
induction, acceleration, and deceleration periods) for the first few to 24 hours [3]. It is well
understood that C-S-H is not completely amorphous due to precipitation and densification of

silicate ions to form short chains, resulting in a short-order arrangement of atoms [4]. However,
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the details of the growth mechanism of C-S-H has been debated for a century without resolution.
The first attempt to clarify formation mechanisms relied on a colloidal theory in 1918 [5].

Many models of microstructural evolution are mainly based on two different hypotheses,
one based on the aggregation of nano C-S-H particles or other basic building blocks together
[3, 6, 7] and the other based on formation and growth of planar defective sheets of silicate
layers through attachment of silicate tetrahedra from solution [3, 8]. The colloidal hypothesis
proposed that C-S-H is comprised of colloidal particles with dimension between 1 and 100 nm
[9-11]. The composition and mass density were calculated, which helped to figure out C-S-H
gel microstructure in a fine size and high surface area [6].

By contrast, early concepts of layered structure synthesis assumed that C-S-H is similar to
imperfect jennite and 1.4 nm tobermorite that are natural calcium silicate hydrate minerals,
consisting of layers of Ca-O sandwiched between polymeric silicate anions. [12-14], and a
constitutional model was also proposed, which is related to the nature and relative proportions
of molecules and ions [13, 15, 16].

Further hypotheses and experimental work also tried to clarify the nanocrystalline nature of
C-S-H [17, 18]. It has been reported that tricalcium silicate transforms during hydration into
nanocrystalline C-S-H gel exhibiting disk-like morphology by transmission electron
microscopy (TEM) imaging [17, 19, 20]. Both simulations [21] and ensemble measurements
provide insights into silicate chains morphology in C-S-H gel [4, 17], and showed that the
dominant pattern was linear silicate chain structure [22]. Locally, by combining cryo-TEM and
small angle X-ray scattering, Krautwurst et al. [23] captured C-S-H metastable structure in
liquid and spherical particles at nanoscale, and ascribed the formation of amorphous precursor
to Kinetic effects in early hydration.

To capture the microstructural evolution as it happens, soft X-ray spectromicroscopy has

also been applied to in-situ alkali-silicate reaction (ASR) gel formation [24]. Gartner et al. [25]
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researched C-S-H growth mechanisms using soft X-ray microscopy experiments on silica
particles in saturated Ca(OH)2 solution with NaOH and CacCl; solution to study C-S-H growth,
and concluded that the C-S-H dendrites were oriented about a single common axis, indicating
the origination from a common initial nucleus. Juenger et al. [26] investigated the hydration
reactions of CsS in a solution containing CaCl. using soft X-ray transmission microscopy and
found that CaCl accelerated hydration reactions and observed fibrillar hydration products from
both inside and outside the C3S grain. However, the C-S-H growth mechanisms were discussed
based on indirect evidence in model cement systems with salt addition, and the nature of
hydrated products was not fully clarified. Still, the exact mechanisms of C-S-H formation in
Portland cement and direct evidence in liquid reactions are yet to be revealed.

Over decades many researchers have attempted to clarify hydration products and reaction
mechanisms. Thermodynamic models have been established in understanding the interactions
between different cement compositions and structure of hydration products as well as cement
hydration kinetics [27-29]. The application of new materials characterization techniques
including quantitative (in-situ) X-ray powder diffraction (XRPD) [30-33], heat flow
calorimetry [32, 34], scanning electron microscopy (SEM) [22, 35, 36] as well as other
techniques [37-39] provide insight into these mechanisms. Despite these advancements, the
details of nucleation and growth mechanisms with structural and chemical information in early
hydration reactions at the nanoscale needs further elucidation.

Recent advances in TEM imaging of liquid-based nucleation and growth in solutions have
found traction in such systems as lithium battery reactions and biomineralization [40-42] by
embedding a reactive solution between a pair of closed silicon-based chips [42-44]. The
microstructure evolution in liquid is imaged through two SiN windows, typically 20 to 100 nm
thick and supported by Si [44]. This local environment is shielded from the vacuum of the

electron microscope, while remaining transparent to the electron beam. LC-TEM has benefited
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many research areas, including electrochemistry, nanoparticle growth, fluid physics, and
biological mineralization and living cells [42, 45-50]. The authors’ previous work
demonstrated the feasibility of LC-TEM in cement hydration reactions [51]. Even though many
liquid phase reactions have been conducted using this technique, the application of LC-TEM

on hydration reactions of OPC has not yet been reported.

In this paper, we report the application of LC-TEM technique on hydration reactions of nano-
PC for the first time. To perform the reactions in microchips, nano-PC was prepared in the
form of a sufficiently dilute cement slurry, compatible with imaging conditions. This solution
was anticipated to be a lime saturated slurry to avoid C-S-H dissolution [3]. Hydration reactions
were monitored up to 24 h and real-time changes of the main hydration products, ettringite and
C-S-H were captured in early-stage liquid reactions. Complementary studies by ex-situ TEM
(i.e. high-resolution TEM, electron diffraction) and SEM with energy dispersive spectroscopy
(EDS) were also performed to confirm the hydration products, such as ettringite, C-S-H,
Portlandite and monosulfate. Figure 3.1 shows a schematic of cement hydration reactions
inside liquid cell. Our results support the hypothesis that C-S-H grows in the form of defective
sheets of silicate layer. The nanocrystalline C-S-H precipitates exhibit a similar structure as
poorly crystallized tobermorite. This work provides direct evidence of the formation of the
main hydration products and new insights into the theory of C-S-H nucleation and growth

mechanisms.
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Figure 3.1 Schematic of liquid cell configuration within the TEM demonstrating C-S-H
nucleation and growth on the SiN membranes during cement hydration: ¥V stands for

silica tetrahedra, 4 for CaO, < for water, the blue particles away from SiN
membranes are dissolving cement particles.

3.2. Methods

3.2.1 As —received OPC
The OPC with a mineralogical composition given in Table 3.A1 was from commercial
product. The average particle size of 45 pum was too large for liquid cell microchips and

therefore further processing was needed to reduce the particle size.

3.2.2 Ball Milling and Nano PC
The purpose of ball milling is to reduce particle size, which is vital to a successful
experiment. By using larger cement particles, there is a risk of breaking the SiN membranes of

the chips, hence breaking the vacuum in the microscope. Furthermore, thick particles are not
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electron transparent for TEM observation. By experimenting with different types of spacers
and chips, we found out that using a chip — containing a microwell 4x8 array (EPT 42A2-10,
Protochips Inc., Raleigh, NC, USA) as a large chip and 150 nm spacer for the small chip (EPB-
55DF-10) was the best solution. A compromise of sufficient space in the cell and good
resolution needs to be reached. The chips with larger spacers accommodate more reactants with
the sacrifice of good resolution [40, 42, 52]. Therefore, more advantages are seen to use solid

material with smaller particle size.

A three — stage ball milling operation was applied to reduce the particle size of OPC
effectively. The first stage was to use relatively large corundum balls (10 mm diameter) to
grind cement for 14 days. The subsequent grinding stage was achieved using smaller zirconia
balls (4 mm diameter), for another 32 days. Both stages were conducted in the presence of
anhydrous ethanol, which aimed at dispersing cement particles and minimizing friction heat.
The particle size distribution of nano PC in terms of particle number after milling was
conducted by Particle Size Analyzer (Horiba CAPA-700) followed by the confirmation of
TEM imaging. After achieving a suitable particle size distribution (Figure 3.Al) at the end of
the second milling stage, the cement-ethanol slurry was dried at 70 °C on a hot plate. In the last
stage, the cement aggregates formed during drying were milled again with zirconia balls for up
to 3 days. It appeared that 97.6% of PC particles were below 500 nm, 83.0% below 200 nm

and 66.3% below 50 nm.

3.2.3 Water/cement (w/c) Ratio

As mentioned, it is necessary that many strict requirements be satisfied to achieve desired
reactions successfully in LC-TEM. It is commonly accepted that w/c ratio can be controlled at
values as low as less than 0.20 for superplasticized cement pastes and to values as high as 0.50
for cement slurries [53-55]. In LC-TEM, however, the electron beam must transmit through
the sample, which forces the sample to be a highly diluted slurry rather than a paste. After a
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few attempts, we concluded that a dilute cement suspension with w/c ratio of 15 is reasonable
for liquid cell tests and also is enough concentrated so that partial hydration of nano PC
saturates the solution with Ca(OH) to avoid C-S-H dissolution. Thus, 0.2 g nano PC was mixed
with 3 ml deionized water in a glass vial, followed by sonication for 5 min. The mixing time
that was the starting time of hydration reactions, was recorded. After large particles settled
down at the bottom of the vial, a 2 ul drop was taken using micropipette and put on the window

of the small chip.

3.2.4 Liquid Cell Preparation and In-situ Imaging

Both chips were rinsed in acetone and methanol for 2 min to remove a photoresist protective
coating. 2 ul drop of cement suspension was put on a small bottom chip (we already described
the types of the chips above). On top, a large chip with individual microwells was used to seal
the cell. This allowed a maximum liquid thickness of almost 250 nm. By aligning the
microwells carefully, up to four wells were present for in-situ imaging. The liquid holder was
checked for leaks under vacuum before it was inserted into the microscope. The real time
imaging was performed using a Titan microscope (ThermoFisher-FEI Titan) operated at 300
kV in TEM mode. The average screen current was 1.21 nA. Different areas of interest (AOI)
were tracked to study microstructure evolution in a 24-hour interval. To minimize the beam
effects on hydration reactions, the beam was not kept for more than 3 s on a specific AOI. The
LC-TEM experiments were performed at total of 5 times with 2 failed experiments, in which
similar results were obtained with regards to microstructure evolution and timing of the
reaction process in all experiments. We started from chips with spacer thickness of 5 um, 500
nm and arrived at optimal imaging conditions with chips with spacer thickness of 150 nm, with
which the LC-TEM experiments were repeated 3 times. Among each experimental dataset, as
the timing and hydrated products were observed and the data within the manuscript is

representative of these repeatable experiments.
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3.2.5 Post-situ TEM Imaging and Diffraction Patterns

The liquid cell chips were taken out and totally dried at different time steps in the reaction
process before post-situ experiment was conducted. The post-situ characterization was
performed on the small chip using a JEOL 2010F operated at 200kV. TEM images of

microstructures and diffraction patterns were obtained.

3.2.6 Scanning Electron Microscopy and Energy Dispersive Spectroscopy

The chips were coated with 10 nm carbon and studied by scanning electron microscopy with
energy-dispersive x-ray spectroscopy (SEM-EDS) in a JEOL 7000 microscope operated at 9
keV. The SEM images and EDS data were acquired on key features. The results provided
information to confirm the microstructures and chemical compositions that were observed in

liquid cell.

3.3. Results

The hydration reactions started at the very first moment that nano PC comes in contact with
water. With 150 nm spacers on small chip and 170 nm thickness of microwell in large chip,
the thickness of the reaction cell is up to 320 nm without the bulging effect that provides enough
room for hydrated products to develop in 3D. Needle-like ettringite crystals (shown by arrows)
formed due to the aluminate reaction were clearly observed. Typical formation of ettringite
crystals was captured (Figure 3.2 (a)) 1 h 47 min after mixing. More ettringite crystals with
precipitates nucleated closed to the needles were observed in different regions at about 3 hours
after mixing, as shown in Figure 3.2 (b) and (c). This demonstrates that ettringite crystals act
as nucleation sites for other precipitates as well. The chemical compositions of a needle-like
crystal and the adjoining hydration product were examined and verified to be ettringite and

monosulfate by SEM and EDS (Figure 3.A2).
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Figure 3.2 Needle-like ettringite crystals in liquid cell TEM (a) 1 h 47 min, (b) 2 h 29
min and (c¢) 2 h 45 min (scale bars, 0.5um)

The effective nucleation of C-S-H effectively starts following an induction period from the
mixing time (t = 0). The real-time nucleation and primary growth of C-S-H precipitates at early
and intermediate hydration stages were also captured and shown in Figure 3.3 (a) to (d). C-S-
H nucleation started with the appearance in the microwell of a few C-S-H embryos. Figure 3.3
(b) is an enlarged image of AOI 1 in Figure 3.3 (a) showing 5 to 10 nm in size embryos. Around
3 h 50 min from mixing time, C-S-H nucleation and growth was still observed with more C-S-
H precipitates nucleated on the SiN membrane (Figure3. 3 (c)). These precipitates were not
observed to have drifted or agglomerated in solution and assembled colloidally. Some
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precipitates were as small as 5 nm to 10 nm, while some grew as large as 20 nm to 30 nm, as
seen in Figure 3.3 (d). It was noticed that well-defined C-S-H precipitates nucleated mostly on
the SiN membrane. This was because the membrane and the walls of LC chips provided more
nucleation sites for heterogeneous nucleation of C-S-H by lowering the surface energy. The C-
S-H precipitates were also examined post situ. After opening the microchips, we were able to
obtain some individual C-S-H precipitates at their intermediate growth stage with sizes varying
from 20 nm to 110 nm (Figure 3.3 (e)). However, it shows a different C-S-H morphology that
is similar to particle aggregation Also, some large C-S-H precipitates joined together to form a
network. The C-S-H precipitates as large as 0.6 um to 0.8 um in their intermediate stage were
observed in Figure 3.3 (f). It is worth mentioning that these precipitates were completely

irregular in their microstructure.

(a)
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Figure 3.3 C-S-H nucleation and primary growth on the membrane of liquid cell chips
during induction period: (a) at 3 h 09 min, some newly formed embryos in the microwell,
(b) higher magnification of C-S-H embryos from (a) AOI 1 with sizes as small as 5 nm
to 10 nm. (c) Continued C-S-H nucleation and growth at 3 h 48 min, and (d) some
embryos from (c) AOI 2 were as small as 5 nm to 10 nm, while some grew quickly to 20
nm to 30 nm, and (¢) TEM image from LC chip after opening and drying, showing
individual and joined C-S-H precipitates at their primary growth stage with completely
disordered microstructures, (f) LC-TEM image showing early growth and coalescence of
C-S-H disk-like precipitates with sizes of 0.6 pm to 0.8 um in their intermediate stage.

Figure 3.4 (a) shows C-S-H precipitates with two different morphology after opening the
chips. The morphology of C-S-H in the center indicated that C-S-H developed through particle
aggregation. The C-S-H precipitates at intermediate growth stage in the boxed area of Figure
3.4 (a) were analyzed in the HRTEM image in Figure 3.4 (b). Lattice fringes surrounded by
amorphous matrix (marked areas) were observed. This indicates the presence of C-S-H

nanocrystals inside the amorphous C-S-H matrix. The well-ordered structures were within the
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order of 5 nm to 10 nm, beyond which disordered arrangements of atoms were built in the
microstructure. These displacements and defects could provide more sites for heterogeneous
nucleation. As a result, lattice strain was also built in the C-S-H precipitates. This alternation

of nanocrystalline and amorphous regions confirmed the layered structure model.

Figure 3.4 Ex-situ TEM imaging of C-S-H at the intermediate stage (a) Bright field (BF)
image of C-S-H precipitate, (b) HR image of nanocrystalline and disordered C-S-H in
boxed area of (a). The marked areas show the presence of C-S-H nanocrystals inside the
amorphous C-S-H matrix.
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The real-time direct evidence of C-S-H growth was shown in Figure 3.5, which were
obtained in a separate in-situ experiment with similar experimental conditions. As exhibited in
Figure 3.5 (a), the C-S-H precipitates tended to grow with a disk-like morphology. Upon further
growth, some C-S-H precipitates (Figure 3.5 (b) to (g)) collapsed and impinged on each other
to form a network, in which the main activation energy was the decrease of surface energy.
Later (4 h 46 min), however, these C-S-H sheets started cracking in both the center and the
connection edges after coalescing together (Figure 3.5 (h)). This cracking cannot be caused by
C-S-H dissolution due to slurry dilution. Knowing that the solubility of Ca(OH), in water is
about 1.7 g/L at about 20 °C [28], simple stoichiometric calculations of C3S hydration in the
prepared nano-cement slurry (0.2 g nano-cement in 3 mL water) confirms formation of an
amount of Ca(OH). that is 12 times greater than the amount needed (about 0.0052 g Ca(OH)2
for 3 mL water) for saturation of the slurry, so that partial hydration of the nano-cement
saturates the slurry soon after mixing. This has been confirmed by measuring the pH of the
slurry of 12.73 before putting the LC into TEM (30 min from mixing time). Crack formation
confirms significant strain in the growing texture and indicates that structural defects exist
inside C-S-H precipitates. These defects could be caused by the presence of impurities in
cement [6]. We also found that the areas within the microcracks are quite empty and clear
confirming that C-S-H formation and growth at the beginning starts in the form of 2D sheet-
like precipitates. They are very thin in the orthogonal direction to the LC membrane. The 3D
C-S-H structures (Figure 3.A3) were also observed inside the liquid cell after opening the chips,
which suggested the fact that 2D sheet-like precipitates grow not only laterally, but also
gradually aggregated with precipitates from other embryos in the orthogonal direction to the
LC membrane The formation of sheet-like precipitate structures at early age of hydration up to

24 h were also confirmed later by SEM imaging.
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Figure 3.5 The main growth stage of sheet-like C-S-H precipitates at different time
intervals (a video is attached as V. 3.Al) (a) 2 h 42 min, (b) 2 h 54 min, (c) 3 h 03 min,
(d) 3 h 09 min, (e) 3 h 14 min, (f) 3 h 29 min, (g) 4 h 08 min and (h) 4 h 46 min (scale
bars, 0.5 um)

In this work, direct evidence shows that the growing of C-S-H precipitates happens along
the edge and the surface of the planar sheets (Figure 3.5 (a) — (g)). The increasing lattice strain,
therefore, limits the growth of the crystalline structure. Also, the impurities such as Na*, Mg?*
ions in cement may disrupt the continuous growth of crystalline region. The formation and
propagation of microcracking in the center and edges of the well-grown or adjoined C-S-H

precipitates is an indication of the resultant lattice strain after large C-S-H sheets coalesced as
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seen in Figure 3.5 (h). Finally, the result is the formation of a relatively large 3D network of
C-S-H through connection of the precipitates. Not only the morphology of aggregation of nano
C-S-H particles or basic building blocks was observed after opening the chip, but also the C-
S-H nucleation happened non-uniformly on the internal surface of the SIN membrane and C-
S-H precipitate growth happened, which further confirmed a nuanced realization of both the

colloidal and layered structure hypothesis.

Figure 3.6 exhibits a typical image from a well-grown sheet-like C-S-H precipitate formed
during in-situ experiment. The diffraction pattern taken in the marked area is presented in the
inset. The measured values of the rings from diffraction pattern, which possess d-spacings of
0.3190 nm, 0.2786 nm, 0.1994 nm and 0.1677 nm, are consistent with polycrystalline C-S-H.
Generally, the observed d-spacings are very similar to those of poorly crystalline tobermorite
and jennite [8]. These phases have a layered sheet-like morphology with layers composed of
calcium and oxygen atoms with silica tetrahedra attached, interspersed by water and further
calcium ions. Similar results were also obtained from synchrotron X-ray diffraction
experiments on dry powder from cement slurry [8]. The structure of C-S-H microcrystals inside
C-S-H precipitates was also confirmed by diffraction patterns in the inset of Figure 3.6 (b) with
d spacing values of 0.3277 nm, 0.3197 nm, 0.2837 nm. No apparent relationship has been
identified between matrix and microcrystals through diffraction pattern, which most likely
resulted from special conditions inside liquid cell. Although this main phase from hydrated
reactions was considered amorphous in many of X-ray experiments [30, 31], it is certain that
some local short order structure was achieved. The contribution of the broad amorphous C-S-
H phase in the X-ray diffraction pattern is difficult to discern. Moreover, the presence of
hexagonal sheet-like portlandite was also confirmed with SEM and EDS (Figure 3.A4 and

Table 3.A2).
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Figure 3.6 Confirmation of C-S-H formed during in-situ reactions s(a) BF image and
SAD patterns with d-spacings of 0.3190 nm, 0.2786 nm, 0.1994 nm and 0.1677 nm,
indicating a polycrystalline structure similar to tobermorite structure, (b) C-S-H
microcrystal inside layered structure with d-spacings of 0.3277 nm, 0.3197 nm and
0.2837 nm structure.

While the advances of liquid cell electron microscopy provide tremendous insights into PC
hydration reactions, it is necessary to understand the limitations of this technique regarding
electron beam effects, resolution, and reaction time and kinetics. The electron beam has an
influence in liquid chemistry, which contributed to the excitation and ionization of liquid
molecules, resulting in the formation of hydrated electrons, radicals, ions, H> and O> [46, 47,
56]. Gas bubbles formed by water electrolysis may cause liquid movement and thickness
changes, which limit imaging resolution of small particles by multiple scattering in liquid as
well as two layers of SIN membranes [44]. We observed no bubble formation through
experiments of hydration reactions of nano PC. The imaged precipitates with defined edges
were formed on SiN membranes because heterogeneous nucleation and growth is more
energetically favorable than homogeneous nucleation in solution. We further elucidated that
the sheet-like C-S-H precipitates were not the effects of confined space and SiN membranes of
liquid cell (Figure 3.A3). The planar C-S-H sheets of TEM image (Figure 3.A5) from freeze
drying in a falcon tube clearly shows good consistency with in-situ experiments. The results
indicate that C-S-H precipitates develop mostly in the form of planar sheets at the beginning

of the studied time, namely 24 h. With continued growth, however, they gradually exhibit a 3D
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microstructure. Also, the interactions between high-energy electrons and SiN membrane, to
some extent, contribute to the crystallinity and chemical information, which makes the
identification of main hydrated products much difficult. Besides, the induced electric field on
liquid specimen may also be responsible for drifting of cations and anions, resulting in the local
composition variation and supersaturation [57]. The second limitation was an inability to
observe the very first dissolution and hydration reactions due to time spent on sample
preparation and vacuum checking. We deposited the sample on the chips in a static rather than
dynamic flowing mode to prevent blockage of the internal channels of the holders with
hydrated cement end-products. In this case, imaging dissolving nano particles at the onset of
the reaction is difficult. Finally, the reaction kinetics might be affected by the local heating
effects [46, 57, 58] and local composition variation [46, 47]. Furthermore, the possible
variations in liquid thickness may affect the kinetic of hydration reactions. To avoid beam
effects, the electron dose was strictly limited during imaging (i.e. navigating with fiducial
marks and only opening the beam to acquire an image). The acquisition time in one AOI was

minimized. No apparent microstructural change was observed due to beam effects after 2s ~

3s of beam exposure.

3.4. Conclusions

We reported the first application of liquid cell electron microscopy technology in hydration
reactions of nano PC. With the emerging advancement of in situ characterization, new insights
into cement hydration reactions in early stages became possible. It allowed us to obtain detailed,
real-time information of nucleation and growth of main hydration products, namely C-S-H.
The main by-product of hydration reactions, Portlandite, was also confirmed by ex-situ
experiment. In general, the sequence of hydration reactions of nano PC matched that of mortar
and concrete samples of practical use. The needle-like ettringite crystals were formed in the

reacting medium at the very early stage. It was also observed that ettringite crystals that partly
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served as nucleation sites for hydration products remained stable in the timescale of the
experiment and even after opening the cell and drying the chips. The findings also provided
further direct evidence for both two competing C-S-H growth mechanism that had been debated
for decades. The differences between two hypotheses were focused on whether C-S-H grows
by aggregation of solid nano particles or by attachment of silicate tetrahedral from solution, as
well as the size of precipitates. Our work suggested that development of C-S-H precipitates,
like imperfect tobomerite, is through attachment of silicate tetrahedra from solution resulting
in the formation of a stack of layered structure made of many C-S-H sheets with limited short
order structure. The C-S-H embryos after nucleation evolved through linking of silicate ions to
form growing planar silicate sheets, leading to nanocrystalline C-S-H structure of 5 nm to 10
nm in size. Beyond that dimension, defects were built in, which contributed to disordered
arrangements of atoms, and thus caused local stress. These internal stresses firstly limit the size
of nanocrystals resulting in the formation of an amorphous matrix and finally they cause
buckling and cracking, which lead to new C-S-H embryos forming and aggregating together.
These evidences shown here is a step forward for cement hydration research. The verified
layered structure hypothesis and aggregation of C-S-H nanoparticles for C-S-H growth
mechanism is crucial to understand and control the hydration reactions. While our results were
not extensive about all early hydration stages due to limitations of the liquid cell technique,

they provide new insight into the cement hydration reaction.
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Abstract

Liquid cell transmission electron microscopy (LC-TEM) has the potential to
revolutionize the understanding of nanoscale hydration mechanisms in Portland
cement. However, the volume of the materials under observation must be confined to
an electron-transparent volume in order to make meaningful measurements. This
confinement may alter the chemical kinetics because of an increase in surface reactivity
of the species under study. To understand the applicability of nanoscale measurements
to real-world applications, a study of these effects is necessary. In this case, the
hydration reactions of nano Portland cement (PC) were researched using LC-TEM and
compared to isothermal calorimetry and quantitative X-ray diffraction (QXRD).
Consistent with the authors’ previous study, the water to cement (w/c) ratio was
adjusted to 15 to achieve proper electron transparency. Freeze drying and QXRD
experiments at time points of 0.5 h, 1.5 h, 3 h, 5 h, 14 h, and 24 h were chosen based
on hydration peaks from heat flow curves and interesting phenomena from in-situ
imaging. The hydrated samples for ex-situ experiments were obtained after freeze
drying, which stopped the reaction at the specified time point. In terms of hydration
Kinetics, the initial period and induction period in nano PC system were 0.5 h and 0.5
h, respectively, much shorter than that of 2 h and 1 h in a typical OPC system. The
acceleration stage of the nano PC system contains three peaks, in which a broad silicate
peak appears much later than the aluminate peak. During this stage, the retardation
effects caused by hydration products were also observed. Phase transformation and

microstructure formation are discussed and compared in different hydration stages. We
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also reported the real-time dissolution of ettringite crystals and formation of hydration

products inside LC-TEM.

Keywords: cement hydration, hydration stages, Rietveld refinement, real-time

imaging, aluminate and silicate peaks, liquid cell TEM, in situ
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4.1. Introduction

Hydration reactions of PC in early stage are responsible for the development of the
permanent microstructure and mechanical properties. Though PC was first introduced
in 19™ century [1, 2], cement hydration reactions are still not fully understood due to
complicated compositions and interaction of simultaneous chemical reactions. The
main constituents of PC are alite (CsS), belite (C2S), aluminate (CsA) and
aluminoferrite (C4AF), which transform mainly to calcium silicate hydrate (C-S-H),
portlandite, ettringite and monosulfate [2, 3]. The two most important categories of
cement hydration reactions involve silicate and aluminate reactions [4]. Historically,
cement hydration reactions are divided into four main time periods following mixing
cement and water. The initial reaction period involves cement wetting and rapid
reactions between aluminate and alite with water, followed by a slow reaction period,
which is called induction period [5]. During the induction period, the formation rate of
C-S-H precipitates are very low. Attribution for the induction period has been debated
based on two theories, namely, protective phase theory and delayed nucleation and
growth theory [6, 7]. The following acceleration period of higher rates of nucleation
and growth, and the subsequent deceleration period are sometimes characterized as

main hydration stages.

Many efforts have been devoted to studying alite hydration stages and kinetic studies
using calorimetry methods in past years. Juilland et al. [6] studied alite hydration
kinetics and ascribed the advent of induction period to the formation of etch pits on

surfaces, based on geochemical mechanism. Nicoleau [8] provided a better
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understanding of C-S-H precipitation mechanisms by comparing both calculated and
experimental heat flow curves of alite in the presence of different accelerators. The
kinetic laws that related the dissolution rates of alite and the degree of the
undersaturation in the mixture were also obtained [9, 10], and undersaturation with
respect to CsS was observed to increase during induction period, resulting from
precipitation of portlandite and thus the reduction of calcium and hydroxyl ions [11]. It
was also reported that the tricalcium silicate hydration process was tracked using
calorimetry and synchrotron X-ray diffraction [12]. However, it is rather difficult to
research PC hydration due to aluminate phase reactions and their interactions with
silicate phase reactions [13-15], which probably change the kinetics of hydration
reactions. Heat flow calorimetry is a useful technique to determine different stages of

hydration reactions, but it only provides information on kinetics with less details.

The X-ray powder diffraction (XRPD) technique has proven to be applicable in
characterizing crystalline phases in cementitious materials [16, 17]. Quantitative XRD
analysis of relative phase fractions can be achieved by employing the Rietveld
refinement technique, in which a simulated pattern, based on presumed contents and
certain lattice parameters of a known phase is compared with an experimental pattern
[18]. Therefore, all crystalline phases can be evaluated with a total amount of 100%.
Amorphous or unknown phases are determined using several approaches, including the
internal standard method [18-20], or the scale factor method [21-23]. The contents of
C-S-H, free and bonded water can be calculated via Portlandite content based on an

alite hydration model since belite phase does not undergo significant hydration in the
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early hydration stage, and all crystalline and amorphous contents are adjusted to a new
total sum of 150 wt% [24]. Rietveld analysis is thus applicable in providing phase

information in different hydration stages.

Another interest is to study the microstructural evolution of cement at different time
scales, which has been limited by the weaknesses of various characterization techniques
(including bulk vs. micro-nano, and the requirement of high vacuum to achieve electron
probes at nanoscale in the case of electron microscopy). The liquid cell transmission
electron microscopy (LC-TEM) technique allows new insights into many liquid
reactions, including electrochemistry [25-27], fluid physics [28-30], nano patterning
[29, 31] and even inorganic hydration reactions [32-34] in real time and with excellent
spatial resolution. This opens the new possibility to research cement hydration
mechanisms at the nanoscale. However, it is difficult to achieve in-situ cement
hydration reactions because it involves reactions of both solid and liquid confined by a
liquid reaction cell that is electron transparent. This requires the reduction of Portland

cement particles of microscale size to nanoscale size.

While this experimental methodology is not exactly analogous to typical microscale
PC, there is merit in this approach. Nanotechnology has attracted much attention in
research and engineering communities for its capability to achieve favorable
characteristics of materials. Nano cement with higher surface/volume ratios have been
demonstrated to improve strength and durability even with lower cement to aggregate

ratios as compared to traditional PC [35]. Roddy et al. [36, 37] devised a treatment for

95



oil and gas applications to mix well treatment fluids with nano-cements to manufacture
cement utilizing nano hydraulic cement and nano clay. Bickbau [38] employed a
mechanochemical activation of dispersed grains of Portland cement in the presence of
polymeric modifier to produce nano cement, leading to great superiority over Portland
cement concrete in all indicators and achieving high economic efficiency. Arulraj [39]
researched the replacement of nano cement in Portland cement and associated strength
and durability properties and achieved higher compressive strength and better
permeability in concrete with nano cement replacement. It is thus critical to understand
the size effects of the nanoscale cement to clarify the hydration mechanisms and

kinetics for effective materials design.

This work is an attempt to apply nanoscale materials and characterization techniques
to facilitate the understanding of cement hydration reactions and kinetics. The
applications of nanomaterials potentially enhance unique physical and chemical
properties of building materials as well. In this paper, a freeze-drying technique was
applied to the same nano PC system as previous LC-TEM experiments. Isothermal
calorimetry and quantitative XRD analyses were combined with LC-TEM to provide
correlated details of phase transformation and reaction kinetics in different hydration
stages. We further reveal that aluminate and silicate reactions were responsible for the

peaks in calorimetry data, indicating varied kinetics in different stages.
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4.2. Materials and Methods

4.2.1 As — received and Nano PC

The chemical composition of as — received PC were provided in Table 4.A1. The
average particle size of OPC was 45 um measured by the Lehigh Cement Company
(Picton plant, Ontario, Canada), which greatly exceeded the size of the liquid reaction
cell. To reduce the particle size, a three — step ball milling operation was considered to
make it accessible for LC-TEM. The first two steps were conducted using corundum
balls (diameter; 10 mm, 14 days) and zirconia balls (diameter; 4 mm, 32 days),
separately. Both two steps were in the presence of anhydrous ethanol to disperse
particles and enhance the milling efficiency. The nano cement powder underwent a
final ball milling stage for 3 days after being dried from cement-ethanol slurry on a hot
plate (70 °C). This was to crush cement lumps formed during drying. The particle size
of nano cement (Figure 4.A1) was reduced efficiently, in which 83.0% of cement

particles were below 200 nm and 66.3% of those were below 50 nm.

4.2.2 Liquid Cell Assembly and In-situ Imaging

A special liquid cell holder (Protochips, Poseidon Select holder) containing both a
small chip (with 150 nm spacers) and a large chip (4 by 8 microwells, no spacers) was
applied. This allowed a sealed cell with an approximate 250 nm thickness, where liquid
reactants were located. In this work, we considered a dilute nano cement system with
water/cement (w/c) ratio of 15, in which liquid sample is relatively transparent for
electron beam to go through. The 0.2 g nano cement and 3 ml deionized water were

mixed in a glass vial, and sonicated for 5 min, after which a 2 pl-drop was taken from
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the top of the suspension using a micropipette. The liquid cell unit was assembled
carefully and after vacuum checking was inserted into microscope (ThermoFisher-FEI
Titan). The beam energy was 300 keV with screen current of 1.21 nA. The
microstructure evolution of main phases was studied through tracking different areas
of interests (AOI). The electron beam was left on any AOI only for 2 to 3 seconds for

the purpose of minimizing beam effects on the hydration reaction and acquiring images.

4.2.3 Isothermal Calorimetry and Heat Flow

Heat flow calorimetry was conducted using 1-Cal 8000 HPC, 8-channel isothermal
high precision calorimeter. A flow of deionized water was kept in a suction cup in the
machine at the curing temperature of 25 °C. The w/c ratio was kept consistent with that
of LC-TEM experiment, in which 7.000 g nano cement was mixed with 105.000 g
water. In this case, a high degree of precision was applied regarding the weight of the

reactants.

4.2.4 Lyophilization and Quantitative XRD Analysis

Nano cement powder was mixed with deionized water at w/c ratio of 15, the same as
previous experiments. Six samples that arrested the hydration reaction mid-process
were prepared and frozen according to different reaction times, namely, 30 min, 1 h 30
min, 3 h, 5 h, 14 h and 24 h, which corresponded to significant observations both in
LC-TEM and isothermal calorimetry experiments. The cement suspensions were then

dried below -80 °C in a vacuum dryer for 3 days.
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The diffraction patterns of 6 freeze-dried samples were recorded by a D8
diffractometer (Bruker). Co Ka radiation was used at a voltage of 35 kV and a current
of 45 mA. The measurements were performed ranging from 8° to 90° with a step width
of 0.02 and 2500 s per step. The measurement of each diffraction pattern took nearly 3
h 30 min. The quantitative analysis of hydrated products was performed with TOPAS
3.0 (Bruker). Rietveld refinement was applied, in which intensities from a model of
assumed crystalline phases were fitted and compared with measured X-ray pattern
through a least-square refinement. In this method, all parameters of crystalline phases
including structures, space groups and peak profiles must be known, which gave dry
phase composition normalized to 100%. However, composition of amorphous phases
cannot be determined directly from the software due to their lack of certain structural
information. Amorphous phase content was calculated based on Rietveld refinement
and simplified early-age hydration reactions models [24]. Therefore, the content of
crystalline and amorphous phases that incorporated reaction water were then

recalculated.

4.2.5 Scanning Electron Microscopy and Energy Dispersive Spectroscopy

The structural and compositional information of hydrated products were measured
after the in-situ experiments by opening the liquid chips and examining the products
using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).
The post-situ liquid chips were fully dried, and carbon coated before imaging. The SEM

and EDS were performed on a JEOL 7000F with a beam energy of 9 keV and working
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distance of 10 mm to acquire images with minimal charging and excite all present

elements.

4.3. Results and Discussion

We observed the in-situ hydration reactions of a very dilute nano PC slurry inside a
liquid cell. The water to cement ratio was controlled at 15 to meet the electron-
transparency requirements. The reaction took place the moment cement particles and
water were mixed prior to loading the TEM specimen holder. Figure 4.1a shows a bright
field (BF) image obtained at 2 h 31 min after mixing. As can be seen, C-S-H precipitates
appear to be round in shape. The precipitates with sharp edges nucleated on the SiN
membranes since the heterogeneous precipitation on cell membranes requires less
surface energy [28]. Figure 4.1b was acquired at the same area with a time interval of
8 min. Comparing the circled areas on two figures, we found that C-S-H precipitates

collapsed and formed a network.

R 16 o

Figure 4.1 BF images showing growth and collapse of C-S-H precipitates with
time a) at 2 h 31 min and b) 2 h 39 min
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A serial of images from another area were also obtained. The contrast variance in
Figure 4.2 reveals important information about mass and thickness of C-S-H
precipitates. The circled areas in Figure 4.2a display a few individually grown C-S-H
sheets, which were partially connected in Figure 4.2b. With cement particles being
dissolved, more C-S-H precipitated from the solution and grew along the edges of the
existing sheets. Compared with that in Figure 4.2a and b, C-S-H precipitates collapsed
and grew to a network. The formerly individual C-S-H precipitates that were embedded
in the network became darker in contrast. It indicated that C-S-H not only grew
laterally, but also increased in thickness in a 3D fashion. This shows that the
confinement in the liquid reaction cell did not influence C-S-H growth. A video (V.

4.A1) aligned from 10 images in the same area was also attached.
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Figure 4.2 Contract variance of images in the same area showing thickness change
and 3D growth of C-S-H precipitates a) 3 h 05 min, b) 3 h 10 min and c) 3 h 23
min

Hydration reactions of a dilute system with w/c of 15 were conducted. In-situ TEM
images from the four main hydration stages are shown in Figure 4.3 (b and c are from
the same imaging area, and a and d are from different micro-wells), in which survey
views of SiN membrane and hydrated products were captured at a relatively low
magnification. By careful examination, we were able to evaluate the C-S-H nucleation

and growth process. During the induction period, it was observed that C-S-H nucleated

and formed leading to small embryos on transparent membranes due to the low surface
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energy required for heterogeneous nucleation. These C-S-H embryos developed
through precipitation of silicate tetrahedra to the particle margin from the solution,
where more defects were built in beyond certain scale of 5 nm to 10 nm [40, 41]. This
led to poorly nanocrystalline structure that was tobermorite-like [12, 40, 42]. Later,
during the induction period (Figure 4.3b), more C-S-H precipitated, and some grew to
intermediate planar sheets. Consequently, C-S-H precipitates grew larger and
connected on the membranes in the acceleration stage (Figure 4.3c). However, more C-
S-H precipitates were seen to cover most of the membrane surface in deceleration stage
(Figure 4.3d). Also, some cracking caused by increasing strain appeared in the sheets
leaving some empty areas in between, which further indicated the nature of C-S-H

sheets [5, 42].

\

C-S-H precipitates
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Figure 4.3 C-S-H precipitates from a) acceleration period, at 2 h 10 min, b)
acceleration period, at 3 h 30 min, c) acceleration period, at 15 h 53 min and d)
deceleration period, at 23 h 48 min. Scale bars, 0.5 pm.

Post-situ TEM experiments were conducted to examine the hydrated products. The
BF image (Figure 4.4a) presents the disorganized fibrous C-S-H structure apart from
sheet-like C-S-H precipitates, which may be left due to very high relative humidity in
the end of induction stage [43, 44]. The dark field (DF) image from the same area is
shown in Figure 4.4b. As can be seen, the microstructures with bright contrast
alternated with those with dark contrast. In DF image, the bright contrast resulted from
the diffracted beam that underwent Bragg diffraction condition with crystalline
structure. It revealed that the fibrous C-S-H was nanocrystalline. The selected-area
diffraction (SAD) in Figure 4.4c further proved the nanocrystalline nature of C-S-H

precipitates since the diffraction pattern consisted of both spot and ring patterns, which

correspond to the lattice parameters of C-S-H.
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Figure 4.4 Post-situ TEM experiment on C-S-H precipitates a) BF image, b) DF
image and c) BF image and diffraction pattern of selected area

Aluminate-based reactions also occurred throughout different hydration stages and
had an influence on silicate reactions. Aluminate reactions are responsible for the
setting of cement, where sulfates play a role in regulating hydration reactions in the
form of anhydrite. This is because C3A has close affinity to SOs and reacts with it
instantly, reducing a large amount of exothermic heat from the reaction between C3A
and water [14]. In our experiments, anhydrite as a form of sulfates was identified from
XRPD and no form of gypsum was detected. The moment water was added to the nano
cement system, ettringite was formed. At 0.5 h, 2.3% of ettringite was detected and

12.0% of ettringite was accumulated at 24 h in the deceleration period.
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We also report the real-time dissolution of ettringite and the formation of a more
hydration product (probably monosulfate, in Figure 4.5). In Figure 4.5, a series of
images (see attached video of aligned images, V. 4.A2) were taken at the same position
were taken and aligned carefully from LC-TEM experiments. The results indicated that
ettringite needles dissolve to form monosulfate. Moreover, it was observed that
ettringite crystals were formed and dissolved at different time scales during in-situ
hydration reactions (Figure 4.5b and c). On the other hand, the large precipitates around
needlelike ettringites with unclear morphologies were most likely to be monosulfates
(shown with arrows). It was determined that the structure grew larger in the
consumption of dissolved sulfate ions by ettringite crystals. They were later densified
and underwent shrinkage (Figure 4.5d), which resembled that of real practice [2].
Quantitative results from Rietveld refinement also showed that anhydrite and CzA
dissolved at different times. Anhydrite as the sulfate carrier was dissolved completely
in the very beginning of hydration reactions, while C3A dissolution almost stopped after
initial stage. It continued to dissolve slowly after 5 h from induction period to
deceleration stage. The behavior that C3A does not appear to dissolve with ample
anhydrite was also observed by other researchers [23, 24, 45]. The observation of a fast
dissolution is attributed to the very high dilution of hydration system and the slow
removal of the sulfate due to its adsorption on C3A and C-S-H surfaces [46]. However,
the quantification of monosulfate was not considered here because of has a composition
near or below detection limits for QXRD and for lack of valid structure model [4].

Bergold et al. [46] also observed that ettringite dissolves partially to provide sulfate
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ions to form monosulfate. It was also pointed out that the transformation from ettringite

to monosulfate should start when excess CsA is still present [4].

!

Figure 4.5 The dissolution of ettringite from the same position (a video of aligned
images is attached V. 4.A2).a) at 1 h 59 min, b) at 2 h 08 min, ¢) 2 h 11 min, and
d) at 2 h 16 min. Scale bars, 0.5 pm

Heat flow calorimetry was conducted at 25 °C, in which the reaction heat was
monitored within 24 h (Figure 4.6). As can be seen, there are three hydration peaks (Al,

A2 and A3) in dilute nano PC system, indicated by the solid line. The heat flow curve

of dilute OPC system used as control, shown in dashed line had a large silicate peak,
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which was broadened by the dilution. It was observed that the dissolution (I) rate of
cement particles was much faster in nano cement than that in OPC, indicated by the
cumulative heat curves in Figure 4.6. Moreover, the induction period (I1) of nano PC
system was shorter than that of OPC system. This is due to the higher surface area and
reactivity of nano PC than that of OPC with normal fineness. The acceleration stage
(11) of nano PC appeared much earlier, 1 h after mixing, compared with 2.5 h of OPC.
However, cement hydration of nano PC in this stage was soon retarded, which lasted
almost 6 h. After peaking at 15 h and 7.5 h, hydration reaction of nano PC and OPC
reached deceleration stage (IV), respectively. It is also worth noting that the heat
produced by the very early ettringite formation was not detected by calorimeter because
of both the very high dilution of the reacting media that significantly reduced the
specific heat released and the increase in C3A early hydration rate due to highly
increased fineness in nano PC. Also, the heat flow curve appears to be negative during
the 1% hour of the hydration. This is related to the set temperature in calorimetry test,

which will be discussed later.
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Figure 4.6 Heat flow and cumulative curves of nano PC and OPC hydration within
24 h under the circumstance of 25 °C in solid and dashed lines, respectively. Three
peaks of nano PC heat flow curve are Al, A2 and A3. Four different hydration
stages: I — initial or dissolution period (red line), containing dissolution of cement
particles, II — induction period (green line), involving slow reaction, III —
acceleration stage (yellow line), and IV — deceleration stage (blue line).
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The phase transformation of the dilute system within 24 h was clarified by X-ray
powder diffraction (XRPD) and following Rietveld refinement. Phase composition of
as-prepared nano PC is shown in Table 4.1. It was observed that a small amount of
Portlandite appeared in nano PC. This is due to minor hydration reactions of nano PC
with trace water originating from air humidity and ethanol. The Rietveld analysis leads
to quantitative results of crystalline phases, while amorphous phases can be calculated
by referencing Portlandite contents [24]. This is based on a simple assumption that C-
S-H is only formed from CsS hydration reactions, because C»S hydration typically starts
after the first few days of cement hydration [24]. But free water is not considered, since

it does not remain as part of the hydration products after the lyophilization process.

Table 4.1 Phase composition of nano PC (values in wt %) obtained from Rietveld refinement

of XRD data
CsS C.S CA C4AF Anhydrite  Portlandite  Calcite
53.1 23.7 7.0 7.7 1.1 1.0 6.4

Figure 4.7 shows quantitative results of hydrated and anhydrous phases at different
time intervals including 0.5 h, 1.5 h, 3 h, 5 h, 14 h, and 24 h. Hydration reactions start
the moment that water was added to nano cement. In the first 0.5 h, the contents of
portlandite and C-S-H increased quickly, indicating a quick dissolution and nucleation
process of C-S-H. Then, the reaction remained at a slow rate between 0.5 to 1 h in
induction period with almost no increase in C-S-H content. They increased very slightly
between 1.5 h to 3 h while a relatively fast hydration happened between 3 h and 24 h.

Regarding aluminate phase hydration, ettringite content exhibited an upward trend, and

110



the contents of anhydrite and C3A went down. The small increase in C3A content at 3
h is due to experimental errors. Also, it is clear that anhydrite and CsA both played a

major role in early ettringite formation.
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Figure 4.7 Phase contents of main anhydrous and hydrated phases of hydration
reactions within 24 h from Rietveld refinement; a) C3S, C-S-H, and portlandite,
b) CsA, ettringite, and anhydrite.

Portland cement hydration is generally characterized by four main stages, i.e. initial

period, induction period, acceleration and deceleration stages. It was observed that the
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dissolution and initial stage of nano PC was 0.5 h, much shorter than about 2 h of OPC.
In the nano PC system, cement particles dissolved after contacting water in this stage,
which was accompanied by initial reactions including nucleation of C-S-H and
ettringite formation. The induction period lasted about 0.5 h in nano PC system, which
was also shorter compared with 1 h in OPC system. It was observed that the content of
portlandite went up to 3.7% after 0.5 h and reached 4.2% slowly after 3 h. In the
meantime, ettringite accumulated to almost 5.2%, after which the first peak Al dropped

and the heat release rate slowed down.

It was reported that CsS dissolution in OPC contributed to a high concentration of
calcium and silicate while not necessarily leading to a saturated solution [5]. In a dilute,
pure CsS suspension, it was likely that portlandite precipitated even though an
insufficient supersaturated hydration of CsS was achieved [11]. The induction period
appeared after 0.5 h and lasted for 0.5 h, during which contents of portlandite, and C-
S-H remained almost constant. Similar results were also reported in studies on cement
paste with normal fineness [4, 45]. The reason for the existence of an induction period
is still under debate with mainly two theories. The metastable barrier hypothesis
proposed that newly formed, metastable calcium silicate hydrate prevents underlying
alite from further reacting with water [5, 43]. The second theory, slow dissolution step
hypothesis implied a steady state balance between the dissolution of C3S and the slow
growth of C-S-H, where the solution exceeding a C-S-H supersaturation led to C-S-H
nucleation, followed by a decrease of silicate concentration in solution [5]. In our

conditions, the dissolution rate may not be an issue because of abundant water with
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respect to cement. The slowdown effects of alite hydration is likely from Al inhibition
[15, 46]. The acceleration stage started around 1.5 h and soon got retarded at 2 h, which
lasted until 8 h. This probably resulted from the formation of monosulfates, which
covered the surface of newly formed precipitates. This process will also be discussed

later.

Figure 4.6 exhibited a large broad C3S hydration peak (A3) in the acceleration stage,
where contents of portlandite and C-S-H went up with a steady ettringite content. In
deceleration stage, the heat release rate went down, resulting in an increased
accumulation of large portion of portlandite (18.1%), C-S-H (49.5%) and ettringite
(12.0%). The nucleation and growth of C-S-H resulted in a decrease in calcium and
silicate concentration, which were necessary for further C-S-H growth. The other
reason given for the slowdown of silicate reactions is space limitation [5]. However,
this would not account for the slowdown for further CsS hydration in our case, because

of high dilution.

As can be seen, aluminate peaks develop much earlier than silicate peaks in Figure
4.6 compared with OPC paste. Some studies have been carried out by researchers to
figure out the effects of sulfate content on hydration kinetics. On one hand, the
accelerating effects of sulfate on silicate hydration is due to seeding effects of ettringite
[11, 46]. LC-TEM results of nano cement also show that needle-like ettringites provide
nucleation surfaces for C-S-H precipitates from the beginning. On the other hand,

Bergold et al. [46] concluded that the precipitation of monosulfates that is not an Al-
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inhibition process has a negative effect on silicate reaction rate by reducing the C-S-
Hiro (metastable kind of C-S-H) surface area available for the precipitation of new
precipitates. It is due to the change of surface charge from sulfate adsorption that

changes the precipitation of C-S-H.

The LC-TEM work shows that the transformation of ettringite to a much more stable
hydrated product, monosulfate, later reduces the surface area for potential precipitates,
and thus the rate of silicate reaction. This is the reason that we observe obvious
retardation effects of nano PC system soon after the acceleration stage starts. Quennoz
and Scrivener [15] designed experiments to study CsA hydration behaviors in the
presence of gypsum and alite, and observed that alite hydration is slowed and the
aluminate peak appears ahead of the silicate peak in undersulfated systems with less
than 5% gypsum additions in model cement. However, a silicate peak appears before
the aluminate peak in properly sulfated systems, as gypsum contents increase [15]. This
may explain why large broad silicate peak occurs later. Furthermore, the shape of the
heat flow curve is different from those of cement systems with sulfate, especially in the
beginning. This is likely affected by temperature, which seems to impact more on

aluminate reactions than silicate reactions, and thus results in different interactions [15].

This work shows that LC-TEM and QXRD are powerful techniques to research
nucleation, growth and phase transformation of cementitious materials. It is worth
mentioning that there are a few limitations of the LC-TEM technique as well. The

system is formed by two closed Si chips, in which liquid sample is placed so that
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electron beam can go through to acquire images [32]. Therefore, the liquid sample has
to be transparent, which required to be highly diluted. The dissolution process is
difficult to track in TEM due to the time required to assemble the liquid cell holder and
vacuum check. Then heterogeneous nucleation tends to happen on two SiN membranes
because it lowers the activation energy for achieving critical nucleus size [47].
Moreover, electron beam may alter local chemistry, resulting in supersaturation,
heating and bubble movement [28-30]. During in-situ imaging, special attention was
paid to avoid electron beam effects using less exposure and minimizing time on a
certain area. The detailed explanation on electron beam effects was also included in
authors’ previous study. Regarding QXRD analysis, main hydrated and anhydrous
phases are considered using Rietveld refinement. It is to be noted that the sudden
increase of C3A at 3 h is probably due to the experimental error. As mentioned
previously, quantification of monosulfate is not conducted since it has no defined

crystal structure and low content.

4.4. Conclusions

This work is to provide kinetics information on hydration reactions of nano Portland
cement. Combining isothermal calorimetry, Rietveld analysis and LC-TEM data
including heat curves, quantitative phase transformation results, and structure

morphology were used to analyze hydration reactions.

LC-TEM is a powerful tool to observe microstructure evolution of different cement

hydration stages. The C-S-H precipitates nucleate on the cell membrane and collapse
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to form a network. These C-S-H precipitates grow along the margin of existing sheets,
and then also develop in 3D that was proved from the contrast change in LC-TEM
experiment. The needlelike ettringites contribute to the formation of precipitates on the
surface due to the seeding effects. Some C-S-H precipitates grow to about 300 nm in
size. Post-situ TEM experiments indicate the nanocrystalline nature of C-S-H. It also
sees an increasing content of C-S-H, which tend to grow together and form a network
during the acceleration stage. In deceleration stage, the SiN membrane is fully covered
with planar C-S-H sheets with cracks inside. We also report real-time dissolution of

needle-like ettringite crystals.

The prepared nano Portland cement reacts in an undersulfated way, in which large
broad silicate peak appears later than aluminate peak. The initial reaction period
includes the dissolution of C3S, nucleation of C-S-H and ettringite formation. The
reaction rate of C-S-H formation slows down, and many C-S-H precipitates appear on
SiN membrane in the end of this period. Induction period starts at around 3 h with
further C-S-H nucleation and partial growth, and formation of ettringite. Although part
of ettringite is dissolved releasing sulfate to form monosulfate, it has a net accumulation
over time. The main silicate peak in heat flow curve of nano PC appeared much late
than that of OPC, which exhibited retardation effects caused by reduction of C-S-H

surface area by monosulfates for newly formed precipitates.

The present results relate phase transformation and structure development in

different hydration stages. We hope to provide new insights on hydration kinetics, the
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interactions of various phases in cement reactions. The methods will be applied to other

cementitious systems including OPC with nano-silica in the future.
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Abstract

The use of nano hydraulic cements along with supplementary cementitious nanomaterials to
enhance microstructure development and properties has been of great interest for designing
better concretes. The introduction of nanoscience and nanotechnology to the cement industry
has a huge potential to reduce the carbon footprints of cement productions. The early-age
hydration kinetics, microstructural evolution and corresponding phase transformations have
long been the subjects of cement and concrete research. To this end, the hydration reactions of
nano Portland cement (NPC) with and without NS additives were realized and tracked for the
first time in a liquid cell transmission electron microscope (LC-TEM), coupled with isothermal
calorimetry and quantitative X-ray diffraction (QXRD). We revealed the different hydration
mechanisms in nano PC and OPC in the presence of nano-silica (NS). The results showed that
NS shortened the dissolution and induction periods of the hydration reaction significantly in
OPC systems. The fact that NS contributed less to hydration reactions in NPC systems resulted
from the size effect that nano cement with a much higher surface area and reactivity hydrated
much faster to a high degree by itself. The LC-TEM observations found that NS was adsorbed
on the surfaces of needle-like ettringite crystals accelerating their conversion into monosulfate,

and thus achieving lower contents of ettringite in NPC with NS.

Key words: nanoscience, LC-TEM, QXRD, heat release, early-age hydration
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5.1. Introduction

Cement hydration is a complex process because of the presence of various phases and the
interdependence of different chemical reactions. Understanding hydration mechanisms and
kinetics will facilitate controlling of the hydration rate and the design of desirable concretes.
The early hydration reactions include dissolution and precipitation reactions, which are further
divided into mainly four time periods, namely, initial period, induction period, acceleration

period and deceleration period [1].

In the first few minutes of mixing Portland Cement (PC) with water, ettringite
(C3A-3CS3-Hs, C=Ca0, A= Al03, S = SO3, H = H0) is precipitated from dissolved calcium
aluminate (C3A), calcium sulfate and water [2]. Also, tricalcium silicate (CsS, S = SiOy) starts
dissolving during the initial stage [2, 3]. The induction stage is a slow reaction period and
various theories have been proposed for the existence of this period. One hypothesis suggests
that a thin metastable calcium silicate layer is formed covering the surface of cement particles,
and that the continuous layer of calcium silicate hydrate prevents the diffusion of water and
ions to the reaction surface and thus inhibits further hydration reactions [1, 4-6]. An alternative
hypothesis proposes that the undersaturation of solution with regard to CsS leads to slow
dissolution and contributes to the decrease in reaction rate based on a balance between
precipitate growth and particle dissolution [7]. Juilland et al. [8] further ascribed the slow
dissolution process observed during the induction period to the formation of etch pits at
dislocations of alite that dropped under a high level of undersaturation. Further evidence on
kinetics principles between dissolution rate and undersaturation was obtained by Nicoleau et
al [3, 9] and the increase of reactivity by etch pit opening was also discussed [10, 11]. It was
also reported that the presence of aluminium ions inhibits alite hydration, while the addition of
gypsum (CaS0O4-2H20) leads to the acceleration of reactions in alite and C3A-gypsum systems

[12]. Some researchers believed that this was due to the absorption of an Al-rich layer or
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aluminates on hydroxylated CsS by ionic interactions [13, 14]. Bergold et al. [15] pointed out
that the precipitation of AFm (monosulfate, 3Ca0-(Al,Fe)203-CaSO4-nH,0) phases instead of
Al-inhibition process resulted in hindering effects on silicate reactions. Reaching a critical
point, the rate of C-S-H formation starts to accelerate [16], which may suggest a nucleation and
growth mechanisms [7]. The C-S-H growth mechanisms have been debated for decades, with
two main theories of layered structure models [17-19] or colloidal models [20, 21]. Many
efforts have been devoted to C-S-H growth mechanisms including simulation [5, 22], X-ray
diffraction [2, 23] and electron microscopy [24-26], while it still needs further elucidation. The
deceleration stage may result from the lack of small particles, the consumption of water and

less space and thus a slower diffusion process [1, 27].

The concepts of nanomaterials and nanotechnology have attracted much attention in recent
decades [28]. It is promising to further understand the fundamentals of cement chemistry and
clarification of microstructural changes in nanoscale and microscale by applying the tools of
nanoscience and cutting-edge characterization techniques to cement and concrete research [29,
30]. Some studies on nano cement [31-33] were reported with an aim to improve the
compressive strength and durability and reduce the amount used to make concretes, but none
was focused on microstructural evolution and hydrated products. The application of nano-silica
(NS) with higher surface area and reactivity in concrete contributes to higher strength and
durability [30, 34, 35]. This is mainly due to the seeding effect (nanomaterials provide large
surface area for precipitation), pozzolanic reaction (silica-rich precursor reacts with Ca(OH)>
to form C-S-H) and the filler effect (can fill internal porosity defects) [29, 36]. The conflicting
effects of NS on compressive strength have also been reported because of agglomeration and
the form of NS and difficulties in achieving an effective dispersion of nanoparticles [37, 38].
In order to clarify these effects, more efforts are needed to clarify the role of NS on hydration

kinetics and hydrated products.
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In this paper, we make efforts to better comprehend the correlated relationship among
hydration chemistry, kinetics and microstructural evolution of nano Portland cement (NPC) in
early age up to 24 h using nanoscale experimental techniques. We further clarify the effects of
NS on microstructure, heat release and contents of hydrated products in NPC system. The heat
flow curves of NPC and OPC systems are compared, and different factors controlling hydration
kinetics are discussed as well. Figure 5.1 shows a schematic of different hydration reaction
processes in nano and OPC with NS. It is found that NS tends to attach to needle-like ettringite
crystals and affects hydration mechanisms by accelerating ettringite conversion to
monosulfate. The NPC achieves a larger hydration degree due to higher surface area and
reactivity, in which the addition of NS plays a less crucial role. However, the incorporation of

NS contributes more to hydration reactions in OPC resulting from seeding effect.

Effective NS seeding effect for PC in dilute systems Less effective NS seeding effect for NPC in dilute systems
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Figure 5.1 Schematic of hydration reactions in NPC and OPC with NS
5.2. Experimental

The NPC was prepared from commercial OPC with an average particle size of 45 pm.
Commercial OPC is not suitable for LC-TEM experiments due to the limitation of liquid cell

geometry. Two-step ball milling was performed in the presence of anhydrous ethanol to reduce
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the particle size, while a third-step dry ball milling was conducted to reduce particle
agglomeration. The composition of OPC and the results of Rietveld analysis of NPC were given
in Table S1. It was achieved that cement particles with size of less than 200 nm accounted for
83.0% in number. NS for research use was obtained from Sigma-Aldrich. The microstructure

and morphology of NS were provided in Figure 5.AL.

The structural evolution of hydration products was observed in an in-situ liquid cell holder
from Protochips Inc. In order to obtain structural information, the liquid used for transmission
electron microscopy (TEM) experiments should be electron transparent which imposes a high
dilution of the samples. Dilute suspensions were mixed in glass vials with the water/binder
(w/b) ratio of 15, sonicated for 5 min and transferred onto a small chip using a micropipette.
After assembly and vacuum checking, the liquid holder was inserted into the microscope
(Thermofisher-FEI Titan, 300 keV). The in-situ imaging was performed over a span of 24 h
and different areas of interests (AOIs) were tracked with time. To minimize beam effects, the
electron beam was kept on any AOI no longer than 2-3 seconds. Scanning electron microscopy
(SEM) in conjunction with energy dispersive spectroscopy (EDS) was performed in a JEOL
JSM-7000F to obtain structural and elemental information of hydrated products after the in-
situ experiments. The chips were coated with a thin layer of carbon (10 nm) to reduce the
charging. An electron beam energy of 9 keV and working distance of 10 mm were used during

imaging.

The heat flow of both NPC and OPC was obtained on a I-Cal 8000 HPC, 8-channel
isothermal high precision calorimeter. The dispersed NS was prepared by mixing 0.02 g NS
with 20 ml water, followed by sonication for ten minutes. In the meantime, 0.01g mono (SP,
MasterGlenium 7500, as dispersant) was mixed well with 10 ml water. Then a 2 ml sample of
dispersed NS and 1 ml SP were taken respectively, and further mixed into a suspension. Dilute
suspensions with the same wi/b ratio of 15 were mixed in suction cups, where the weights of
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binders and water were 7.0 g and 105.0 g, respectively. In both systems, cements were replaced
by 1.0 wt% NS, while cements without replacements were taken as control samples. The curing

temperature was set to 25 °C and the heat flow was monitored for 24 h.

The ex-situ samples were also prepared for quantitative XRD and Rietveld analysis. Six
reaction times were selected combining LC-TEM and calorimetry data, which included 0.5 h,
1.5h,3h,5h, 14 h, and 24 h. Two systems of nano cements with and without NS were mixed
in falcon tubes at the same w/b ratio. To stop hydration reactions at the end of selected reaction
times, the dilute suspensions were immersed in liquid nitrogen, and freeze-drying process was
applied under the condition of below -80 °C. Then a D8 diffractometer (Bruker) was used to
collect the diffraction patterns of dried samples with a step width of 0.02° and 2500 s per step.
The voltage and current were 35 kV and 45 mA, respectively. The 20 range of diffraction
patterns were from 8° to 70°. After phase identification, Rietveld refinement was conducted on
TOPAS 3.0 (Bruker). It worked by refining all known parameters of crystalline phases
including structures, space groups and peak profiles, in which crystalline phase contents
normalized to 100% can be obtained. It is worth noting that C-S-H content cannot be
determined directly from refinement due to lack of certain structural information. It was
calculated based on Rietveld results and the assumption that Portlandite was merely the by-
product of C3S [2]. The contents of crystalline and amorphous phases were recalculated and

normalized to 100%.

5.3. Results and Discussion

The heat flow curves of NPC and NPC with NS at 25 °C are shown in Figure 5.2 (a) and the
corresponding cumulative heat curves are shown in Figure 5.2 (b). Figure 5.3 exhibits heat
flow and cumulative heat curves of OPC and OPC with NS. The four main hydration stages of
nano systems are to be characterized combining heat flow and cumulative heat curves in Figure

5.2. The heat flow curve shows similar shapes in two systems that are mainly acceleration and
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deceleration stages. It seems that the initial stage (dissolution stage) and induction periods of
two nano systems are too short to distinguish in comparison to those of OPC systems. The
duration of initial and induction periods of NPC with NS lasts a little bit longer than that of
NPC system from heat flow curve and the total heat of NPC with NS within 24 h is slightly
lower than that of NPC without NS as seen in cumulative heat curve. This is due to the size
effect in NPC systems compared to OPC (to be discussed later) and/or probably a slight
retardation effect caused by SP [39], which was added to disperse NS in water followed by

ultrasonication.
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Figure 5.2 Heat flow and cumulative heat curves of nano PC and nano PC with NS
(yellows lines indicate the end of induction period and the silicate peak of nano PC with
NS, respectively)
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Also, another retardation effect in comparison to OPC that is very significant was observed
in both systems shortly after the start of acceleration stage (about 2 h). This is attributed to
ettringite conversion to monosulfate (peak Al), which covered C-S-H and reduced its surface
for further formation and precipitation [12]. The acceleration stage of NPC with NS starts a
little later, while the formation rate of hydration products in acceleration stage is higher in NPC
with NS than that in NPC. The main C-S-H peak for the NPC with NS shows hydration
reactions in following three aspects. First, a small shift of the main silicate peak of NPC with
NS was observed. The system with NS attains the maximum heat evolution rate (the peak in
the acceleration stage) almost 1 h earlier than the system without NS. Second, the heat flow
curves show a slightly narrower peak compared to the system without NS, which is similar to
the effect in concentrated (reducing wi/c ratio) cement slurry [40]. The systems with lower w/c
ratios result in higher concentrations of ions in the solution that may lead to earlier
supersaturation and thus accelerated hydration reactions. It is worth noting that NS dissolves
in water especially when the pH value rises due to the release of Ca(OH)2 [1] and dissolution

of NS helps in increasing ion concentration in the solution [1].
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Figure 5.3 Heat flow and cumulative heat curves of OPC and OPC with NS (blue arrow

show aluminate peak of PC and yellow arrow show aluminate peak of PC with NS)
The dissolution and induction periods of OPC with or without NS (Figure 5.3) were longer,
compared to those in nano systems. In a dilute system of OPC with NS, the main aluminate
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peak appeared early and the formation of ettringite was less compared with that of OPC from
heat flow curve [16]. In the case of NPC, addition of NS resulted in faster conversion of
ettringite to monosulfate. The decrease in C3A showed that formation of ettringite was 1.99%
after hydration for 1.5 h, and it was soon converted to monosulfate. The results of OPC with
and without NS are consistent with those of NPC with and without NS in terms of the role of
NS on aluminate reactions. Clearly, the role of NS on initial and induction stages of nano and
normal systems is different. First, the initial induction stage in OPC with NS was shorter than
that of PC without NS even in the presence of SP, which was reverse of what observed in NPC

systems.

This difference may be attributed to the size effects [8, 39] comparing the two PC and NPC
systems with NS. In OPC with NS system, the dissolution rate of cement in the initial stage is
comparatively slower due to limited dissolving surface of much larger cement particles with
an average size of 45 um. In such a case, the nucleation seeding effect of NS plays a remarkable
role in promoting the rate of cement dissolution which in turn shortens the induction period
and result in an earlier acceleration stage, compared to a plain OPC system. In NPC systems,
however, a relatively huge dissolving surface is at work leading to much higher rate and degree
of dissolution and hydration in a highly dilute suspension even in the absence of NS. Therefore,
the seeding effect of NS in highly dilute NPC systems, is insignificant, and the fast dissolving
and hydrating nano cement particles with comparatively less reactive NS slightly postpones

the start of acceleration stage and reduces the hydration heat slightly.

The phase transformation of NPC with and without NS was evaluated using Rietveld
refinement of x-ray diffraction data, shown in Figure 5.4. In both nano systems, C-S-H and
portlandite contents increased with time in the consumption of CsS. It was observed that C-S-
H and portlandite contents went up sharply in first 0.5 h, which indicated a high reaction rate
in dissolution stage due to the large surface area of nano cement. The contents remained
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relatively consistent between 0.5 h to 3 h during the induction period and subsequent early
acceleration stage that retardation effects occurred, and they went up in acceleration and
deceleration stages later. Figure 5.4 (e) also compares the C-S-H and ettringite contents of the
two systems. As seen, NPC with NS shows a higher content of C-S-H and a lower content of
ettringite, compared to plain NPC. In terms of aluminate reactions, C3A and anhydrite contents
exhibited downward trends in both nano systems, while anhydrite went down sharply in first
0.5 h confirming fast dissolution of anhydrite nano particles in a highly dilute cement
suspension. The ettringite content of plain NPC system shows an upward trend (Figure 5.4 (b)),
indicating a net accumulation in the first 24 h. On the other hand, the ettringite content in NPC
with NS dropped from 1.5 h to 14 h and then increased at 24 h in the end. It is worth noting
that a slight increase in C3A content at 3 h of hydration is just a measurement error and

evidently there should be no increase in the cement phase contents during hydration.
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Figure 5.4 Phase evolution of plain NPC (a & b), NPC with nano silica (¢ & d) and phase
contents of C-S-H and ettringite in the two systems (e).

The hydrated products and microstructure evolution were captured in LC-TEM. Nano
cement dissolved after mixing with water. The occurrence of needle-like ettringite crystals, a
product of aluminate and sulfate with water was observed from the beginning of reactions in
LC-TEM. Figure 5.5 (a) shows ettringite crystals that precipitated and provided nucleation sites
for other hydrated products. The main hydrated product, C-S-H round precipitates was
observed to increase in the amount (number and size) from Figure 5.5 (b) to (c), which was
consistent with the peaks in heat flow curve at 3 h and 5 h. The C-S-H precipitates (Figure 5.5
(d)) fully covered the liquid cell during the third peak of heat flow curve. at 15 h. C-S-H
precipitates formed a network upon further growth (Figure 5.5 (e)). The morphology of sheet-

like C-S-H and embedded portlandite (Figure 5.A2) were further confirmed using SEM.

It was observed that reaction sequences of NPC with NS were similar to those of plain NPC.

The ettringite crystals were found since early hydration reactions (Figure 5.6 (a)). Some of
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them dissolved with time, releasing sulfate ions, which are shown in Figure 5.6 (b), acquired
in the same area of interest (AOI). In terms of the morphology of C-S-H precipitates, the
addition of NS led to more dispersed precipitates. (Figure 5.6 (c), (d) and (e)). It is worth
mentioning that C-S-H precipitates were less likely to dissolve because the amount of Ca(OH)>
from complete hydration of CsS in 0.2g cement is more than 10 times enough for saturation of
3 ml water, and the pH of the suspension was confirmed to be 12.73 before the holder was
inserted into microscope. Moreover, the ettringite crystals were observed to dissolve due to the
presence of NS, which was consistent with quantitative XRD results. The SEM results (Figure
5.A3) also confirmed the sheet-like morphology of C-S-H in NPC with NS. Also, needle-like

ettringite and hexagonal portlandite crystals were covered with C-S-H precipitates.
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Figure 5.5 LC-TEM images showing microstructure of different areas and time scales in
NPC a) 1 h 35 min, b) 3 h 10 min, ¢) 4 h 52 min, d) 14 h 06 min and e) 24 h 21 min
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Figure 5.6 LC-TEM images showing microstructure at different time scale in NPC with
NS, a) 1 h 48 min, b) 2 h 47 min (same area as first image), ¢) 4 h 36 min, d) 14 h 16
min and e) 23 h 58 min

Figure 5.7 displays LC-TEM images showing attachment of NS and precipitates to the
ettringite crystals. Without plasma cleaning, the surfaces of the SisN4 inside liquid cell chips

exhibit hydrophobic properties and the tendency of NS to attach to the membranes were
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significantly reduced. It was observed that NS tended to adhere to precipitated ettringite
crystals, as shown in Figure 5.7 (a). These NS with large surface area provided more nucleation
sites for C-S-H precipitates. Afterwards, newly formed C-S-H grew together. This explained
the fact that C-S-H precipitates grew along the direction of needles as seen in Figure 5.7 (b).
In addition, LC-TEM observations clearly showed that attachment of NS to ettringite crystals

resulted in an acceleration in ettringite conversion to monosulfate (V. 5.A1).

'a)

Figure 5.7 a) NS attachment to needle-like ettringite crystals and b) subsequent C-S-H
nucleation and growth inside chips without plasma cleaning in advance
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In concentrated OPC paste, heat flow curves are relatively sharp [7, 41, 42], while for dilute
suspensions they are relatively broad peaks. This is due to both dilution and temperature effects
[12]. In concentrated systems, the very high ions concentrations in the cement suspension
results in an acceleration in Cs3S hydration [22]. Moreover, the relatively low ions
concentrations in dilute suspensions reduces the rate of hydration of C3S and results in broader
peaks [43, 44]. Also, hydration at relatively low temperatures results in broader heat peaks.
The negative heat flow in the induction period as discussed before was caused by temperature
setting [12]. The shoulder seen in the heat flow curve of OPC due to the final ettringite
formation disappeared in both nano systems. The QXRD results showed that final ettringite
formation shifted to earlier times when C-S-H main hydration reaction occurred. This means
that final ettringite formation peak is superimposed to the main C-S-H peak due to the fineness

effect on hydration reaction Kinetics.

The NPC curves in this study are similar to dilute OPC systems except in the following
aspects: A very small exothermic peak at time zero was observed, which was due to both
fineness (causing fast reaction) and very high dilution (lowering the heat density). The starting
time of the acceleration stage was earlier for NPC by almost one hour, resulting from high
reaction surface provided by NPC. The plateau in the acceleration stage showed a retardation
effect in CsS hydration as well. Then, the size of the last big peak (C-S-H and ettringite
formation peak) resulted from both the NPC fineness and the pozzolanic reactions that finally
overcome the retardation effect. The retardation effect at the beginning of the acceleration stage
might be due to traces of ethanol remained in NPC. It is known that poly-alcohols and alcohol
amines provide retarding effects at very low concentrations, but unfortunately there are few
published results on ethanol or ethyl alcohol [39, 45]. Another probable reason is the ettringite
formation that might inhibit C3S hydration by reducing the C-S-H precipitating surface [14].

This may result in a retardation effect in the acceleration stage. The phase transformation
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indicated that CsS decreased with time in plain NPC and NPC with NS. For silicate reactions,
fast dissolution of CsS and nucleation of C-S-H happen in the first 0.5 h. Then the reaction rate
slowed down till 3 h, which was consistent with first peak. Further nucleation and growth of
C-S-H around 3 h that also confirmed by LC-TEM contributed to second peak in nano systems.
During acceleration and deceleration stages, the C-S-H contents went up due to continued
hydration, shown by LC-TEM results. For aluminate reactions, anhydrite serves as a source of
sulfate ions, which dissolves in the beginning of the reactions and remains in the solution to
form ettringites with gradually dissolved CzA. The dissolution behaviors of sulfate and CsA
were also reported by Bergold et al. [15]. In two nano systems, NS led to faster C-S-H
nucleation process and more in phase contents, indicating its role to promote nucleation and
growth process. In NPC with NS, ettringite contents appeared to be lower due to its accelerated
conversion to monosulfate that further reduced the reaction surface for newly formed
precipitates, and thus retarded the reaction [14, 15]. Compared with NPC system, more
dissolution of ettringite were observed during LC-TEM imaging. In the experiment without
plasma cleaning chips, we observed much more attachment of NS and precipitates to ettringite
crystals, resulting in an acceleration in ettringite conversion to monosulfate and providing more
nucleation sites for more C-S-H precipitation. This also explained the fact that the reaction rate

of NPC with NS was higher than that in plain NPC during early stage of acceleration.

The incorporation of NS accelerates hydration kinetics in both OPC and NPC (more
remarkably in OPC) in the following aspects. First, it provides more nucleation sites for C-S-
H to precipitate resulting in a relatively higher rate of heat evolution in the acceleration stage
[30, 36]. In NPC, this is shown in the first and second peaks, where the one with NS is higher
than the one without it confirming a higher hydration degree of CzA and C3S. Second, the main
C-S-H formation peak occurs almost as earlier as one hour in the dilute systems with NS. This

is again a consequence of nucleation seeding effect of NS. Third, comparing the amounts of
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ettringite formed in plain NPC and NPC with NS, it seems that NS has an impact on reducing
the amount of ettringite. As mentioned in LC-TEM observations, NS particles were adsorbed
on ettringite crystals as soon as they were formed. This surface adsorption of NS on ettringite

crystals seemed to accelerate the conversion of ettringite to monosulfate.

The formation and transformation of monosulfate were confirmed through in-situ imaging
and SEM. However, it was not considered in QXRD due to the lack of necessary crystal
information as well as being in a minor content [46]. Many factors can affect the shape of heat
flow curve, such as temperature setting, particle size effect, nucleation seeding effect,
pozzolanic reaction and dilution. Pozzolanic reaction of NS (shown in equation 1) that results
in a lower amount of heat evolution compared to CsS hydration can also contribute in a higher
rate of heat evolution in the acceleration stage if it is incorporated as addition [47]. In this study,
we replaced OPC and NPC by just 1 wt.% of NS. Replacement of cement with NS accelerates
early hydration and results in a higher rate of heat evolution during acceleration stage, but it
reduces the total amount of heat evolution upon almost complete hydration that requires long
time calorimetry measurements. In the present work, the study was limited to early hydration
(24 h) of PC and NPC. The amount of replacement is also important. NS is usually incorporated
in relatively small amounts (less than 3 wt.%) because of difficulties in controlling w/c ratio
and achieving a uniform dispersion due to its ultrahigh surface and strong agglomeration
tendency. In this work, replacement of OPC and NPC with 1 wt.% NS would contribute to only

0.66% secondary C-S-H, under the assumption that NS fully reacted.

SiO2 + Ca(OH)2 + 2H20 = CaH2SiO4 « 2H20 (5.1)

Equation 5.1 — Pozzolanic reaction

The negative parts of heat curves in the beginning is due to the set temperature in software.

Some evidence can be found from the literature, where the usual shape of heat flow curve is
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obtained at about 23 °C [16]. In this case, the original heat release is considered ‘positive’ by
the software, while it is probably treated as negative when the controlling temperature is 25 °C
in our case, meaning that the system has to input power to keep the temperature at set
temperature. This result is also reported, in which a negative peak appeared at 26 °C and above
[12]. Also, traces of residual ethanol in cement may affect the hydration kinetics, which need
further clarification. LC-TEM has some limitations. The liquid suspension has to be highly
dilute to provide a transparent medium so that electron beam can go through to achieve
structural information. It is necessary that cement suspension be prepared in a very high w/c
ratio. Furthermore, we miss the dissolution and precipitation within the first 1 h due to

necessary preparation time.

5.4. Conclusions

The nano cements along with supplementary cementitious nanomaterials can lead to
significant improvements in strength and durability in concretes. This study on the early-age
hydration reactions of nano PC with and without NS shows the correlated relationships among
microstructure, heat release and phase transformation, and the role that NS plays in above

features.

First, the incorporation of NS shortens the dissolution and induction periods significantly in
OPC. The acceleration stage appears 1 h earlier and the main silicate peak shows up to 2 h
earlier in OPC with NS compared with that of OPC. Also, the total heat after first day is more
in OPC with NS. The initial and induction periods in both nano-systems are very short and
difficult to distinguish. In acceleration stage, the rate of heat release of nano PC with NS is
slightly higher compared to that in nano PC system. The total heat of NPC with NS within 24
h is slightly lower than that of NPC without NS. This can be explained by size effect, in which
OPC with normal fineness shares less surface area and the nucleation sites by NS contribute
more to hydration degree.
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Second, a strong retardation effect was observed in NPC and NPC with NS in the beginning
of the acceleration stage between 1.5 h and 8 h, in which hydration reactions show significantly
lower heat rate and cumulative heat. This can be attributed to the conversion of ettringite to
monosulfate, which covers the surface of newly formed C-S-H, preventing further

precipitation.

Third, the main hydrated product, C-S-H in NPC with and without NS first precipitates on the
SizN4 membrane surface due to lower surface energy. However, C-S-H precipitates in NPC
with NS exhibit well-distributed microstructure compared with that in plain NPC system. This
resulted from seeding effect of NS. More ettringite crystals are dissolved in NPC with NS
compared to that in plain NPC system. This may suggest that NS accelerates the conversion
from ettringite to monosulfate. Our LC-TEM results also indicate that NS tends to be adsorbed

to needle-like ettringite leading to needle-like C-S-H precipitates.

This work reveals the structural evolution and hydration kinetics of NPC by applying the
nanoscience and nanotechnology. The present results promote the understanding of the role of
NS in nano and OPC systems. The work clarifies a critical topic in cement and concrete
research and different hydration paths in nano PC and OPC systems with the addition of NS.
This provides new insights for designing proper nano cements with supplementary

cementitious nanomaterials, which will certainly achieve great economic benefits.
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Abstract

The visualization and quantification of pore networks and main phases have been critical
research topics in cementitious materials as many critical mechanical and chemical properties
and infrastructure reliability rely on these 3-D characteristics. In this study, we realized the
mesoscale serial sectioning and analysis up to ~80 um by ~90 pum by ~60 pm on Portland
cement mortar using plasma focused ion beam (PFIB) for the first time. The workflow of
working with mortar and PFIB was established applying a prepositioned hard Silicon mask to
reduce curtaining. Segmentation with minimal human interference was performed using a
trained neural network, which was compared using multiple types of segmentation models.
Combining PFIB analysis at the microscale with X-ray micro-computed tomography (micro-
CT, sample size of 10 mm by 10 mm by 2 mm) at 10 s of microns scale, the analysis of capillary
pores and air voids ranging from hundreds of nanometers to millimeters can be conducted. The
volume fraction of large capillary pores and air voids are 11.5% and 12.7%, respectively.
Moreover, the skeletonization of connected capillary pores clearly shows fluid transport
pathways, which are a key factor determining durability performance of concrete in aggressive
environments. Another interesting aspect of the FIB tomography is the reconstruction of
anhydrous phases and enables direct study of hydration kinetics of individual cement phases.
This work opens the possibility of characterizing porosity in cementitious materials at all

critical length scales.

Keywords: PFIB, large-scale serial sectioning, 3D reconstruction, pore network, quantification

6.1. Introduction

Portland cement-based concrete is the most widely used construction material worldwide.
Its properties, like compressive strength and durability depend strongly on the internal pore

system [1, 2]. The pore size distribution spans a wide volume range, with equivalent diameters

150



ranging from a few nanometers to hundreds of microns, among which the large capillary pores
affect largely fluid transport properties, which influences rebar corrosion while air voids
influence freeze-thaw properties greatly [3-5]. A traditional technique to analyze the porosity
in cementitious materials is mercury intrusion porosimetry (MIP), which usually results in an
overestimation of volume fraction for smaller pores due to the ‘ink-bottle’ effect [6, 7]. Also,
it cannot provide information on pore type and interconnectivity of porosity that are necessary

to understand fluid transport properties [8].

Many characterization techniques have been applied to clarify pore characteristics. The
applications of electron microscopy methods, including scanning electron microscopy (SEM)
[9-11] and transmission electron microscopy (TEM) [7, 12] allow 2D imaging of pores with
nanometer scale. However, 3D parameters and pore structures are inaccessible using above
techniques. 3D atom probe tomography and TEM tomography can reconstruct structure with
resolution less than 1 nm [13]. Rae et al. [14] investigated the nanostructure and pore network
of cement-based systems and obtained a well-defined pore network with diameter of 1.7-2.4
nm by rotating the sample between —65° to +65° in TEM tomography. However, it is not
technologically relevant to the large-scale and heterogeneous structure of cement. To obtain
appropriate statistics, it is necessary that multiple samples with volumes of tens of mm? be
prepared to study macroscopic fluid transport property, for aggregate sizes of tens of mm [15].
Nano- and micro- computed x-ray tomography (CT) allows 3D structure visualization up to
millimetric scale, with a maximum resolution of 50 nm for nano-CT [16], while other advanced
synchrotron-based tools further enhance the capability of understanding cement systems with
the ultimate resolutions of 10 nm. Therefore, various imaging methods are required to
characterize multiple length scales of porosity because of the complexity and size distribution

in cementitious materials.
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Dual-beam focused ion beam (FIB) tomography enables 3D reconstruction of structure and
pore systems filling in the gap left from other imaging methods [8, 13, 17]. The dual-beam
system takes the advantage of materials removal capability of ion beam sputtering, and various
contrast mechanisms of electron beam-based imaging leading to sectioning and image
acquisition at nanometer-scale resolution [18]. Holzer et al. [19] investigated the volume
fraction of porosity in BaTiOs with a stack of 105 images and data volume of 6.01x 6.04 x
1.74 um and demonstrated the capabilities of FIB tomography to reconstruct 3D structures
smaller than 100 nm. He et al. [20] combined FIB/SEM (500 images) with micro-CT (exposure
time of 120 s, 1600 slices) to obtain the 3D pore distribution at multiple length scale (mm, um
and nm-scale) in different layers of shale rock, concluding that the connected pores are
dominated by millimetric and micrometric pores, and fracturing shale layer provided shale gas
migration pathways. Recently, the application of FIB-SEM on cementitious materials have
been reported by a few researchers. Holzer et al. [21] presented the first application of cryo-
FIB-nanotomography for quantifying particle structure in dense cement suspensions by etching
the specimen at —105 °C for 4 min and transferring onto the cold stage (—115 °C), followed by
FIB-milling and imaging processes with electron beam voltage and spot size of 3 kV and spot
3, respectively. Brisard et al. [15] promoted the understanding of potential fluid transport and
3D pore network and microstructure (10-20 nm voxel size) combining with small angle X-ray
scattering and FIB/SEM experiments, in which four samples (volumes of 61-118 um?3) were
required on a Ga* FIB/SEM system. Lim et al. [22] implemented FIB tomography on cement
pastes incorporating nano-silica and silica fume from 1000 images with dimensions of 10 x 10
x 20 um. By 3D modelling, it was possible to obtain direct measurements of pore structure of
cement pastes with voxel dimensions in the range of 10 nm [22]. Song et. al [23] performed
serial sectioning and electron imaging with voxel sizes of 5.9 x 7.5 x 10 nm3 (or 5.9 x 7.5 x

20 nm?3) on four independent samples (sample volumes of 61-118 um?3) of high performance
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concrete (HPC) and predicted fluid transport properties from the acquired pore size
distribution, which was on the same order of magnitude as experimental permeability,

indicating that FIB/SEM had a relevant contribution to study transport properties.

Despite the above progress of FIB-based 3D tomography on cementitious materials, working
with Ga* liquid metal ion sources (LMIS) to obtain relatively large number of 2D images can
be time-consuming with a relatively small imaging volume (about 4000 pum3). The
advancement of new ion sources enables serial sectioning at faster milling rates [18]. Compared
with Ga* FIB, a dual-beam system equipped with Xe* plasma source can achieve probe currents
higher than 2 pA with smaller spot sizes (at high current), resulting in an increase in sputtering
and milling of 50 fold [24, 25], which significantly reduce the time for investigating the region
of interest (ROI). Some researchers have reported the progress of Xe* plasma FIB (PFIB) in
machining of metal micropillars [26] and serial sectioning tomography of an organic paint
coating [27]. However, the application of PFIB and minimization of curtaining effects at large

scale of cementitious materials needs further exploration.

Image processing, especially the image segmentation, is a crucial step to get interpretable
result to characterize structures in materials. Segmentation is the assignment of pixel values in
a digital image or voxel values in a 3-D dataset via mathematical classification technique into
various sub-phases for further quantification. This can often be done using thresholding [28],
edge detection [29] followed by watershed [30], and more recently, machine learning
techniques [31]. Because of the complexity of a 3-D concrete dataset, the approach chosen here

was using a machine learning category, namely a deep learning tool.

The advent of PFIB enhances the capabilities of 3D tomography on cementitious materials.
In this paper, we report the application of 3D tomography on ordinary Portland cement (OPC)

mortar using PFIB for the first time. It is aimed at providing a standard workflow to study pore
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structures related to transport properties. Sample preparation procedures and instrumentation
setup are clarified. Moreover, 3D models of pore systems and anhydrous phases are
reconstructed using a deep learning toolkit, which allows for improvements in accuracy of pore
size identification. By combining the quantification of pore size both from nano-tomography
and micro CT-tomography, we can measure porosity in different length scales, thus enabling a

more holistic evaluation of materials structure.

6.2. Materials and Methods

6.2.1. Materials and Sample Preparation

Cement mortars were prepared with CSA-A3001 Type GU Portland cement, sand and
deionized water according to ASTM C109 and ASTM C305 protocols. The water-to-cement
ratio was 0.485 and sand-to-cement ratio was 2.75. The physical and chemical compositions
of as-received Portland cement are shown in Table. 6.1. Mixing was carried out in a laboratory
planetary mixer and cement mortars were formed in 5 cm cubic molds, which were covered by
plastic bags to prevent water loss. They were demolded after 24 h and cured in almost 100%
relative humidity at room temperature. The cured mortar specimens that cured for 6 months

were used for experiments.

Table 6.1 Chemical, Bogue’s potential phase compositions and physical properties of the as

— received OPC

Chemical composition Bogue’s potential phase compositions
Oxide Quantity/wt.% Phase Quantity/wt.%
SiO, 20.32 CsS 46.72
Al>,O3 5.44 C.S 24.12
Fe,Os 2.92 Ci:A 9.71
CaO 63.64 C.AF 9.04
MgO 2.30 Physical properties

SOs 3.56 Property Quantity
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Na,O/K,0 0.15/1.07 Blaine fineness (m%kg) 376

The mortar specimens were stored in the air and then dried in a furnace at 50 °C for 4 days.
Rough cutting was then performed with no lubricant, which and then followed by fine cutting
on a diamond blade in the presence of pure ethanol to eliminate damage caused by the previous
procedure. Vacuum pressure impregnation of epoxy was applied to mortar samples to preserve
the internal porosity, in which the impregnation process was repeated for 3 to 4 times until
epoxy fills in plastic molds. This is to protect internal porosity during subsequent sample
preparation processes. After demolding, grinding and polishing with isopropylene glycol were
conducted so that the surface and adjacent cross section have a surface roughness of about 1.5
um. The polished surface and cross section were also coated with more than 30 nm thick

platinum layer for mitigation of charging during electron beam imaging.

6.2.2. Predetermination and Si Mask

The secondary electron image of sample surface was acquired on JEOL 6610 and given in
Figure 6.1. As observed in the image, it consisted of air voids, sand particles and matrix. Instead
of using a large chemical deposition layer on top of a volume of VOI, a single-crystal Si mask
method [32] for curtaining mitigation was implemented for mortar samples in FIB-SEM
system. A hard mask blocks the view of further navigation and investigation of sample surface.
Therefore, several potential VOIs were predetermined, considering smooth paste areas on both
surface and the cross section. The distances between VOIs and adjacent distinguishable
features were also recorded. The potential VOIs were then covered with cut pieces of single-
crystal Si wafer using TEM epoxy (epoxy: hardener = 10: 1). The Si wafer with a thickness of
10 um was aligned with the edge of sample under the optical microscope, after which they
were heated at 50 °C for 3 h so that TEM epoxy was hardened and attached the mask to the top

surface of the specimen.
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Figure 6.1 The SE image of sample surface by JEOL 6610, and schematic of hard single-
crystal Si masks (M1, M2, M3 and M4) on top of possible VOIs, which were indicated
in blue rectangles and their distances to selected features were measured to be L1, L2,
L3 and L4. Milling front and milling directions are shown by the cross and arrow on left
side.

6.2.3. Plasma FIB — SEM Setup and Serial Sectioning

A ThermoFisher Helios G4 PFIB dual-beam system was utilized to prepare a VVOI for serial
sectioning and subsequent milling. The sample was mounted on an aluminum stub with Ni
paste and the working distance was set to about 4 mm. A VOI that was free of sand particles
was selected under one of the Si masks using chosen features and measured distance as
navigation tools. While the desired area was in the view, the electron and ion beams were
brought to the coincident point. An area with a dimension of 150 um x 100 um was rough
milled, after which two trenches with dimension of 200 um % 120 pm were milled away on
both sides (Figure 6.2 a and b) with a milling current of 2.5 pA at 30 kV. Then tungsten
deposition (100 pm x 100 um x 5 pm) was carried out on Si mask under 12 keV/60 nA, which
was followed by creating a fiducial (Figure 6.2 c¢) for subsequent rocking milling. A rocking
polish by rotating the stage to achieve specific sample geometry with respect to ion beam was

performed on the VVOI for 4 cycles under the beam condition of 30 keV/15 nA. Finally, the
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sample was rotated relatively 180° with respect to 0° rotation and a fiducial was created for

SEM alignment using 30 keV/15 nA.

The serial sectioning was conducted using ion bean parameters of 30 kV/15 nA, in which
the sample was tilted 52° making it perpendicular to ion beam. The simultaneous electron
images from concentric backscatter (CBS) detector and in-chamber electron (ICE — detects
secondary electrons and ions) detectors were obtained. The through-the-lens detector (TLD)
was used for backscattered electron (BSE) imaging with the electron beam condition of 2 keV/
3.2 nA. The Auto Brightness/Contrast algorithm and Y-drift correction were carried out on
every image as well. The horizontal field of view was 153.6 um and pixel size was 25 nm,
which enabled a view of 153.6 um x 102.4 um. Also, the slice thickness was 100 nm and 631
slices were obtained in total. The image stack was aligned relative to the fiducial in SEM
images using MultiStackReg plugin of ImageJ software. The whole image stack was cropped,

which led to a dimension of 79.8 um by 88.3 um, as indicated in the first slice (Figure 6.2 d).
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Fiducial

Figure 6.2 Experimental setup of FIB-SEM dual-beam system. a) 52-degree secondary
electron image showing a prepared VOI with two trenches on both sides. b) Top-view
ion beam image after trench milling. ¢) Top-view ion beam image showing deposition
layer and a fiducial on top for rocking milling as well as sectioning direction. d)
Backscattered electron image of the first slice of serial sectioned image stack, 79.8 um
by 88.3 um, pixel size = 25 nm in both x and y direction.

159



6.2.4 Segmentation and Quantification

Segmentation is the assignment of pixel values in a digital image or voxel values in a 3-D
dataset via mathematical classification technique into various sub-phases for further
quantification. This can often be done using thresholding [30], edge detection [33] followed by
watershed, and more recently, machine learning techniques. Because of the complexity of a 3-
D concrete dataset, the approach chosen here was using a machine learning category, namely

a deep learning tool.

Segmentation was conducted using the Deep Learning Tool in Dragonfly (Object research
systems Inc., Montreal). Only 3 representative images were chosen through the whole dataset
and were fully segmented manually by the authors for fodder as training data (Figure 6.3 a). A
train, validation, and test masks mosaics of 128x128 square patch were randomly generated
consisting of 20348928(<70%), 5799936(=20%) and 2899968(=10%) voxels respectively

(Figure 6.3 b).

Anhydrous cement

Figure 6.3 Deep learning trainset. a) The manual segmentation consisting of 3 phases,
namely, anhydrous phases, pores, and matrix. b) The generated train (blue),
validation(yellow) and test(red) masks.

Two segmentation models’ architecture available in Dragonfly were tested, U-Net [31] and
Sensor3D [34] to segment the dataset. Furthermore, Dragonfly model architectures allow

multi-input and multi-slice models, the former meaning that more than one modality can be
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given as input, the later meaning that more than one input z slice can be given for each output
z slice. In multi-slice models, slice count indicates the number of input slices supplied to the
model for each output slice, while slice spacing indicates the distance, or offset, between slices.
A slice spacing of '1' means that slices are taken sequentially, '2' means every other slice is

taken, and so on.

Thirteen models were trained for 100 epochs (Patch Size 64, Batch size 32, Dice loss
function). Table 6.2 shows accuracy and DICE score (indicator for similarity of two samples)
for models with varying computational Architecture, Modality, Slice count and spacing (CBS:
SEM Multi-Detector Image_CBS_1, ICE: SEM Multi-Detector Image_ICE_3). Training time
varies from 1h26 (U-Net BASIC_ICE) to 15h21 (Sensor3D_MS 05 01 ICE_CBS). The
model with the best accuracy (Sensor3D_MS 05 01 ICE_CBS) was applied to the whole

dataset for a full segmentation, where a mask excluding the large sand particle was used.

Table 6.2 The results are given in the following table, sorted by accuracy:

Model Name Architecture Modality Slice Slice Accuracy DICE
count | Spacing

U-Net_BASIC_ICE U-Net ICE 1 NA 0.9175 0.8763
U-Net_MS_03_01_ICE U-Net ICE 3 2 0.9232 0.8848
U-Net_BASIC_CBS U-Net CBS 1 NA 0.9396 0.9094
U-Net_MS_03_01_CBS U-Net CBS 3 1 0.9470 0.9206
U-Net_MS_05_02_ICE_CBS U-Net ICE_CBS 5 2 0.9504 0.9256
U-Net_MS_05 01 _ICE_CBS U-Net ICE_CBS 5 1 0.9510 0.9265
U-Net_BASIC_ICE_CBS U-Net ICE_CBS 1 NA 0.9523 0.9285
U-Net_MS_03_01_ICE_CBS U-Net ICE_CBS 3 1 0.9537 0.93058
U-Net_MS_03_02_ICE_CBS U-Net ICE_CBS 3 2 0.9544 0.9317
U-Net_MS_05_03_ICE_CBS U-Net ICE_CBS 5 3 0.9546 0.9319
U-Net_MS_03_03_ICE_CBS U-Net ICE_CBS 3 3 0.9550 0.9325
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Sensor3D_MS _03_01_ICE_CBS

Sensor3D

ICE_CBS

0.9610

0.9415

Sensor3D_MS_05_01_ICE_CBS

Sensor3D

ICE_CBS

0.9627

0.9441

Some trends can be extracted from the following results (Figure 6.4). Using both modalities

(i.e. both detectors) increases mean accuracy by 1.17% and 3.46% over CBS and ICE alone,

shown in Figure 6.4 a. Sensor3D architecture is slower to train but increases mean accuracy by

1.64% over U-Net architecture (Figure 6.4 b). Multi-slice models outperform regular models

by giving 3D context. Increasing slice counts increase performance as well. We observe a mean

accuracy gain of 0.57% and 1.84% for a 5-slice model over 3 and 1 slice model, respectively

(Figure 6.4 c). Furthermore, Figure 4 d shows that the impact of slice spacing is less obvious.
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Figure 6.4 The accuracy of segmentation by varying (a) Modality, (b) Architecture, (c)
Slice count and (d) spacing.

The 3D skeleton of connected pores was computed from separate layer of segmented results
using the function “Get the Skeleton from ROI”. The decimated thickness mesh of anhydrous
phases was created by To a Thickness Mesh (Normal). The quantification of pore
characteristics was conducted through Multi-ROI Analysis in the software. The pore size was
evaluated following the concept of Mean Feret Diameter and the size distribution was

conducted, subsequently.

6.2.5. Micro — CT and 3D reconstruction on pore system

Micro — CT was able to provide 3D information on the pore system and micro cracks on a
larger scale non — destructively. Measurements were conducted on Bruker Skyscan 1172
model. The mortar sample with a dimension of 12 mm x 10 mm x 3 mm was used. Multiple
images were formed from transmitted X-rays through the object, which rotated on a high —
precision stage. The resolution of image stacks was highly dependent on the size of X — ray
source and the magnification. A pixel size of 4.5 um was achieved while the whole sample was
scanned. More than 3000 images were obtained, and the porosity model was constructed in

NRecon software. Then segmentation was based on a simple thresholding using Dragonfly
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software. The large capillary pores, air voids and crack propagation were analyzed at a

micrometric scale.

6.3. Results

6.3.1. PFIB Results

Figure 6.5 represents a 3D mortar cube in grayscale excluding area with much shading effect,
with an effective dimension of 79.8 um by 88.3 um by 63.1 um. This was after cropping from
the original setup that was up to 153.6 um by 102.4 pum by 63.1 pm. A cement mortar sample
consists of hydrated products (also known as matrix), anhydrous cement phases, pores, cracks
and sand particles, which makes sectioning and imaging rather challenging. This is in part due
to the variation of their hardness and thus different milling/sputtering rates [35, 36]. The most
common image artefact is curtaining that makes following data analysis quite difficult [37].
The success of pore and structure characterization depends strongly on sample preparation [22,
38]. Instead of using built-in gas deposition layers, we applied a thin Si mask that proved to be

effective of reducing curtaining and acquiring good-quality images.

Figure 6.5 3D reconstruction of 631 BSE images after cropping, with the dimension of
79.8 um by 88.3 pm by 63.1 um
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The 3D models of pores and anhydrous phases were reconstructed using the Deep Learning
Tool in Dragonfly software. The total porosity is 11.5% and the connected porosity (defined
as region of interest segments being connected to the borders of its volume, subvolume, or to
the faces of a clipping plane) is 8.4% by volume. The skeleton method was applied to research
connectivity by reducing each connected component in a region of interest to a single-voxel
wide feature. The skeletonization model of connected pores is presented in Figure 6.6 (a). This
clearly shows the water transport pathways inside cement mortar. The anhydrous phases [22]
contain four main compounds and a few minor components, which appeared bright in
grayscale. In above mature cement mortar, anhydrous phases accounts for 0.8% of total
volume. The thickness mesh of 3D reconstruction (Figure 6.6 (b)) displays the spatial
distribution of anhydrous cement which were left inside the mortar post hydration reactions.
This is due to incomplete contact between water and cement particles and the hydrated layer
that prevent complete hydration reactions of cement particles [39]. This could reveal the
various hydration rates in different directions of anhydrous cement particle due to when
segmented relative to other water diffusion pathways [40]. It is important to realize that the
distribution of anhydrous cement could play a critical role in the strength and long-term

durability of the material.
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Figure 6.6 3D Segmentation models of cement mortar a) Skeletonization of connected
pores, b) thickness mesh of anhydrous phases

6.3.2 Micro-CT Analysis of Porosity

The presence of spherical air voids results from the entrapped and entrained air during the
mixing process. Compared with capillary pores, air voids are usually much larger, ranging from
50 um to 200 um in diameter [3]. They were both evaluated by X-ray micro-CT technique
using a large bulk sample. One of the advantages of micro-CT is that analysis can be done
within a scale up to tens of millimetres. But the pixel size is limited, namely, 4.21 pm in our
case, which will allow an estimation of air voids and large capillary voids in microscale. The
image slices from micro-CT were reconstructed in NRecon software, and the pore systems
were then segmented in Dragonfly. As observed in Figure 6.7, air voids are spherical and non-
connected. On the other hand, capillary pores are irregular, and some are interconnected. Also,
the closed porosity of the bulk sample is 12.7%, which does not affect the transport property,

but strongly influence the mechanical strength.
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Figure 6.7 X-ray micro-CT and reconstruction models of air voids and large capillary
pores of OPC mortar in different viewing directions

6.3.3 Pore Size Distribution

The diagrams of pore size distribution (Figure 6.8) were derived using 3D models from PFIB
and micro-CT, respectively. The voxel size is 25 nm by 25 nm by 100 nm that will allow
analysis into pores of equivalent diameter of hundreds of nanometers and up. It is observed that
the pore size maxima determined from PFIB images can be as large as 6700 nm. It is worth
noting that pores larger than 4200 nm computed from PFIB reconstruction account for less than
10 in number. The voxel size of micro-CT image is 4.21 um by 4.21 um by 4.21 pm and the
largest pore detected is 1000 um. Therefore, the above techniques come to a good agreement
and provide the capability to accurately characterize the pores from hundreds of nanometers to

millimeters.
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Figure 6.8 Pore size distribution of a) capillary pores from PFIB reconstruction and b)
air voids and large capillary pores from micro-CT reconstruction

6.4. Discussion

The visualization and quantification depend greatly on the sample preparation. Instead of
using deposition layer on top, we applied a new method [32] that involved a hard Si mask. The
idea is to predetermine a few potential VOIs in advance and record the distance between VOI
and an identical feature. Also, it is better to use separate pieces of Si wafers rather than a large

Si mask, because this allows an observation of more identical feature and a quick navigation
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to the area. Sometimes the acquisition and matching of images both from the surface and cross
section is also very helpful. The application of sacrificial mask is believed to tailor the beam,
minimize milling artefacts and provide protection over high-current beam from over-milling
[32].This method allowed to achieve good image quality even in large dimension, which made

subsequent segmentation and quantification much easier.

Cement phases are not usually hydrated to a completion even after long times from mixing
with water. The larger the cement particles, the higher the amount of anhydrous phases. One
possible explanation is that the surface of the cement particles are soon covered with primary
C-S-H reducing further contact between the anhydrous core and the water [41]. The
reconstruction of the anhydrous phases at different time intervals provides important data
enabling direct study of hydration kinetics of different cement phases individually. Knowing
that alite and belite both produce similar hydration products (CSH and calcium hydroxide),
direct study of hydration kinetics of individual cement phases has been impossible because the
hydration products of the cement phases cannot be measured individually. The remaining
anhydrous cement phases inside the matrix can be simply distinguished from their relative
contrast. PFIB tomography then enables determination of representative anhydrous cement
phase volume at different time intervals, which provides data for direct kinetics study of each

phase individually.

Another interesting observation is the shape of the remaining anhydrous phases resembling
some hollow geometry (see Figure 6.6 (b)) showing that the dissolution is not homogeneous
and indicates preferential dissolution locations, such as etch pits [42]. The formation of etch
pits at early hydration stages occurs under high degrees of undersaturation, which provides

more available surface and significantly influence the dissolution rate [39, 40, 43].
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The pore systems of cementitious materials consist of capillary pores, air voids and gel pores
that not only affect mechanical performance but also influence durability. It is generally
believed that large capillary pores, especially macropores (0.05 — 10 um) drive macroscopic
fluid transport [23]. The entrained air voids with um to mm scale range are related to the
resistance to freeze-thaw property [44-47]. It is crucial that PFIB and micro-CT techniques are
combined to analyze pore system due to its wide range. These techniques add subtlety to typical
methods, like MIP, that overestimates the small pores [2, 22, 48]. MIP only detects the size of
pore entrance that does not exactly reflect the size and shape of a pore leading to the so-called
ink-bottle effect [49, 50]. The difference of total porosity can be as high as 40% among cement
paste, paste with silica fume and paste with nano-silica using MIP and FIB-SEM techniques
[22]. The fact that MIP measures pore entry sizes and closed pores are not detected lead to an
order of magnitude smaller than the estimation from BSE and laser scanning confocal
microscopy (LSCM) [51]. MIP simulations were also developed to be compared with
experimental MIP, which showed a difference of 18 nm between the simulated and
experimental peaks due to small sample volume (61-118 um?®) and sample heterogeneity in
FIB-SEM [23]. The advent of PFIB improves the capability to acquire large-scale serial
sectioning in nanometric resolution and benefits simulation work. The technique also provides
research capabilities in studying microstructural features of cement mortar including structural
defects like cracks, inhomogeneities, and porosity in interfacial transition zone. In previous
research, it was also necessary that several serial sectioning have to be conducted so that they
can be representative [23, 52, 53]. This is complemented by a large-volume serial sectioning

with the assistance of PFIB technique.

6.5. Conclusions
We applied PFIB and micro-CT to cement mortar achieving the multi-scale analysis of pore

system and visualization of main structure. The application of PFIB broadens the capability for
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potential sectioning of hundreds of nanometers and effective analyzing dimension of 79.8 um
by 88.3 um by 63.1 um for the first time. The workflow involving prepositioned hard Si masks
on cement mortar was established and proved to be useful in reducing curtaining artifacts. The
image stack was then segmented through Neural Network with human interference being kept
to a minimum. The reconstruction model reveals that cement particle hydrates in different rate
s from different directions. The large capillary pores and air voids account for 11.5% and
12.7%, respectively. The quantification of PFIB and CT reconstruction provides insights on

pore size distribution that covers the range from hundreds of nanometers to millimeter.
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7. Conclusions and Outlook

This work is focused on understanding hydration reactions in both early and late stages of
cement systems with nano-silica. In early hydration reactions up to 24 h, it is important to
clarify microstructural evolution, phase transformation and hydration kinetics, which
contribute to early structure and strength development. The effects of nano-silica on cement
hydration reactions are also clarified. For these experiments, nano PC was prepared through
three-step ball milling process. The in-situ hydration reactions were conducted in LC-TEM and
the real-time growth and dissolution were captured. The post-situ experiments including
(HR)TEM, SEM and EDS, QXRD and isothermal calorimetry are performed as well, to

understand the crystallinity, morphology and composition, and Kinetics.

Furthermore, it is also crucial to understand pore systems and the distribution of different
phases in mature samples of late hydration stage. This is because porosity and pore
characteristics determine the properties of cementitious materials, including compressive
strength, fluid transport property and freeze-thaw property. The study into spatial distribution
of different phases allows a better understanding of hydration kinetics. A novel characterization
tool, PFIB technique was applied to obtain serial sectioning, in which the workflow and method
of using a hard Si mask on sample surface were explored. After segmentation and quantitative
analysis, the characteristics of pore systems, e.g., porosity, connectivity and pore size
distribution were researched, and dissolution rates and hydration Kinetics further revealed. The

major findings are summarized as follows:

In Chapter 3, the first application of liquid cell electron microscopy in cement hydration
reactions was realized. This enables a real-time imaging of main hydrated products, and thus
provides new insights into microstructure evolution. In general, the reaction sequences of nano

PC were similar to that in practice use. The in-situ hydration reactions reveal direct evidence
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of C-S-H growth that has been debated for decades. Combined with post-situ experiments, it
is found that C-S-H starts according to the layered structure model. The nucleated C-S-H
embryos evolve through attachment of silicate tetrahedra from solution along the margin of
precipitates to form planar silicate sheets. An alternation of nanocrystalline structure of 5 nm
to 10 nm and amorphous region is achieved. The internal stress is built in between disordered
arrangements of atoms and nanocrystalline regions that is the cause of buckling and cracking.
These internal stresses and rolling up of the precipitates promote new embryos to form and
aggregate together, which also indicate the other growth mechanisms of aggregation of
building blocks. It is also observed that needle-like ettringite crystals form in the early
hydration reactions. The SEM results further confirm the composition of C-S-H precipitates
and 3D microstructure indicating enough room in liquid cell for 3D microstructure
development later. The morphology and composition of portlandite and monosulfate are also

confirmed by SEM and EDS.

In Chapter 4, different cement hydration stages of nano PC as well as hydration kinetics
were studied using LC-TEM, freeze drying, QXRD and isothermal calorimetry. LC-TEM
shows that C-S-H precipitates nucleate on the cell membrane with sharp edges and develop in
3D. The needle-like ettringite crystals provide the seeding effects that further promote the C-
S-H precipitation on the surface. The initial reaction period consists of the dissolution of C3S,
nucleation of C-S-H as well as ettringite formation. It is also found that the formation rate of
C-S-H precipitates slows down during this period. The induction period involving further C-
S-H nucleation and partial growth and continuous formation of ettringite appears around 3 h.
A net accumulation of ettringite content is seen, in spite of partial dissolution releasing sulfate
to form monosulfate. The real-time dissolution of needle-like ettringite crystals is also reported.
During the acceleration stage, the retardation effects occurs due to the reduction of C-S-H

surface area by monosulfates for newly formed precipitates, leading to a much later main
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silicate peak in heat flow curve of nano PC than that of OPC. C-S-H precipitates continue to
develop, form a network, and fully cover the SiN membrane during acceleration and

deceleration stages.

Chapter 5 clarifies the effects of nano-silica on the early-age hydration reactions of nano PC,
including microstructure, heat release and phase transformations. It is observed that nano-silica
plays different roles in nano PC and OPC. In both nano-systems, it is very difficult to
distinguish the initial and induction periods since they are very short. Similar to hydration
reactions of nano PC, it also exhibits a strong retardation effect in nano PC with NS in the
beginning of the acceleration stage between 2 h and 8 h with lower heat rate and cumulative
heat, which due to the formation of monosulfates. Compared with nano PC system, the rate of
heat release of nano PC with nano-silica is slightly higher, and the total heat within 24 h is
slightly lower. However, the initial and induction periods of OPC are significantly shortened
by incorporating nano-silica. The appearance of acceleration stage is 1 h earlier, and the main
silicate peak 2 h earlier in OPC with NS compared with that of OPC. The total heat after the
first day is much more in OPC with nano-silica. The reason is that OPC with normal fineness
shares less surface area and nano-silica provides more nucleation sites and contributes to a

greater degree of hydration.

Chapter 5 also summarizes the effects of nano-silica on microstructure development. It is
observed that more well-distributed microstructure forms in nano PC with NS resulting from
seeding effects. LC-TEM results also show that nano-silica has a strong tendency to be
absorbed to ettringite crystals. More ettringite are found to be dissolved in nano PC with nano-
silica compared to that in plan nano PC system, suggesting that the addition of nano-silica

accelerates the conversion of ettringite to monosulfate.
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Chapter 6 demonstrates the capability of PFIB on acquiring large-scale 3D dataset and
reconstruction models of cementitious materials. A new method of applying a hard Si mask on
mortar sample surface was investigated. The results show that the image quality is significantly
improved using Si mask with curtaining effects being minimized. After alignment and cropping
the whole dataset, the effective volume dimension is 79.8 um by 88.3 um by 63.1 um. A neural
network was trained for segmenting the dataset and quantitative analysis conducted afterwards.
The 3D reconstruction models from PFIB dataset clearly reveal the fluid transport pathways.
The percentages of large capillary pores and air voids are 11.5% and 12.7%, respectively.
Combining with X-ray micro-CT technique, the pore systems ranging from hundreds of

nanometers to millimeters can be well covered.

In-situ imaging of C-S-H precipitate assembly with atomic resolution requires more studies.
This can provide insights into C-S-H nucleation whether it begins from crystalline or
amorphous embryos. The effects of dose rate on the pH value of liquid sample and formation
rates can be monitored so that the role of electron dose is clarified and mitigated. A simulation
can be conducted to further predict the pH value in cement slurry with various dose rates. This
will help to better understand the beam conditions and cement hydration reactions

quantitatively.

Finally, the application of PFIB into cementitious materials requires more research. First,
the PFIB acquisition of serial images needs to be improved. It runs into the problem that large
volume of data is cut out under current conditions. This results from the fact that the SEM
fiducial for alignment is on the image leading to shading effect later. A new method is worth
investigating to keep more effective volume after cropping due to shading effect around SEM
fiducial. Second, it is required that gel pores (< 10 nm) and small capillary pores (10 nm — 50
nm) be studied since gel pores are related to shrinkage and small capillary pores need higher
resolution leading to longer data acquisition times. Third, the pore systems and hydration
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degree in OPC mortar with nano-silica are worth researching. It is also important to investigate
pore characteristics, and distribution of various phases in different cements and concretes. The
relationship between porosity and properties including compressive and transport properties

can be established in these cementitious materials.
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Appendix

Note 3.Al. Chemical Compositions of Ettringite and Monosulfate

The chemical compositions of a needle-like crystal and the adjoining hydration product were
examined by SEM and EDS in Figure 3.A2. Both two forms of structure contain featured peaks
of Ca, Al, S, and O. The Spectrum 2 exhibits more Al and Ca compared with Spectrum 1. The
needle-like crystal is ettringite and the foil-like structure is likely to be monosulfates based on
their morphology. The N and Si peaks are attributable to the background of the SiN substrates,
and Mg peak is resulted from impurities in Portland cement. The adjoined hydration product
(spectrum 2) comprised of mainly Ca, Al, O, and small amounts of S was likely to be calcium
monosulfates (AFm) formed from ettringite conversion. It was reported that AFm might form
usually after the first 24 hours from the start of hydration time and is difficult to be detected in

some calorimetry or in-situ XRD experiments [1-3].
Note 3.A2. Chemical Composition of Portlandite Embedded in the Matrix

The main by — product of hydration reactions of calcium silicate phases is Ca(OH)2, which
crystalizes to hexagonal sheet-like Portlandite crystals upon saturation of the reacting medium.
Portlandite crystals were also observed in our experiment and confirmed by SEM and EDS.
Figure 3.A4 shows a typical SEM image with EDS results of Portlandite in post situ
characterization. Table 3.Al represents the contents of elements averaged with four spectra.
As can be seen, the observed hexagonal sheet-like crystals were composed of mainly CaO
indicating the existence of Portlandite. The presence of a small amount of Si can be the result

of the electron beam interaction with the SiN membrane or the existing C-S-H precipitates.
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Microwell

Figure 3.A3 Secondary electron image of (a) C-S-H precipitates and (b) C-S-H
precipitates and ettringite crystals inside liquid reaction cell after opening the chips,
indicating enough room of liquid cell for 3D structure development
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Figure 3.A4 Post-situ characterization of Portlandite (a) SEM and (b) EDS spectra from
the positions marked in Figure 3-A3 (a)

Table 3.A1 Chemical, Bogue’s potential phase compositions and physical properties of as —

received OPC
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Chemical composition Bogue’s potential phase compositions
Oxide Quantity/wt.% Phase Quantity/wt.%
SiO; 20.32 CsS 46.72
Al;Os 5.44 C,S 24.12
Fe;0s 2.92 CsA 9.71
CaO 63.64 C.AF 9.04
MgO 2.30 Physical properties
SO3 3.56 Property Quantity
Na,O 0.15 Blaine fineness (m?/kg) 376
K20 1.07 % Retained on 45 um
LOI 2.05 (No. 325) sieve 9750
Table 3.A2 Elemental analysis of Portlandite by EDS
Ca/% O/% Sil% Cl% Na/% FI%
Spectrum 1 61.4 33.0 0.9 4.6 — —
Spectrum 2 58.1 35.7 0.7 55 — —
Spectrum 3 40.1 46.0 1.3 10.2 0.9 15
Spectrum 4 454 41.2 1.2 9.3 1.2 1.8
Average/% 51.25 38.98 1.03 7.40 0.53 0.83
References

Scrivener, K.L., P. Juilland, and P.J.M. Monteiro, Advances in understanding hydration of

Portland cement. Cement and Concrete Research, 2015. 78: p. 38-56.

Bhanumathidas, N. and N. Kalidas, Dual role of gypsum: Set retarder and strength

accelerator. Vol. 78. 2004. 170-173.

Jansen, D, et al., Does Ordinary Portland Cement contain amorphous phase? A quantitative

study using an external standard method. Powder Diffraction, 2011. 26(1): p. 31-38.
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Table 4.A1 Chemical, Bogue’s potential phase compositions and physical properties of as —

received OPC

Chemical composition

Oxide Quantity/wt.% Oxide Quantity/wt.%
SiO; 20.32 MgO 2.30
Al20s 5.44 SO3 3.56
Fe,Os 2.92 Na.O 0.15
CaO 63.64 K20 1.07
Physical properties
Property Quantity Property Quantity
Blaine fineness 376 % Retained on 45 um 97 50
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Figure 4.Al Particle size distribution of nano OPC
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Figure 5.A1 Microstructure and morphology of nano-silica
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Figure 5.A2 SEM showing morphology of hydrated products in nano PC, a) sheet-like C-
S-H and b) embedded portlandite in C-S-H precipitates
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Figure 5.A3 SEM images showing morphology of hydrated products in nano PC with
nano-silica, a) more distributed sheet-like C-S-H and b) embedded portlandite
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environmental impacts of repair and maintenance, The service life
of cementitious materials may be threatened and lost by interac-
tion with aggressive environments. One critical damage mecha-
nism is acid arcack [1]. During the contact of concrete with acidic
media, calcium ions are leached from calcium-containing phases
present in the hardened cement paste Le. Portlandite and calcium
silicate hydrated o form calcium salt (decalcification), leading w
an increased total porosity of the concrete amd subsequentdy
resuling in a significant decrease in mechanical strength and
durability performance [2]. The rate and mechanism of acid attack
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on concrete depend on different factors, including type of cement
based materials, water-to-binder ratio, ype and pH of the acid
solution, temperature etc, [3.4]. Therefore, thorough investgaton
of the effect of acid exposure conditions on the mechanical and
microstoructural changes of the cement-based materials is key.

Since their development in the last few decades, geopolymer
cements (GCs) have emerged as one of the possible alter native to
Portland Cement (PC) due to their advantages inclueding relatively
high mechanical strength and excellent durability in addition to
its environmental friendliness [5]). Geopolymers are a group of
inorganic polymeric binders, manufacred by chemical acivaton
of aluminosilicate source materials with strong alkali solutions at
slightly elevated or ambient temperatures to form a mainly amor-
phous structure that perform a similar function compared to PC
[6]. The most readily available used materials for the synthesis of
GCs are fly ash, metakaolin and natural aluminosilicate minerals,
However, the use of aluminosilicate solid waste materials as
geopolymer precursor have anracted attention in recent years
due to economic and environmental benefits of geopolymer tech-
nology in aiding waste management [7]. Based upon that, numer-
ous waste materials were proposed and waste-glass powder is one
of these materials [8]. In a compre hensive study by Vafaei etal [8],
the potential of waste-glass powder for geopolymerization was
investigated. They concluded that waste-glass powder alone is
not enough reactive in geopolymerization reactions due o its defi-
ciency in reactive-Al and addition of reactive-Al by incorporating
materials rich in reactive-Al like calcium aluminate cements can
result in the formation of a more cross-linked aluminosilicate
[M-A-5-H) nerwork that exhibits significantly higher compressive
strengths,

Excellent acid resistance properties of GCs in comparison with
PC were reported by various researchers [7,9]. Ariffin et al [10]
subjected geopolymer concrete developed from a blend of pulver-
ized fuel ash and palm oil fuel ash to 2% sulfuric acid soludon for
18 months, and concluded that this geopolymer exhibited superior
resistance to acid attack as compared to PC. Fernando et al [11]
studied the effect of 5% sulfuric, hydrochloric and nitric acid
immersion on the performance of mine waste-based geopolymer
up to 56 days, and reported that this geopolymer possessed higher
acid resistance than PC based concrete mixtures. Allahverdi et al
[12-15] compared the acid resistance of several binders; fly ash/
Blast furnace slag-based GC, PC, gypsum-free Portland cement|slag
binder and high alumina cement, when immersed in nitric (pH = 1,
2 & 3) and sulfuric (pH =1, 2 & 3) acid solutions. They found that
GC presented higher stability in these aggressive enmvironments
compared to other binders.

The effect of highly concentrated acid solutons, ie HCl and
H 50, at pH = 1, on the durability performance of GC mortar based
on waste-glass powder was investigated in details in author's per-
vious study [16] Inasmuch as different conditioned acid sol utions
have different effects on durability properties, prepared GC also
requires evaluation of add resistance at moderate concentration
acid solutions. Artack by highly concenmrated acid media occurs
mainly in industrial environments due to random spill and leakage
varying from a long-term trickle to a sudden drenching, whereas
attack by moderate acid media is much more likely to occur. It
occurs not only in industrial environments, but also in concrete
structures exposed to acidic ground-waters with pH values ranging
from 5.0 to as low as 3.0 [17] and acid precipitations with a pH
value down to 3.5 [18]. The work re ported herein, therefore, aimed
to study the effed of exposure to relatively moderate concentra-
tion (pH =3) of HCl and H.50, on GC based on blend of waste-
glass powder and calcium aluminate cement by using physical
and mechanical properties evolution and by the visual, mineralog-
ical and chemical information provided by scanning electron

microscopy (SEM), X-ray diffractometry (XRD) and Fourier trans-
form infrared specroscopy (FTIR) over a period of 24 months,

2. Experimental program
2.1. Marteriaks

Waste-glass powder (WGP) was wsed a5 source aluminosilicate precursor for
making GC mortars. The WGP was epared by milling the glass cullet with a lab-
oratory ball-milling machine and then Seving the powder to adesined particle size
( 70 pm). Calcium sluminate cement (CAC, Fondu from Kemeos, Franoe) was wsed as
an additive to modily the chemical compasition of WGP Type 1 Portland cement
(PC) and high alemina cement (HAC, Secar B0 from Kerneos, France) mortars wene
also fabricated and wsed a5 the contral specimens Talle. 1 shows the properties of
these materials including the physical properties and the chemical composition,
obstained by wet chemical analysis The fine aggregate used in the mamebcire of
mortars was standard sand with the requirement of DIN-EN 196-1 standard.
Sodium silicate (Naz5i0y nHxO) composed of 285 wiXl 5i0s, 8.5 wit MazD and
63 Witk Ha0 and sodium hydroxide | MaDH, S8% punity), supplied by Merck Inte ma-
tional Lid, Darmstadt, Germany, were wied xs chemical activator. The acid
solutions of pH = 3+ 0UD5 were akio prepared by diluting concentrated commercial
H 50, amd HCl scids with distilled tap water.

2.2 Spedimens prepamanian

The GC mortar was prepaned with 2 binary mixtere of WGP (76 wiX ) and CAC
(24 Wi L activated by an activater solution containing 10 wi® NasD (by weight of
dry binder) and having a silica modulus (5i02/Ma20 mass ratio) of 1.5 Water- -
bimder ratio was fioed at 050, These ratios were selected based on the suthors per-
vios stsdy | 16], where the decision criteria was the compressive strength. To b
ricate GC mortar specimens, the WGPCAC blend and standand quartz sand were
first dry mixed for 2 min and then the sctivator solution was added, Tollowed by
remixing for 3 more minwtes to obtain a uniform fresh monar. After casting into
50 mm cubic steel molds, the fresh GC mortars were stored 3t fodm tem per ature
(Z30+ 20 T) and at a relative humidity more than 95% for 24h and then wene
demolded and subjected to hedrothermal curing conditions at 85°C for 20 [16].
Besides, a groupol PCand HAC control mortar specimens of the same size were pre-
pared and cured in standard water curing condition for 28 days and used for com-
parison purpese. Water-to-binde r ratios for PC and HAC maortars were fied at 485
and 0550, respectively to sdopt 4 fow of 110 + 5% in fow table tes in scoondamoe
with ASTM € 109 |19] and ASTM C 1437 |20). The ageregate to binder ratio for all
mortar samples was controlled at 2.75 in accondance with ASTM C105 | 15].

2.3, Testing procedure

Ackl resistance tests were camied out sccording to ASTM C 267 standard [21]
As prepared mortar specimens were exposed o H S0, and HO solutions of
pH =3 ata moom temperature for time frames of wp o 24 months. The rato of acid
voleme (cm™) to specimen’s surface area (ont’ ) was kepl 45 near a5 possible to 10 for
both batches. Concentrated acid was periodically added to each samples container
to achieve a final pH level within an acceptable range of 53 Ar designed intervals,
the post-exposed specimens were taken out of the solutions, brushed under tap
water with 2 soft plastic brush to remove detschable particles and wiped with 2
dry cloth. The acid resistance of different cement mort ars was determined by mon-
itoring the weight and compressive strength dhanges of the soaked specimens
belore and after scid attack.

Tabide 1
Chemical amd physical properties of the materisls
WGP CAC FC HAC

Chetrical compadinion (%)
Sila T2 375 21580 040
AkLDy 050 3990 462 BOLS0
FeaDy 020 16.15 340 020
CaD 1020 3820 6450 1750
MgD 300 150 152 050
504 - - 115 ol
K40+ Na,0 1350 040 025 oT0
Physical propertes
Specific gravity (gem™) 250 320 115 335
Blaine specific surface area (mfkg) A50 315 20 100y
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24. Instrumental technigues

The compressive strength tests on mortar cubes were performed vsing a digi-
tal hydraulic compression testing machine of 300 kN-capacity with £ 1% accuracy
and a loading rate of 75 KN/min, in accordance with ASTM C 109 standard. The

X-ray diffraction (XRD) pattems and FTIR spectra were acquired (o study the
mineralogical phase changes and bond characteristics of the unexposed and
exposed samples during the course of acid at tack. XRD patterns were recorded with
a Philips PW 1800 X-ray diffractometer in the 5-80 °20 range, with a step size of
0.0Za1 and scan ning speed of 0.5 £ The FTIR spectra were obtained using KBr pellet

compressive strength value was obtained from an average of three meas
with standard deviation less than 4% (3 MPa).

The microstructure and element compositions of the pre- and post-exposed
monar samples were studied using scanning electron microascopy (TESCAN Vega
I and JEOL 6610 equipped with an energy dispersive spectrometer (EDS) at accel-
erating voltages of 20 kV and 10 kv, respectively). To prepare SEM samples, a num-
ber of 24-month exposed GC mortar cubes were broken into pieces and suitable
samples from the fracture surface encompassing both deteriorating and intact areas
were prepared. For microstructural investigations SEM samples taken from the
fractured surface were dried at 70°C for 24h and sputter-coated with gold prior
1o imaging with TESCAN Vega Il SEM. For the purpose of elemental composition
investigations using JEOL 6610 (coupled with EDS), SEM samples were dried at
70 °C for 24 h and carbon coated after impregnating with e paxy resin and polishing.
An accurate calibration of EDS was done using the copper K peak under the beam
energy of 12 keV before each elemental analysis for the results to be comparable.
The X-ray elemental analyses (EDS) were performed on selected rectangular arexs
as well a5 on line-scans extending from the exposed surface across the comoding
area towards the intemnal intactarea.

High alumina

Before

After HCI

After H,SO,
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hod (25 mg sample per 250 mg KBr) on a PerkinElmer FTIR spedrometer, in the
range of 4000 to 400cm ™" with a 4 em™" resolution. The mortar samples after com-
pression tests were ground to particle size less than 45 um and used for FTIR spec-
troscopy and XRD analyses

3. Results and discussion
3.1. Visual observations

Fig. 1 shows the appearances of PC, HAC and GC mortar speci-
mens before and after 24 months of immersion in HCl and H,S04
solutions. Both control specimens i.e. PC and HAC mortars exhib-
ited an evident apparent physical degradation after exposure o
HCl solution. The most severe apparent deterioration, however,
was visually observed on mortar specimens immersed in H;S04
solution. However, the apparent physical changes were found




condiions, On the other hand, visual inspection of the exposed
specimens confirmed minimum apparent physical changes in GC
mortars as compared to control mortars, The appearance of the
immersed GC specimens did not exhibit any significant apparent
physical damage, and was seemed to remain structurally intact:
only slight erosions on the corners and regions close to the edges
were noticed. However, in the case of HyS50 -exposed GC speci-
mens, a higher apparent surface deterioration was observed and
showed deposition of some very tiny white flaky substance on
the specimen's surface, which were practically difficult o collect
for the identification purposes. The key to this diferentiated
behavior of HS0.-exposed and of HCl-exposed specimens is
related to the formation of gypsum crystals which induce higher
volumetric expansions and lead to spalling of surface layers. It
should be noted that apparent physical damages do not necessar ily
reflect the real order of the acid resistance of the mortars.

32 Mass [oss
The mass loss evol ution of mortar specimens in acid solutions is

plotted versus the immersion time, as shown in Fig 2. After exposure
to HCl solution for 24 months, the mass changes of PC, HAC and GC
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exposure to H 50, solution were about 57% 70% and 29%, respec-
tively. The mass loss of control mortar specimens exposed to the
same conditions of acid attack was considerably higher than that
of GC mortar, as can be seeninFig 2. This is due o the relative sta-
bility of GC structure in acid media and also to their high calcium
contents [22], Calcium compounds in these systems react with the
acid solutions, resulting in the decom position of hydration products
and inoeasing the total porosity, subsequently accelerating the acid
attack [23], Moreover, the higher rate of mass loss of H 50 4-exposed
specimens as compared to specimens that were immersed in HC1
solution could be related to the chemical reaction of attacking sul-
fate with calcium compounds of cement to form gypsumwhich lead
to ind vce internal disintegrating stresses and spalling of surface lay-
ers [24], This implies that in addition to the type of salts formed by
acid solution, the acid resistance of mortar specimens depends on
the type of axide composition (Ca0, Si0; and Al;0;) and chemically
stability of tested materials.

3.3 Residual compressive strength

The results of the compressive strength measurement of mortar
cubes subjected to acid solutions are shown in Fig. 3. The
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Fig 2. Mass bods versus exposure time for mortar specimens immersed in H,50, and HO solutions of pH= 3 for 24 months.
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Fig. 3. Compressive strength versus exposure ime lor mortar specimens immersad in Hz50u and HO solutions of pH= 3 for 24 months.
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Fg 4. X-ray diffactograms of geopolymer cement samples (A: geopolymer cement
alter 24 months of Ha504 exposure; B: geopolymer cement belore acid exposure].

maximum strength loss was observed in the case of HAC control
specimens immersed in Hz50a solution, whereas minimum loss
experienced in HCl-exposed GC specimens. The GC mortars had
the best performance with a 1% and 64% strength decline in HCl
and H:50, solutions after 24 months exposure, For the same con-
ditions, the PC and HAC control specimens suffered strength loss
of 100% and completely deteriorated after only 540 and 450 days

of HzS504 (aq) immersion, respectively. Meanwhile, the PC and
HAC control specimens exhibited 20% and 68% strength loss after
HCl 5q, exposure, respectively. The aforementioned findings for
the GC are in agreement with the mass loss trends observed in
the exposed specimens. The lower rate of strength loss for GC com-
pared to control specimens is mainly atributed to the existence of
a more stable binding compound N{C)-A-5-H [8] with a lower cal-
cium contents in GC paste matrix that present less susce ptibility to
acid attack when compared o PCand HAC hydration products [24].

When comparing the results of residual compressive strength
with mass loss, an inconsistency can be observed in the case of
HALC control specimens exposed to HCl solution, Residual compres-
siwve strength shows a significant decline of about 68% during the
course of acid attack whereas mass loss data display limited
changes. It should be noted that both residual compressive
strength and mass loss data are not very accurate, The amount of
mass loss depends gready on the type of brush used (plastic or
steel), the mechanical stability of the deteriorated layer and also
the amount of force applied when brushing the specimens, [n case
of continwous and complete removal of deteriorated layer, there is
a direat relationship between residual compressive strength and
mass loss so that the higher the mass loss, the lower the residual
compressive strength. For the other cases, however, there is no
unique relationship between residual compressive strength and
mass loss and stability of the deterior ated layer must also be @ken
into account, On the other hand, residual compressive strength of
the mortar specimens at any time during acid exposure is
dependent on the initial strength of the specimens and also the

2

g

g

Transmittance (%)

&

&

400 900 1400 1500

2400 2900 3400 3500

wavenumber [em )

Hg. 5. FTIR spectra of the geopolymer cement samples (A geopolymer cement before add exposure; B: geopolymer cement after 24 months of HOl expasure; C: geopolymer

cement sample after 24 months of Ha504 exposurne |

Talsle 2
FTIR characteristic bands in the spectra of samples shown in Fig. 5.

Symbal Sample type a [ € d
Band (Wavenumber - cm™")
A Belore acid exposure 3444 1654 1414 180
E Alter HOl expasure 3448 1638 - 176
C Alter Ha 50y exposure 3400-3532 1622~ 1688 - 1116
Characteristic bands O-H siretching H-0-H bending 0-C-0 sretching Si-0-5i and Si-0-Al stretching
Relere poes |1030] [1a30] |29] |2831.32)
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Fig. 6. SEM micrographs of geopolymer cement mortars (A) before acid attack, (B) after 24 months of HCl exposure, (¢) after 24 months of H.S04 exposure, (d) gypsum

crystals formed in geopolymer cement matrix after HxS04 exposure.

proportion of the total cross sectional area that has been damaged
by acid attack. The gradual non-uniform changes in the cubic shape
of the specimens during the course of acid attack also result in
significant errors in compression strength tests. This means that
neither the mass loss nor the compressive strength change alone
are an accurate measures for evaluating the extent of deterioration
and all the property changes must be considered together and
carefully compared. The residual compressive strength results,
however, are usually considered as relatively more reliable than
mass loss data and even visual observation of the appearance of
specimens. The observed inconsistency, therefore, should be due
to inaccuracy in the mass loss data of HAC control specimens.
The remarkable deterioration of HAC control specimens in HCl
solution based on residual compressive strength data can be attrib-
uted not only to the type of binding compounds in hydrated HAC,
but also to the relatively high water-to-binder ratio considered for
HAC mortar. According to the product data sheet of the Kerneos
Inc. [25], Secar 80 has a very high Blaine specific surface area in
the range 800 to 1200 m?/kg (in accordance with EN 196-6). Such
a relatively high Blaine specific area requires a relatively high
amount of water to prepare a workable mortar. The increase in
the amount of water in fresh mortar increases the mortar vulnera-
bility against acid attack due to inaeased penetrability. Here, as
mentioned in Section 2.2 and based on flow table tests, we consid-
ered a water-to-binder ratio of 0.550 for HAC control mortar
compared to values of 0.485 and 0.500 considered for PC and GC
mortars.
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3.4 Changes in the geopolymer compaosition and microstructure

Mineralogical and microstructural changes in the GC mortars
due to the effect of HCl and H,S0, solutions were studied using
X-ray diffractometry (XRD), Fourier transform infrared spec-
troscopy (FTIR) and scanning electron microscopy (SEM) to obtain
complementary information about the deterioration mechanism in
GC mortar.

3.41. X-ray diffraction

Fig 4 exhibits the XRD patterns for the GC sample before (4A)
and after 24 months of H,S0, exposure (4B). The diffraction pat-
tern of the HCl-exposed sample was very similar to that of intact
sample and therefore is not presented. The intact sample diffrac-
togram revealed crystalline phase of quartz corresponding to stan-
dard sand (quartz, PDF#00-046-1045) as well as amorphous
feature, ie. the broad hump appeared approximately between
theta of 20 to 30. On the other hand, gypsum (CaSOs, PDF#00-
033-0311) was detected in the H,SO;-exposed GC sample, result-
ing from reactions of calcium compounds with sulfate ions. These
observations for gypsum deposition in the GC after H,50; exposure
were similar to previous observations reported by other research-
ers [10,14,26,.27].

As can be seen in Fig. 4, the geopolyemr cement before exposure
to acid attack (pattern B) does not contain any clcium aluminate
hydrate phases as high-alumina cement hydraton products that
have potential for ettringite formation in the presence of gypsum.
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Fig. 7. SEM micrograph of geopolymer cement mortar after 24 months of exposure
1o pH =3 HCl and EDS elemental line analyses profiles

This means that almost all calcium aluminate cement took part in
geopolymerization reactions forming the geopolymer aluminosili-
cate (N-A-S-H) network.

3.42. Fourier transform infrared spectroscopy

Fig. 5 shows the FTIR spectra of the exposed and unexposed GC
sample to H2504 and HCI solutions. The identified IR characteristic
bands and their assignments are summarizes in Table 2. From FIIR
spectra, the asymmetric stretching of Si-O-T (T = Al or Si) shifted
from 1030cm~' toward higher wavenumbers and located at
1116em™" and 1076 cm™" upon its exposure to HzS0s and HCl
solutions, relatively, indicating that weaker Al-O bonds were sub-
stituted with the stronger Si-O bonds during the course of acid
attack due to the dealumination of the aluminosilicate framework
[28,29]. This upward shift was more pronounced for H,S0;-
exposed sample compared to HCl, implying that H,S0; exposure
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Fg. 8. SEM micrograph of deteriorated layer of geopolymer cement mortar after
24 months of exposure (o pH =3 H,S0, and EDS elemental analyses results.

led more leaching of Al from this sample. Upon immersion in the
acid solutions, the carbonate compounds formed due to geopoly-
merization were also dissolved in the solutions, leading to the
disappearance of stretching vibrations of 0-C-0 band around
1414 an~' [29] Beside, FTIR spectra further showed that the
0-H swretching band was displaced from 3444cm™ to 3400-
3532 an~! and the position of chemically bonded H-O-H band also
changed from 1654 c™! to 1622-1688 cm~' by the exposure ©
Hz504 solution as a consequence of formation and precipitation
of gypsum [10].

3.43. Saanning electron microscopy

Scanning electron microscopy (SEM) was also carried out to
investigate the microstructural changes that occurred in GC mor-
tars during the acid exposure. The results are exhibited in Fig 6.
In the pre-exposure mortar, a dense and homogeneous structure
was observed in the GC matrix, where some non-reacted and for
partially reacted glass gains were embedded, as shown in Fig 6
(a). A few micro-cracks were also detected mainly due to the mois-
ture loss from the structure during prolonged high temperature
curing andfor preparing of SEM samples that induces excessive
shrinkage and subsequently destroy the structure [33]. On the
other hand, upon exposure to both acid solutions the well-
packed structure of the pre-exposure sample was changed to a
very porous structure with higher micro-cracks as a consequence
of GC network breakdown by acid attack [34,35]. Moreover, by
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Fig. 9. SEM micrograph of intact area of geopolymer cement mortar and DS
elemental analyses resulis.

SEM observation at relatively high magnifications of the H S04
exposed GC soructure, as per Fig. 6{d) a large number of rod-like
eypsum crystals (Ca%04 Hz20) could be seen in the morphol ogical
features, confirming the XRD and FTIR results.

Fig. 7 displays a typical SEM micrograph prepared from GC mor-
tar sample after 24 months of exposure to pH =3 HCl and EDS ele-
mental profiles for Na, Ca, Al and 5ialong the horizontal line shown
in micrograph. It is necessary to remind that the presence of sand
particles in the GC mortar resulted in disturbances in elemental
profiles. The location of the sand particles can be easily distin-
guished from Si-, Na-, Ca-, and Al-profiles where Si has a much
higher concentration with almost no Na, Ca and AL The changes

the presence of three different regions including a completely
deteriorated surface layer with a depth of about 1.6 mum on left
side of the micrograph, an intact area on the right side of the
micrograph, and a partially deteriorated intermediate region of
thickness about 0.5 mm shown by vertical lines on the micrograph.
The complete and partial depletion of sodium in the completely-
and partially deteriorated regions, respectively, indicate a two-
stage sodium-leaching process de pending on sedium bonding type
and strength in molecular structure of GC matrix and non-reacted
WG precursor particles embedded in the geopolymer matrix. Based
on the proposed charge-balancing models for alkali cations in
geopolymers [36], the weakly bound Na cations in the form of Na
(H20); in the structure of the N-A-5-H gel is easily leachable even
in delonized water. This alkali is therefore easily and completely
leached in the first stage when exposed to acid solutions, The Na
present in the non-reacted WG particles remaining in the geopoly-
mer matrix, however, is relatively strongly bound to the glass
molecular structure and is leached only in acid solution and not
in deionized water [36,37]. This relatively strongly bound alkali
in the non-reacted glass particles is leached in the second s@ge
forming the partially deteriorating region adjacent to the com-
pletely deteriorated surface layer. This wo-stage sodium-
leaching process was not observed in author's pervious study
[16] on acid deterioration of the same material at highly concen-
trated (pH 1) HO solution Calcium can be present either in the
form of C-5-H or C-A-5-H [38] in alkali-activated materials and
geopolymers, In either case, it is easily leached in acid solutions
[39] and as seen in Fig. 7, calcium was totally leached in the com-
pletely deteriorated regiomn. It is a little bit enriched in the partially
deteriorated region due to the leaching of sodium. Aluminum is
partially leached in the completely deteriorated surface layer con-
firming the dealuminaton process observed in FTIR spectroscopy
results discussed in Section 3.4.2, Gradual complete leaching of
Na and Ca and partial leaching of Al into the acid solution enriches
the GC matrix in silica, as Si-profile displays (Fig. 7}, and causes sig-
nificant shrinkage which in turn results in the formation of a highly
microcracked deteriorated surface layer, as can be seen in SEM
micrograph of Fig. 7.

Figs. 8 and 9 display SEM micrographs from deteriorated layer
of GC morar after 24 months of exposure © pH =3 H;50, and
intact area of GC mortar for comparison purposes, respectvely,
with EDS elemental analyses spectra. Table 3 summarizes EDS
elemental analyses results from recangular regions shown in
SEM micrographs represented in Figs. 8 and 9. Noticeable
microstructural and chemical compositional changes were
observed in the deteriorated surface layer compared to intact area,
though changes due to leadching of Na, Ca and dealumination
between mortar specimens exposed to HC and Hz504 solutions
are very similar, except for the formation and deposition of
eypsum crystals in the case of exposure to H;50, As seen in

Table 3
EDE elemental analyses (mass®) resuts from regions shown in SEM micrographs represented in Figs 8 and 9.
o Si Al Ha Ca Mz 5

Spedium 1 538 448 07 04 [13] - 02
Spedt rem 2 5d.4 445 07 02 i3] - 0.1
Dreteriorated Matri (Average) 541 446 07 03 a1 - 01
Spedrum 3 54.1 wl - - F-A | - 2006
Spedrum 4 545 o2 - - A0 - 202
Gypstm | Average) 543 0.1 - - =0 - 204
Spedrum 5 522 279 35 87 7 - -
Spedrum & 516 289 33 8B T4 - -
Spedrum 7 509 276 39 B4 76 1.7 -
Spedrum 8§ 496 294 3.0 79 78 23 -
Intact matnix (Average) 51.1 R4 34 B4 6 0 -
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Fig. 9, the intact area of GC mortar exhibits a microcracked matrix
due to chemical shrinkage during geopolymerization reactions
andfor drying shrinkages during hydrothermal curing and for dry-
ing of SEM samples [16,33]. Non-reacted glass particles embedded
in the geopolymer matrix, observed on fractured surface (Fig. 6{a)),
cannot be simply distinguished here on polished surfaces, As can
be seen in Fig. 8, after 24 months of exposure to pH 3 HS0,,
microstructural deterioratdons appeared in the form of a more per-
meable microstructure due to higher number of newly formed
microcracks with some enlarged microcracks partially filled with
eypsum crystals. SEM observations with EDS elemental analysis
confirmed the formation and deposition of gypsum crystals in
some of the enlarged microcracks as a result of reactions between
sulfate ions of acid and calcium compounds of geopolymer matrix,
As can be seen in Fig. 8 and in Table 3, the EDS spectra 3 and 4
revealed major elements of calcium (Ca), sulfur (S), and oxygen
(0), confirming the presence of gypsum, as previously confirmed
by XRED results in Section 3.4.1, In addition, Table 3 displays the
quanttative chemical compositional changes happening in the
eeopolymer matrix during acid attack. The obtained results show
that almost 96% of Na and about 98% of Ca were leached into acid
solution. The breakdown of the geopolymer molecular structure,
Si-0-Albonds as confirmed in Secion 3.4.2, also resulted in about
79% loss of Al These leaching of alkali and alkali earth metals (Na
and Ca) accompanied with extensive dealumination of the molec-
ular structure causes the formation of shrinkage microcracks, as
discussed before for the case of exposure to pH 3 HCL In addition
as claimed by researchers [15.24], gypsum deposition in the GC
matrix and subsequent internal disintegrating stresses caused by
eypsum crystal growth results in the for mation of some expansive
microcracks, Enlargement of expansive microcracks due to
continued growth of gypsum aystals finally results in spalling of
deteriorated surface layers and this accelerates the rate of deterio-
ration compared to pH 3 HCL, The deterioration mechanism in pH 3
Hz504 therefore, consists of simultaneous shrinkage- and
expansion-based microcracking due toleaching of alkali and alkali
earth metals from geopolymer matrix together with dealumination
of matrix molecular strecture and gypsum deposition within the
matrix, respectively, compared to pH 3 HCL The more aggressive
nature of H;50, and the higher rate of deterioration of mortar
specimens in which compared to HCl at the same pH value of 3
can be linked to expansion caused by gypsum formation and
deposition.

Now comparing the results of this study to author's pervious
study [16], it seems that the only differences between mild {pH
3) and high (pH 1) concentradons of HCl and Hz504 attacks on
geopolymer cement mortar developed from waste-glass powder
and calcium aluminate cement lies in deterioration knetics and
wo-stage sodium-leaching at mild concentrations,

4. Conclusions

The durability performance of geopolymer cement mortar
developed from blend of waste-glass powder and calcium alumi-
nate cement (Ciment Fondu) and exposed to pH=3 of HCl and
Hz504 artacks up to 24 months were studied using Portland
cement (type Il in accordance with ASTM) and high alumina
cement (Secar 80) mortars as control and the following conclusions
have been made:

1- The geopolymer mortar presented superior durability in
both acid solutions compared to control mortars, with min-
imal mass losses of 3% and 29% and compressive storength
losses of 1% and 64% in HCl and Hz504 solutions, respec-
tively, compared to mass losses of 16% and 57% for Portland
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cement and 16% and 70% for high alumina cement mortars
amd compressive strength losses of 24% and 100% for Port-
land cement and 68% and 100% for high alumina cement
mortars in the same acid solutions,

2- The superior durability of geopolymer cement could be
attributed t higher stability of its al uminosilicate structure
and also to its relatively low calcium content that causes this
binder to be more resistant toward acid attack,

3- At mild concentrations (= pH 3) of acids, sodium content of
the material with a main source of N-A-5-H gel and a minor
source of non-reacted waste-glass particles embedded in the
matrix displays a two-stage leaching process depending on
its bonding type and strength, The weakly bound sodium
cations in the N-A-5-H gel is easily leached in the first stage
and the relatively strongly bound sodium in non-reacted
waste-glass particles is leached in the second stage,

4- H 50, attack promoted more rapid and greater deterioration
than thatresulting from HCl exposure due to the formation of
gypsum crystals within the geopolymer matrix that imposed
internal disintegrating stresses, thus leading to cracking,
spalling and accelerated deterioration. This is in addition
to the deterioration caused by leaching of both alkali and
alkali earth metals from geopolymer matrix and dealumina-
tion of the geopolymer matrix as observed in the case of HCL

Conflict of interest
None.,

References

11] CL Page, MM Page, Durability of Concrete and Cement Composites, Elevier,
2007

2] K Scrivener, [F. Young, Mechanisms of Chemical Degradation of Ceme ni-based
Systems, CRC Press, 1597

13) ViR @vica, A Bajea, Acidic artack of cement based materials- a review: Part 1.
Primciple of acidic attack, Constr. Build. Mater. 15 (8] (20401 ) 331-340.

4] VR Bvica, A Bajea, Acidic atack of cement-based materials- a review: Pan 2.
Factars of rate of scidic attack and protective measures, Constr. Build. Mater.
16{4) (2] 215222,

l5| K. Albicara, M5 Mohamed Ali, P. Visintin, M Drechsler, Durabdlity eval wation
of geopolymer and comeentional concretes, Constr. Build. Mater. 136(1) (2017)
374-385.

18] | Davidavits, Geopolymer Chemistry and Applications, Geopolymer Insttute,
2008

17) L. Prowds, |5 Van Deventer, Geopolymers: Structures, Processing, Properties
and Industrial Applications, Woodhead Publishing Limited, 2005,

18] M. Vafaei, A Allahverdi, High strength geopolymer binder based on waste-
glass powder, Adv. Powder Technol. 28 (1)(2017) 215-222

12] P. Dusson, A Fernndez-Jiménez, |1 Provis, G.C. Lukey, AL Paloma, |5 van
Deventer, Geopalymer technology: the current state of the art, | Mater. 501 43
(9){ 2007) 2917-2933.

l'llll KLA M. Arillin, MARE Bhutta, MW, Hussin M. Mohd, TN Aziah, Sulfuric acid
resistance of blended ash geopol ymer concrete, Consir. Builkl. Mater. 43 (2013)
BO-86.

111 PT. Fermandd, |. Said, Resistance o acid artack abrasion and leaching behavior
ol allali-scrivated mine waste vinders, Mater. Stroct 44 (2) (2001) 487-4598_

112] A Allahverdi, F. Skvara, Nitre acid attsck on hardened paste of geopolymeric
cements: part 1, Ceram.-5ilik. 45 (3] (2001) 81-88.

113] A Allahverdi, F. Skvara, Nitrie acid attack on hardened paste of geopolymeric
cements: pan 2, Ceram.-5ilik. 45 (4) (2001) 143-149

114] A Allahwerdi, F. Skvara, Sulfuric acid attack on hardened paste of geopolymer
cements: Par 1. Mechanism of cormosion af relatively high oomoe mirationmns,
Ceram-5Silik 49 (4) (2005) 225-239.

115]) A Allahverdi, F. Skvara, Sulfuric acid attack on hardened paste of geopolymer
cements: Parmt 2. Corrosion mechanism at mild and relatvely low
oiivde nerations, Cerama-Silik. 50 (1) (200E) 1-4.

116] ML Vafaei A Allahwverdi, Durability of geopolymer mortar based on waste-glass
powder and calcium alumina te cement in scid solutions, | Mater. Civ. Eng 29
(100 (2017) 03017196

[17] EPM.] Fest, EJ.M. Temminghol, |. Grifficen, B Van Der Grift, W.H. Van
Riemsdijk, Groundwater chemisry of Al under Dutch sandy sods: eflects of
land use and depth, Appl. Geochiem. 22 (2007) 1427-1438.

18] Mational Trends Network Anmeal Maps, HADP Program Office, [linois State
Waiter Survey, Champaign, IL (2004 ], herp: | posw £ i e ed o) nin | maps_as ps
(sccessed 1708161



119] ASTM CLO9(C 109M-02, Stasdard test method for compressive strength of
Iyedralic cement mortars| wsing 2-in or | 50-mm | cube specimens |, American
Society of Testing Materials, 2002

|20 ASTM C1437, Stamdard test method for fow of hpdraulic cement mortar,
American Society of Testing Materials, 2001,

121] AST™ C267, Standard test me thods for chemical resistance of morLans, grouts,
and momolithic surfscings and polymer concretes American Society of Testing
Materials 201,

122] 8. Djebe, A Elimbi, HE. Tehakout®, 5. Kumar, Mechanical properties and
durability of volcanic ash based geopol ymer maortars, Constr. Build Mater. 124
(2006 Ge-614.

|23] P. Dusam, Cho Yam, W, Zhiw, W Lisa Ch Shen, An imestigation of the
micrestrsciure  and  durability of a4 fMuidized bed My  ash-metaksolin
geopolymer after heat and acid exposure, Mater. Des 74 (5) (2015) 125-137.

|24] V- Sata, A Sathonsaowa phak, P Chindaprasirt, Resistance of lignite bottom ash
geapol ymer mortar to sulfate and sulfisric acid attack, Cem. Concr. Compos. 34
(5) (2012) 700-TOR

125] hop: [ e kemeos neoom | secar Bl

|26] 5 Thokehem, Fly ash geopolymer pastes in sulphuric acid, InL | Eng. lnmev.
Res. 3 (6] (2014) 943-947.

127) . Somg M Marosszeky, M. Brumgs, B Munny, Duralility of Ay ash based
geopolymer concrete against sulphuric acid attack, Proceedings of 10DEMC
Imterma tiomal Confers noe on Duralbdity of Building Materials and Components,
17-20 April, 2605, Lyon, France, 2005

|28] Z. Baiarevié, M. Komijenovid, Z. Miladinovié, V. Nikolié, M. Marjasovid, Z.
Zujovié, R Petrovié, Effects of the concentrated NH 4 NO 3 solution on
mechanical properties and strscture of the My ash based geopolymers, Constr.
Build. Mater. 41 (2013) 570-575.

201

129) 5 Ahman, L Thareg, Durabdlity and lesching behavior of mine tailingsbased
geopalymer bricks, Constr. Build. Mater. 44 (2013) 743-750.

|30) KV, Chukanov, AD. Chervonnyl Infrared Spectoswopy of Minerals amd
Related Compounds, Springer Intematicnal Publishing, 2016

131] M. Mheang M. Fhao, G. Fhang 0. Mann, K Lumsden, M. Tao, Durabilicy of red
musd-fty ash based geopolymer and leaching behmior of heavy metals in
sulfuric scid solutions and deionized water, Constr. Build. Mater. 124 (2016)
373-382.

132) WK Part, M. Ramili, CE. Chealy, An overview on the influence of vanious factors
o e properties of geopolymer concrete derived from i ndust fal by-produscts,
Constr. Build. Mater. 77 (2015) 370-395.

133) DS Perera, 0. Uchida, ER. Yamce, K5 Finnie, Influence of curing schedule on
the integrity of geopolymers, |. Mater. Sci. 42 (9] ( 2007 ) 30%9-3106.

|34) T. Bakharev, Resistamce of geopolymer materials to scid attack Cem Concr.
Rex 35(4) (2005) 658-670.

|35) F. Slaty, H. Klhoury, H. Rahier, | Wastiels, Duralilicy of alkali sctivated cement
prodisced from kaolinitic clyy, Appl Clay Sci 104 (2015) 229-237.

136] F. Skvara, V. Smilsuer, P. Hlavidek L. Kopecky, Z. Cilovi, A weak alkali bond in
(N, KFA-5-H gels: evidence from leaching and modeling, Ceramics-Silikity 56
(4] (2012) 374-382.

137) T. Akai, K Kuraoka, D, Chen, Y. Yamamobs T. Shirakami, K Urabe, T, Yazawa,
Leaching behavier of sodium from fine particles of soda-lime-silicate glass in
acid solution, . Am. Ceram Soc. B8 (10)(2005) 2962 -2065.

|38] F. Puertas, M. Palacios, H Manzano, |5 Dolado, A Rico, |. Rodriguez, A model
Tor the C-A-5-H gel formed in alkali-activated sag cements, | Eur. Ceram. 5o
31 (2011) 2043-2056.

|39) T. Bakharev, |G Sanjayan, Y.BE Cheng Resistance of alkali-activated slag
concrete to acid attack, Cem. Concr. Res. 33 (10) (2003) 1687-1611.



Co-authored publication 2

Journal of Sustainable Cement-Based Materials, 2019
http//dx.doi.org/ 101080/ 21650373.2019.161 5568

Taylor &Francis

‘W) Check for updates

Durability performance of geopolymer cement based on fly ash and
calcium aluminate cement in mild concentration acid solutions

Mostafa Vafaei®, Ali Allahverdi®™", Peng Dong® and Nabil Bassim®

*Research Laboratory of Inorganic Chemical Process Technologies, School of Chemical
Engineering, Iran University of Science and Technology, Tehran, Iran, ®Cement Research
Center, fran University of Science and Technology, Tehran, Iran; “Deparment of Marerials

Science and Engineering, McMaster University, Hamilton, ON, Canada

The present work evaluates 2-year durability performance of geopolymer cement
{GC) mortar derived from a blend of low calcium fly ash and calcium aluminate
cement in hydrochloric and sulfuric acid solutions of mild concentration (pH 3). The
dry binary blend was activated by a solution of sodium hydroxide and liquid sodium
silicate and the GC mortar specimens were cured hydrothermally. At different time
intervals of acid attack, the compressive strength and mass loss of specimens were
measured and complementary studies on compositional and microstructural changes
were performed using X-ray diffractometry, Fourier ransform infrared spectroscopy,
and scanning electron microscopy with energy dispersive X-ray spectroscopy. The
results revealed a superior durability performance for GC mortar especially in
hydrochloric acid, compared to Portland and high alumina cement mortars used as
reference. In addition, all the three cements showed a considerably higher degree of
deterioration i exposure to sulfuric acid than in hydrochloric acid.

Keywords: Geopolymer; fly ash; durability; sulfuric acid; hydrochloric acid

1. Introduction properties and durability [1, 2]. The mech-
anism and kinetics of concrete deterioration

depends on type of cement, concrete per-

The lifespan of concrete structures strongly
depends on  durability of cementitious

materials that may be affected and lost by
anacking agoressive environments.
Chemical amack by acid media s known to
be very aggressive and deteriorating due to
the alkaline nature of concrete [1—4].
Portland cement (PC) based concretes are
highly wvulnerable w acid media due to
chemical instability of calcium silicate
hydrate and portlandite. These two constit-
uents of hardened PC paste react with acid
molecules to form either soluble or insol-
uble calcium salis resulting in loss of

meability, type and concentration of the
attacking acid, temperature, etc. [1-4]
Therefore, many research attempts have
been devoted 1o acid attack on property
and microstructural changes of cement-
based materials. Some of the researchers
investigated the possibility of imparting
acid resistant property to concrete by either
using acid resistant supplementary cement-
ing materdals or replacing PC with non-
Porland cements such as  geopolymer
cements (GCs).

*Comresponding author. Email: ali.allahverdif@iust ac.ir
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The research activities on GCs in the
few last decades have been considerably
increased due to their significant potentials
for CO: emission reduction and energy
saving [5]. Unlike PC that is based on cal-
cium silicate hydrates, GCs are mainly
based on amorphous sodium aluminesili-
cate hydrates [6, 7] that are claimed to be
more durable than calcium silicate hydrates
even in acid media [8—11].

Allahverdi et al. [10-13] reported a
superior durability performance for a GC
based on a blend of fly ash (50%) and
Blast-fumace slag (50%) in both niric and
sulfuric acid solutions compared to PC,
high alumina cement, and Blast-furnace
slag blended gypsum-free PC. Femando
et al. [14] claimed a higher acid resistance
for GC concrete based on caleined mine
waste mud in 3% hydrochlorc, sulfuric,
and nitric acid solutions than PC concretes.
Ariffin et al. [15] concluded that GC based
on binary blend of fuel ash and palm oil
ash exhibits a superior resistance to 2% sul-
furic acid solution compared W PC.
Recently, Vafaei et al. [16, 17] investigated
the durability performance of GC morars
based on binary blends of waste-glass pow-
der/calcium aluminate cement and low cal-
cium fly ash/caleium aluminate cement in
pH 1 of both sulfuric and hydrochloric acid
solutions. They claimed that GC monars
exhibited minimal loss of mass and mech-
anical strength compared to PC and high
alumina cement morars. In overall, com-
pared to PC, GCs are climed to exhibit
superior durability performance in acidic
media especially if they are derived from
low calcium aluminosilicate  precursor
materials such as low calcium fly ash and
waste glass powder [10-17].

Many of the studies on acid resistance
of GCs were performed in acid solutions of
relatively high concentrations to limit the
study time by accelerating the deterioration
process. Since the pH or the concentration
of the acidic media is a key factor in deter-
mining the kinetics and probably the

203

mechanism of the phenomenon, it is neces-
sary to extend the research activites o
mild concentrations of acid solutions. In
addition, it should be noted that nuld acidic
media are more likely to occur than highly
concentrated acidic media. Examples of
acidic media of mild concentration include
acid ground-waters and acid precipitations
with pH wvalues manging from abow 5.0
down to as low as 3.0 [18, 19].

The aim of the present work, therefore,
is to evaluate the durability performance of
GC mortar based on binary blend of low
calcium fly ash/calcium aluminate cement
in mild concenration (pH 3) of hydro-
chloric and sulfuric acid solutions over a
relatively long exposure time of 24 months
and to compare the mechanism of deterior-
ation to attack by pH 1 of the same acids
[17]. In addition to visual observations for
qualitative comparison purposes, the grad-
ual deterioration of the mortar specimens
was compared quantitatively by measuring
their physical and mechanical properties at
different time intervals during exposure
time. Complementary mfonnation were
also  acquired by X-ray diffractometry
(X RD), Fourier transform infrared (FTIR)
spectroscopy, and  scanning  electron
microscopy with energy dispersive X-ray
spectroscopy (SEM 4+ EDS) to realize the
mineralogical, compositional and micro-
structural changes happening during the
acid attack.

2. Materials and methods
2 1. Muaterials

Class F fly ash (FA) from a French power
plant and calcium aluminate cement (CAC,
FONDU, Kemeos, France) were used to
prepare the binary blend used as an alu-
minosilicate precursor. The FA was firstly
ground to a desired fineness (410 m:fkg‘,l
using a laboratory ball-mill of the size
38cm in length and 11 cm in diameter par-
tially filled with 20 kg steel balls of differ-
ent sizes mnging from 2 0 4em in



Table 1.

Chemical composition and physical properties of materials.

Calcium

High

Fly ash aluminate cement Portland cement alumina cement

Chemical composition (%)

8i0 47.10
ALO; 29.05
Fe.05 251
Ca0 3.20
MgO 3.02
50,

K20+ Na,O 520
Physical properties

Specific gravity (g/cm’) 226

Blaine specific surface area {m:.-'kg} 410

375 21.90 0.40
39.90 4.602 B0.50
1615 3.40 0.20
38.20 64.50 17.50

1.50 1.52 0.50

1.15 0.10

0.40 0.25 0.70

320 315 3.25
315 320 1000

diameter and mtated at the speed of
89 mpm. For comparison purposes, PC (type
Il in accordance with ASTM C150 [20]) of
strength grade 42.5 MPa and high alumina
cement (HAC, Secar 80 from Kemeos,
France) mortar specimens were also pre-
pared and wsed as reference. Chemical
composition prepared by standand wet ana-
Iytical procedures (ASTM C311 [21] and
C114 [22]) and physical properties (fine-
ness and density) measured by standard
test procedures (ASTM C204 [23] and
ASTM CI88 [24]) of the materials are
given in Table 1. Monar specimens were
prepared using standard quartz sand (CEN-
Momsand EN 196-1) in accordance with
DIN-EN 196-1 [25]. Analytical grade
liguid sodium silicate (H0; 63 wi%,
Si0,; 28.5wit.%, and Na,0; 8.5 wit.%) and
sodium hydroxide (98% punty), supplied
by Merck International Lid, Darmstadt,
Germany, were also used to prepare alkali-
activator  solution. Commercial hydro-
chloric and sulfuric acids were diluted with
distilled tap water to prepare pH 3
acid solutions.

2.2, Methods
221

.2, Specimens preparation
CAC was used as an additive rich in react-

tve alumina to improve the reactvity of FA
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and to enhance the compressive strength of
GC mortar. Based on authors’ previous
study [17], a binary blend of FA (76
mass®) and CAC (24 mass%) was acti-
vated with a proportioned combination of
MNaOH and Wa,Si0, with silica modulus
(510%/Mas0 mass matio) adjusted at 1.5,
The concentration of Wa:0 in GC was
adjusted at 12% by mass of dry binary
binder by controlling the amount of alkali-
activator in the geopolymer mixtre. The
mass ratio of water-to-dry binary binder
(W/B) was fixed at 0.50. All these values
are optimum based on the highest achiev-
able compressive strength crterion [17].
The fresh GC mortar was prepared by man-
ual dry blending of FA/CAC and standard
quartz sand for 2 min and then adding the
proportioned alkali-activator and remixing
for 3 more minutes in a laboratory planet-
ary mortar mixer. The fresh GC mortar
was then cast into 50 mm cubic steel molds
and stored in a curing chamber held at
23.0+2.0°C and a relative humidity more
than 95% for the first 24h. After the first
24-h pre-curing regime, the GC mortar
specimens were subjected to a 20-h hydro-
thermal curing regime at 95°C in a sealed
chamber containing water at its bottom.
Enough reference monar specimens of the
same size from PC and HAC were also



prepared and cured i water-submerged
condition at 23.0+2.0°C for 28 days. The
W/B ratio for PC and HAC reference mor-
tars were controlled at 0485 and 0.550 in
accordance with ASTM C 109 [26] and
ASTM C 1437 [27], respectively, to con-
trol a spread diameter of 110+5% in flow
table test. The sand-to-dry binder ratio was
adjusted at 2.75 for all mortars in accord-
ance with ASTM C109 [26].

222 Testing procedure

The durability performance tests were car-
red out in accordance with ASTM C267
standard [28]. The cured mortar specimens
were divided into two equal batches and
submerged in pH 3 solutiors of hydro-
chloric and sulfuric acids kept at ambient
temperature (between 24 +1°C) for a tme
period of 24 months. The ratio of the acid
solution volume (em') to the total speci-
mens’ exposed surface area (cm®) was kept
constant at 10 for both acid solutions for
accurale comparison purposes and also for
providing sufficient acid for a continued
and relatively stable acid attack. The pH of
the solutions was also controlled in the
range 3+0.05 by frequently adding con-
centrated acids. This was done more fre-
quently at the begmning (once per day) and
less frequently at the end (once per week).
During addition of concentrated acid, the
acid solutions were thoroughly and con-
tinuously mixed with an acid-resistant-
blade mixer to avoid any concentration gra-
dient. The durahility performance of the
cements was evaluated by regulary meas-
urng and comparing the mass changes and
the compressive strength loss of mortar
specimens. Before any measurement, the
specimens removed from acid solutions
were lightly brushed under tap water using
a soft plastic brush to remove loose surface
particles and then wiped with a dry towel
o remove free surface water.
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223, Instrumental technigues

A J00EN compression testing machine
with an accuracy of 1% was used o
measure compressive strength. The loading
rate was controlled at about 75 KN/min
that is in the mange specified by ASTM
C109 standard [26]. The average of three
measurements with a maximum standard
deviation less than 4% (about £3 MPa) was
reported as the compressive strength value.
TESCAN Vega I scanning electron micro-
scope ( SEM) and JEOL 6610 coupled with
an  energy  dispersive  spectrometer
(SEM +EDS) opemting at  accelerating
voltages of 20 and 10KV, respectively,
were used for microstructural and compos-
iional changes happened i the acid
exposed mortar specimens. Microstructural
studies were performed on fractured surfa-
ces sputter-coated with gold afier being
dried at 70°C for 24 h and compositional
studies were camied out on fractured surfa-
ces impregnated with epoxy resin, polished
and coated with carbon afier being dried at
T0°C for 24 h. Before each elemental ana-
lysis, EDS was accurately calibrated using
the copper K peak, under the beam energy
of 12keV. For samples to be representative
for elemental analysis, care was taken to
prepare samples from the middle of the top
surface of acid-exposed mortar cubes and
not from the side surfaces or areas close to
the edges. In addition, we performed 34
elemental analyses on each sample o
achieve typical results from areas of lower
sand accumulation. All the resulis were
similar and consistent and those from areas
of relatively lower sand accumulation were
selected for presentation in this paper.

A Philips PW 1800 X-ray diffractom-
eter was used for investigating the mineral-
ogical phase changes happening during the
course of acid attack. The X-ray diffraction
(XRD) patterns were acquired in the 5807
2f) range, with a step size of (0L02 degree at
scanning speed of 0.5s. A PerkinElmer
Fourter-transform  infrared (FTIR) spec-
trometer was used to compare the chemical



bond characteristics of intact and deterio-
rated matrixes. The FTIR spectra were
obtained using KBr pellet method (0.5mg
sample per 250 mg KBr), in the range of
4000 to  400cm™'  wih a
4cm™! resolution.

3. Results and discussion
5 N A

Apparent damage of different mortar speci-
mens after 24 months of exposure to acid
solutions were photographed for compari-
son purposes. Figure 1 represents the cap-
tured photographs before and after acid
exposure. As seen, exposure to sulfuric
acid seemed to be more aggressive than

Visual observations

Portland

¢ Before ex
ackd exposure podobic dodeld

After hydrochlone

After sulfuric
acid exposure

High alumina

hydrochloric acid. All the mortars exposed
to sulfuric acid including GC exhibited
noticeably higher degrees of apparent dam-
age compared to those exposed to hydro-
chloric acid. The greatest apparent damage,
however, was seen on PC and especially
on HAC mortar specimens exposed to sul-
furic acid attack. On the other hand, GC
montar exhibited the minimum apparent
damage especially in hydrochloric acid
solution. As seen in Figure 1, a typical GC
mortar specimen exposed to hydrochloric
acid attack showed very limited surface
damage at the corners and edges. In the
case of sulfuric acid attack, however, a
noticeably higher extent of damage was
observed. It must be taken into account that

Geopolymer

Figure 1. Different cement mortar specimens before and after 24 months of acid exposure at

pH 3.

206



(71}
o
(=]

HCI H:50,
300 300
50 —— 50 .\K ..._._._“___“N
=200 H 0
£ x
3 150 153
100 pLe]
—dr— Geopolymer Cemaent —d— Genpalymer Cement
50 - —&— Portland Cement 50 - =@=Fortlamd Cement
—%— High Alamina Cement == High Alumina Cement
1} ) ' ! T a T

180 27?00 360 450 540 630 TID
Tima (day]

a a0

90 180 70 3B0 450 540 630 720
Time {day}

Figure 2. Mass changes of mortar specimens during 24 months of acid exposure at pH 3.

visual observations of apparent physical
damage do not necessarily reflect the real
order of the acid resistance of the
studied mortars.

3.2 Mass loss

Mass loss of different mortar specimens
due to acid attack was monitored during
the course of acid exposure. Figure 2
shows the mass loss results versus expos-
ure time. As seen, exposure to sulfuric acid
resulted in much higher mass losses than
exposure to hydrochloric acid. In the case
of sulfunc acid atack, HAC, PC, and GC
mortar specimens exhibited mass losses by
abouwt 70%, 56%, and 23%, at the end of
exposure time, whereas the corresponding
mass losses for exposure to hydrochloric
acid solution were about 26%, 16%, and
less than 1%, respectively. These mass loss
results are in confirmation with wvisual
observations. Compared to reference mor-
tars, GC morar exhibited a considerably
lower mass loss, especially in hydrochloric
acid. The dramatic mass losses in PC and
HAC reference morars are due to the fact
that they are based on calcium silicate and
calcium aluminate hydrates (C-5-H and C-
A-H), respectively, that are not chemically
stable in acid media. As confirmed in pre-
vious studies [1-4], these calcium-based
binding compounds are easily decomposed
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in acid media resulting in gradual complete
deterioration of the cement matnx. The sig-
nificantly higher mass losses in sulfuric
acid compared o hydrochloric acid can be
related to gypsum formation due to the
chemical reaction between calcium com-
pounds of hydrated cement phases and sul-
fate anion of sulfurc acid. The nternal
disintegrating stresses caused by growth of
oypsum crystal deposited inside the deten-
oraling matrix can result in cracking and
spalling of surface layers that accelerates
the total rate of deterioration compared to
hydrochloric acid attack at the same pH
[16, 17]. On the other hand, the signifi-
cantly lower mass losses of GC mortar in
both sulfuric and hydrochloric acid solu-
tions indicate a comparatively higher acid
resistance, as confimed in other studies for
pH 1 acid media [10~13]. It must be con-
sidered that durability indicators, including
mass loss, do not necessarly comrelate with
each other and each of these indicators
alone does not necessarily justify the real
durability of the material. For a sound con-
clusion, therefore, different indicators must
be considered together.

3.3, Residual compressive strength

Compressive strength of mortar specimens
exposed to acid solutions were measured at
different time intervals W monitor the
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Figure 3. Compressive strength changes of mortar specimens during 24 months of acid exposure

at pH 3.

amount of strength loss due to acid attack.
Figure 3 displays the changes in compres-
sive strength during the cowurse of acid
exposure. As seen, HAC and PC reference
mortars exhibited 100% loss of compres-
sive strength afier 450 and 540 days of
exposure to sulfuric acid, respectively.
These reference mortars were suffered
from compressive strength losses of about
68% and 20% at the end of exposure time
0 hydrochlorc acid. In comparison, how-
ever, the GC mortar showed a significantly
better performance with about 57% and
almost no (less than 1%) strength losses at
the end of exposure time in sulfuric and
hydrochloric acid solutions, respectively.
These findings that confirm the superior
durability performance of GC mortar at pH
3 of sulfuric and hydrochlorde acid solu-
tions are in agreement with visual observa-
tions of apparent physical damage and
mass loss results. The exceptional durabil-
ity performance of GC mortar, especially
in hydrochlorc acid, can be atiributed to
the relative chemical swmbility of its main
binding compound, Le. sodium aluminosili-
cate hydrate (N-A-S-H) in acid media. This
binding compound represents a consider-
ably lower vulnerability to chemical attack
by acidic media compared to the main cal-
cium-based binding compounds of the
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reference montars [16, 17, 29]. The rela-
tively weaker dumability performance of
GC mortar in exposure to sulfuric acid
compared to hydrochloric acid can be
attributed to the effect of gypsum fommation
and deposition in the deteriorating matrix
on the mechanism and rate of deterioration,
as observed in reference mortars also. The
presence of calcium-based compounds in
GC, such as C-A-S5-H and NAC)-A-5-H
[30-32], due to the use of CAC as an addi-
tive rich in reactive alumina to improve the
reactivity of FA can result in the formation
of gypsum in the deteriorating areas that
acoelerates the rte of deterioration through
expansion and cracking of the surface
layers [16, 17].

The residual compressive strength data
are consistent with mass loss data, except
for the case of HAC exposed o hydro-
chloric acid that shows a relatively large
compressive strength loss versus a rela-
tively small mass loss. The dumability per-
formance of calcium aluminate cements in
acid media has been studied by a number
of resecarchers [33, 34]. It is well known
that HAC exhibits a good acid resistance
down to a pH of about 4, due to the relative
chemical stability of alumina hydmate, ie.
Al{OH ), that is often poorly crystalline in
hydrated HAC paste. This is because



dissolution of calcium aluminate hydrates
(C-A-H) results in the formation of add-
itional quantities of alumina hydrate, which
provides a protective effect by precipitating
in the deteriorating matrix and infilling the
pores. At pH values lower than 3.5, how-
ever, the alumina hydrate 15 not stable and
does not provide any protective effect.
HAC mortar specimens, therefore, are
expected to exhibit a relatively high loss in
compressive strength, as confirmed by
other researchers [33, 34]. The obtained
mass loss data, which are dependent greatly
on the type of brush (steel or plastic) and
the force applied, are not enough accurate.
The wvulnerability of HAC mortar speci-
mens to acid attack can also be related to
the relatively high water demand of the uti-
lized HAC product (with the trade name of
Secar 80). The very high Blaine specific
surface area of this product (1000 m¥kg,
as reported in Table 1) required a relatively
high W/B-mtio (0.550 as reported in
Section 2.2). The use of such a high
amount of water increases the vulnerability
of HAC mortar specimens against acid
attack due to increased porosity and
penetrability.

34, Compositional and
microstructural changes in geopolymer

The mechanism of deteroration in GC
mortar due to 24 months of acid exposure
at pH 3 acid solutions was studied by
mvestigating the changes in mineralogy
and microstructure using XRD, Fourier
transform  infrared spectroscopy (FTIR),
and  scanning  electron  microscopy
(SEM)) techniques.

341
Meray diffraction patierns of GC samples
taken from mortar specimens before acid
exposure (A) and afier 24 months of expos-
ure to hydrochloric and sulfuric acid solu-
tions (B, C) are represented in Figure 4. As
seen in Figure 4A, before exposure the

Xeray diffraction
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diffraction pattern displays the presence of
a very small amount of anorthite (PDF#04-
011-1371 [35]) orignating from FA and a
relatively high amount of quartz (PDF#04-
(08-4821 [35]) orginating from standard
sand. The geopolymenzation reaction prod-
ucts were all amorphous in character. The
small broad hump between 28 degrees of
25 to 35 can be attnbuted to the presence
of amorphous phase. The diffraction pat-
tem of the GC morar sample afier expos-
ure o hydrochloric acid soluton (Figure
4B8) is very similar to the diffraction pattem
of intact GC (Figure 44), confirming the
amorphous character of the acid attack
products in the deteriorated layer.

The peak positions in the diffraction
pattemn of hydmochloric acid-exposed GC
sample do not match with similar phases
present in the other two pattems. This is
because the pattem of the hydrochlonc
acid-exposed GC sample was prepared
with cobalt anode tube rather than copper
anode wbe. All the d-spacings, however,
are correct

The diffraction pattem of the GC mor-
tar sample after exposure to sulfuric acid
solution (diffraction pattem 4C) confirmed
the formation and depositon of gypsum
(PDF# (04-010-9409 [35]) as the only crys-
talline compound resulting from the reac-
tion between calcum compounds of GC
and sulfate ions. Identification of gypsum
in different GC samples exposed to sulfurc
acid attack has been reported by other
researchers [13, 15-17, 29]. The intensity
of gypsum deposition and its mechanistic
ole in sulfuric acid attack, however,
greatly depends on the caleium content of
the GC. It is believed that limited gypsum
deposition in the exposed surface layer
may provide some protective effect by
infilling the porosity [12, 13].

The minor erystalline phase of anorth-
ite originating from FA, which was
depleted in the hydrochloric acid-exposed
sample (Figure 4B), is stll present in the
diffraction pattern of sulfuric acid-exposed



sample (Figure 4C). Anorthite 15 a member
of the plagioclase feldspar mineral series,
which are acid soluble at pH 3 [36, 37].
The presence of this mmnor phase in the sul-
furic acid-exposed sample shows that the
prepared sample included materials from
the deteriorating or even intact paris, in
addition to the fully deteriorated part.

As can be seen, both diffraction pat-
terns of acid-exposed samples display the
formation of a very small amount of calcite
(PDF#D0-047-1743 [35]) in the deierio-
rated surface layer. Formation of calcite in
the deteriorated surface layers of acid-
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Figure 4. X-ray diffraction pattems: (A)
mtact geopolymer and (B, C) geopolymer
exposed to hydrochloric and sulfuric acid sol-
utions for 24 months, respectively.

exposed samples 18 due to the carbonation
of Ca0 with atmospheric carbon dioxide
after removing the mortar specimens from
acid solutions.

342 Fourier
spectroscopy

The FTIR spectra obtained from GC sam-
ples taken from morar specimens before
acid exposure (A), afier 24 months of
exposure to hydrochloric acid solution (B),
and after 24 months of exposure to sulfuric
acid solution (C) are represented in Figure
5. The characteristic bands appeared in
these FTIR spectra are represented in Table
2. The most important band corresponds to
the asymmetric streiching of 5i-0-T
(T = Al or 51) that confirms the presence of
N-A-5-H in the aluminosilicate framework
of GC [38—4]. This band appeared at
1024¢cm " in the intact sample. A compari-
son of the spectra shows that this band
shified slightly towards higher wavenum-
bers at about 1080 and 1114em™ " after
exposure to hydrochlode and sulfurc acid
solutions, respectively. This shifting is an
indication of some depolymerization in the
molecular structure of the GC due to some
tetrahedral aluminum ejection during acid
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Figure 5. FTIR spectra; (A) intact geopolymer, (B) geopolymer exposed to hydrochloric acid
solution for 24 months, and (C) geopolymer exposed to sulfuric acid solution for 24 months.
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Characteristic bands of FTTR spectra of geopolymer cement samples before and after acid exposure (shown in Figure 5).

Table 2.

cm '}

Characteristic band (Wavenumber

Sample type

Symbol

1024
1080
1114

1414
Si-0-5i and

1644
1659
16241686

H-3-H bending

2

3455
3408-3542
O-H stretching

-
3

After exposure to H.50,
Characteristic bands

Before acid exposure
After exposure to HCI

Si-0-Al

O-C-0
stretching

stretching
[32, 35, 30]

[

[

[
Lo

[
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exposure [10-13]. As seen, this shifting is
a litde bit more in GC sample exposed to
sulfuric acid solution, which implies a
higher degree of depolymerization in sul-
furic acid compared to hydrochloric acid at
the same pH of 3. The band at 1414cm ™"
in the intact sample belongs to vibrations
of 0-C-0 in carbonate compounds result-
ing from carbonation of unreacted alkalis
with atmospheric carbon dioxide [38]. The
disappearance of this band in the exposed
samples is an indication of complete dissol-
ution of carbonates during acid atack. In
addition, the absorption  bands  at
3400-3550 cm ™' and at 1620-1690cm™'
due to O-H group stretching and bending
vibration of chemically bonded water mol-
ecules [15, 39, 40] are noticeably enlarged
in the acid-exposed samples especially in
sulfuric acid exposed one. This confinns
the effect of acid attack in increasing the
concentration of 5i-0-H temninals in GC
due to depolymerization caused by parial
ejection of tetrahedral aluminum [39, 40]
and formation and deposition of gypsum in
the case of exposure to sulfuric acid.

343 Scanning electron microscopy

The effects of 24 months of exposure 1o
acid solutions on microstructure and chem-
ical composition of GC mortar were inves-
tigated wusing f{ractured and polished
surfaces. Figure 6 displays typical micro-
graphs prepared from fractured surfaces.
As seen in Figure &A), the GC mortar
microstructure before acid attack consists
of a relatvely dense and homogeneous
matrix with embedded sand paricles and
partially or non-reacted FA  spheres.
Observations on acid exposed-samples at
relatively higher magnifications, as seen
Figures 6(B) and (C), revealed the deterio-
rating effects of acid attack in the form of
increased porosity and breakdown of alu-
minosilicate network in the form of micro-
cracks caused by depolymerzation due to
partial ejection of tetrahedral aluminum.
The mechanism for these microstructural
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Figure 6. SEM micrographs prepared from fractured surface of geopolymer mortars; (A) intact
geopolymer, (B) geopolymer exposed to hydrochloric acid solution after 24 months, (C) geopoly-
mer exposed to sulfuric acid solution after 24 months, and (D) gypsum crystals deposited due to

sulfuric acid attack.

changes that were also reported in other
studies [16, 17, 43], will be discussed later.
For sulfuric acid-exposed samples, in add-
ition to porosity increase and microcrack-
ing, gypsum deposition in the form of fine
rod-like crystals was also revealed as dis-
played in Figure 6(D) and previously con-
firned in XRD and FTIR results (Sections
34.1 and 3.4.2).

A typical SEM micrograph prepared
from fractured surface of GC mortar
exposed to pH 3 HCI for 24 months along
with EDS line concentration profiles for all
the four main elements along the line
shown in micrograph are displayed in
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Figure 7. It must be noted that quartz
aggregates caused strong variations in con-
centration profiles. Knowing that quantz is
composed of mainly Si with almost no Al,
Ca, and Na, these disturbances, however,
can be simply realized. As seen, Na was
leached partially (by about 50 to 75%)
from the deteriorated surface layer. The
total Na content of the GC can be divided
into different parts. The main part is the
charge balancing Na in the GC aluminosili-
cate gel (N-A-S-H). The other minor parts
include some unreacted Na, which is con-
verted to carbonate due to carbonation with
atmospheric carbon dioxide and a small
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Figure 7. SEM micrograph and EDS elemental line concentration profiles prepared from pol-
ished fractured surface of geopolymer mortar exposed to hydrochloric acid solution after
24 months.

part of Na that might be present in anorthite  also be present in a stable and acid resistant

that was originally present in the starting  phase. This is the Na that remained in the
FA. In addition to these, some Na must deteriorated surface layer of GC even after
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Figure 8. SEM micrographs and EDS elemental spectra prepared from polished fracture swrface
of geopolymer mortars; (Left) intact geopolymer, (Right) geopolymer exposed to hydrochloric

acid solution after 24 months.

Table 3. EDS elemental composition (mass%) of the regions shown in SEM micrographs rep-
resented m Figure 8.

Spectrum (8] Si Al Ca Fe Na K Mg
1 458 21.% 11.7 11.2 56 19 12 09
2 469 374 79 1.0 44 03 0.7 03

24 months of exposure to pH 3 hydro-
chloric acid solution. The charge balancing
Na present in N-A-5-H gel s weakly
bound and, therefore, is easily leached out
in acid solutions [45]. Since carbonates are
easily dissolved in acid solutions, con-
firned by FTIR spectroscopy resulis also
(see Figure 5 and Table 2 in Section 3.4.2),
the wnreacted Na in the form of carbonate
is also easily leached out in acid solutions.
As mentioned before, it is also known that
the Na and Ca contents of plagioclase feld-
spar including anorthite are easily released
in acid media [36, 37]. The small remain-
ing part of Na which is strongly bound in
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an acid resistant phase can be present in a
stable glass phase probably formed during
to the high temperature coal combustion
process. As seen in Ca concentration pro-
file, calcium was almost completely
leached from the deteriorated surface layer
of GC. The Ca which was originally pre-
sent in calcium aluminate phases in CAC 1s
usually converted to C-S-H and/or C-A-8-
H durng the course of alkali activation
[46]. Both of these gels are highly vulner-
able to acid attack [1, 47] and therefore Ca
is easily and almost completely leached
into acid solutions. The total Al in GC is
mainly present in the form of N-A-5-H and



C-A-S-H gels and partially in form of
anorthite and glass phase as non-reactive
phases during the course of alkali activa-
tion. As seen in Al concentration profile,
Al is partially leached out from the deterio-
rated surface layer showing a dealumina-
tion of GC during acid attack, as
previously confirmed by FTIR spectros-
copy results (see Figure 5 and Table 2 in
Section 3.4.2). As seen in Figure 7, 24
months of leaching of Ca, Al, and Na from
acid exposed surface of the GC monar left
a silica enriched and highly porous (see Si
concentration  profile in Figure 7)

deteriorated surface layer of approximate
thickness of 3 mm.

Figure 8 and Table 3 represent typical
micrographs along with EDS elemental
spectra and the comesponding elemental
compositions prepared from polished frac-
ture surface of intact GC matrix (Left), and
GC matrix exposed to hydrochloric acid
solution afier 24 months (Right). As EDS
elemental compositions show, the 24-
month chemical attack by pH 3 hydro-
chloric acid resulted in the leaching of Al,
Ca, Na and K from the acid exposed sur-
face by about 32%, 91%, 84%, and 42%,

-

S
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Figure 9. SEM micrograph and EDS line concentration profiles for Ca and S prepared from pol-
ished fractured surface of geopolymer mortar exposed to sulfuric acid solution after 24 months.
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respectively. The high shrinkage caused by
such an intensive leaching process resulted
in the formation of a highly porous and
microcracked surface layer as seen in
Figure 8.

Figure 9 displays a SEM micrograph
along with EDS line concentration profiles
for Ca and S prepared from polished frac-
tured surface of GC mortar exposed to sul-
furic acid solution after 24 months. As can
be seen, the 24-month acid attack by pH 3
sulfuric acid solution has resulted in the
formation of many relatively large micro-
cracks that are parallel to the acid exposed
surface. Many of these microcracks are
either completely or partially filled with a
white precipitate. A careful comparison of
the Ca and S concentration profiles to each
other and to SEM micrograph clearly con-
firms that the two profile are very similar
with almost all the peaks coinciding on

each other and on the white precipitate
inside the microcracks. This white precipi-
tate that is rich in Ca and S in its elemental
composition is gypsum, as confirmed by
XRD and SEM results as well as reported
by other researchers [12, 16, 17, 29].

Figure 10 displays a typical SEM
micrograph and two EDS elemental spec-
tra, one from white precipitate inside a
microcrack (spectrum 3) and the other
from deteriorated matrix (spectrum 4), pre-
pared from polished fracture surface of
geopolymer mortar afier 24 months of
exposure to sulfuric acid solution. The cor-
responding elemental compositions are rep-
resented in Table 4. As seen, in addition o
the microstructural changes in the form of
increased porosity and formation of rela-
tively large microcracks parallel to the acid
exposed surface, noticeable compositional
changes were also happened during the

o 1 3 3

keV

Figure 10. SEM micrograph and EDS elemental spectra prepared from polished fracture surface
of geopolymer mortars exposed to sulfuric acid solution after 24 months.
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Table 4. EDS elemental composition (mass%) of the regions shown in SEM micrographs rep-

resented m Figure 10.

Spectrum v Si Al Ca Fe Ma K Mg 5
3 554 1.0 0.1 238 0.1 19.7
4 50.4 41.0 5.6 0.7 1.6 0.2 0.5 0.1

course of acid attack compared to intact
matrix (see Figure 8). The 24-month chem-
ical anack by pH 3 sulfuric acid resulied in
the leaching of Al, Ca, Na and K from the
deteriorated layer by about 52%, 94%,
8%, and 58%, respectively, which are
almost similar to leaching values deter-
mined for hydrochlode acid  attack.
Similady, such an intensive leaching pro-
cess  can  cause significant  shrinkage
increasing the porosity and resulting in the
formation of shrinkage microcracks in the
GC matrix as what observed in the case of
pH 3 hydrochloric acid. As seen in Table 4,
the EDS spectra 3 shows an elemental
composition consisting of major elements
of oxygen (), calcium (Ca), and sulfur
(5}, confimming the precipitation of gypsum
crystals mside relatively large microcracks,
as previously confirmed by XRD and SEM
results (see Sections 3.4.1 and 34.3) In
addition, deposition and subsequent growth
of gypsum crystals cause disintegrating
expansive stresses inside the GC matrx
resulting in the formation of expansive
microcracks [12, 13, 29] (the relatively
large microcracks parallel © the acid
exposed surface observed i Figure 9).
Upon increased expansion, these relatively
large expansive microcracks result in scal-
ing of surface layers and debris from the
acid exposed surface. This scaling of sur-
face layers and debrs from acid exposed
surface increases the amount of mass loss
and accelerates the rate of detedoration
compared to pH 3 HCI, as considered pre-
viously in Sections 3.1-3.3. The deterior-
aton mechanism of GC at pH 3 sulfunc
acid, therefore, is based on a combination
of both shrinkage and expansion together
caused by simultaneous leaching of alkali

217

and alkali earth metals and gypsum crystals
deposition and growth, unlike the deterior-
ation mechanism of GC at pH 3 hydro-
chloric acid that is based only on shrinkage
caused by leaching. The leaching mechan-
ism alone does not effectively result in
scaling of surface layers and debris and
the remaining deteriorated laver on the
acid exposed surface provide a protective
effect that decelerates the total rate of
deterioration.

4. Conclusion

The following conclusions can be drawn
from the present study that evaluates the 2-
year durability performance of GC mortar
derived from the blend of low calcium fly
ash (76 wt%) and calcium aluminate
cement (24 wt%) in mild concentration
ipH 3) of hydrochloric and sulfuric acid
solutions considering PC and high alumina
cement {Secar 80) mortars as reference:

I. Compared to reference cements and
based on mass and compressive
strength losses data, the GC exhib-
ited a significantly superior acid
resistance especially in pH 3 hydro-
chloric acid.

2. The GC matnx does not decompose
completely upon acid attack, but
undergoes significant leaching of
alkali and alkali earth metals leav-
ing a highly porous and micro-
cracked deteriorated layer on the
acid exposed surface that provides
some protective effects decelerating
the total rate of deterioration. The
deterioration mechanism at pH 3



hydrochloric acid is therefore based
on leaching and shrinkage.

In pH 3 sulfuric acid, the deterior-
ation mechanism is based on both
shnnkage and expansion together
caused by simultaneous leaching of
alkali and alkali earth metals and
gypsum crystals deposition and
growth. The shrinkage results in
porosity increase and microcrack-
ing, whereas expansion causes scal-
ing of surface layers and debris,
which n turn accelerates to total
rate of deterioration compared to
pH 3 hydrochlonc acid.
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Aluminum black dross (ABDY) is a solid waste of aluminum smelting process that causes serious envi-
ronmental and public health problems. In addition, it imposes significant dis posal costs to the aluminum
industry. In this study, synthesis and chamcterization of mesopomous alumina (MA) from the ABD using a
novel regycling procedure consisting of leaching at low temperature (85°C) and atmospheric pressure,
co-precipitation, separation through selective dissolation, re-predipitation, aging and finally calcination
at 600 =C for 2 b Mo hard or soft template was used during the formation of the gel The as-synthesized
MA had a specific surface area, total pore volume and average pore diameter of 123—162 m*/g. 0.37 anjg
and 10.6 nm, respectively which were obtained by nitrogen sorption analysis. The as-synthesized MA
possessed more than 98% purity. Its XRD pattermn exhibited the characteristic peaks of gamma, eta, theta,
and delta phase alumina FESEM and TEM analyses revealed nanoscale morphology of the as-synthesized
MA; having crystal size of -11 nm. The TGA analysis showed that the as-synthesized MA is thermally
stable and exhibits only -5wt% mass loss for heating from 30 to B00°C. The characterzation of solid
residue at the end of the proposed process proved that it contains mainly silica phase which can
alternatively be reused as filling agent or aggregate in concrete materials applications, It is quite clear
that the process of producton of MA from the ABD is feasible and practical and provides a novel miti-
gation to the ervironmental problems of the ABD.
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1. Intrduction structure directing agents [14]; and (3) soft templating process

with the contribution of ionic and nonionic surfactant [15,16],

Mesoporous alumina (MA) has received considerable amention
from the industrial and academic communities due © its great
applicability in the preparation of catalysticatalyst suppodt,
adsorption of various pollutants from wastewater (e.g fluoride,
dyes, heavy metals, organic compounds, etc.) [1-5], chemical and
bicchemical separation and sensors [6,7] This great deal of interest
is due to spedal characteristics of the MA such as porosity, high
surface area and chemical acrivity [8-11].

The MA is prevalently fabricated through one of the following
three pathways: 1) hard templating method (eg. using carbon
emplate) [12,13]: 2) solvent-free synthesis without the use of
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organic molecules [9,17], and ionic liquids [ 18], The synthesis of the
MA has also been reported by a combustion synthesis without
template [19].

At present, there are many sals utilized as sources of aluminum
for the synthesis of alumina, such as AKNO3)y 9H0 [20], AlCl; and
NaAlD; [21] aluminum isopropoxide [22], aluminum ammonium
carbonate hydroxide [23], and so on, These aluminum sources are
expensive, making industrialization of alumina producton is very
challenging Recently, the synthesisof alumina from industrial solid
waste as secondary sources of aluminum has attracted the atten-
tion of researchers. For the synthesis, the researchers have pro-
posed some processes for production of alumina from solid wastes
such as the acid-base leaching [24,25], limestone sintering method
[26], and lime-soda sinter method [27]. In addition o gaining
economic benefits from material producton, retrieving/recycling



the wastes is a desirable solution for both industries and the
environment to overcome disposal costs and emvironmental
pol lution [28].

Aluminum black dross (ABD) is the major aluminum producton
waste. Unfortunately, reliable statistics are not available on the
utlization rate of the ABD, but as a rough estimation, the global
ABD generation is more than one million tons per annum, of which
around 95% is dumped in the vicinity of factories. In other words,
this means a very low recycling rate [29]. The ABD is mostly dis-
carded in landfills and thus imposes a severe menace to the emvi-
ronment [29-31], The ABD is a compound inorganic waste
consisting majorly of nonmetallic materials (oxides and sals)
which is formed during the Al melting [32,33]. If an appropriate
approach could be found to use and manage the waste, it will
provide a three-fold ad vantage to both environment and industries,
Firstly, the volume of the waste and consequently the corre-
sponding disposal costs could be pardy diminished. Secondly a
cleaner environment can be achieved, and thirdly if possible, pro-
duction and development of advanced materials from the waste at
reasonable cost can lead to the inoreased economic benefit as well
as the conservaton of natural resources.

The aim of this work is to prepare MA with a relatively narrow
pore size distributon using ABD as a cheap, alumina- rich inorganic
material without using a template for the first time. The product on
process here includes a low-temperature and atmosp heric pressure
extraction process, The residual solids from the extraction process
do not inflict environmental contaminaton and can be sacked at a
much lower risk or alternatively reused as filling agent or aggregate
in concete applications. All these together evince the eco-
friendliness of the proposed process within the framework of the
principles of green chemistry [ 34].

2. Experimental procedure
2.1, Chemicak and materials

The ABD was provided by a national aluminum manufacturer.
Sieve analysis disclosed that the Dyg, Dsg, and Dag values of the as-
received ABD were 466, 313.8, and 21114 um, respectively. The
oxide composition of the ABD, analyzed by X-ray fluorescence
(XRF) technique (according to ISOJIEC 17025:2005 standard), is
given in Table 1, which shows that it consists mainly of alumina
(about 60¢%) and silica (about 15%) along with other axides. The loss
on ignition (LOI) of around 90% was achieved by heating the
sample at 950°C for 1 h

The X-ray diffractogram of the as-received ABD is re presented in
Fiz 51 (refer to online supplementary figure). Analysis of the
diffraction pattern of the ABD powder sample revealed the pres-
ence of aluminum axide, spinel, defect spinel (Alig:Mgq4703.61 )

Talsle 1

Chemical composition of ABD.
Oxide [wWLE)
Al 4.8
Sl 165
Feaily (%
CaD 3B
Mg 29
Na,0 28
Ky 10
Tl LI
MnD L ]
50y 03
Cul 02
Spl ol
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quartz, disovudaoite (NaAlyOg7)  villlaumite (NaF), cryolite
(MasAlFg), silicon (Si), aluminum nitride and ferric oxide, Minor
races of halite, graphite (C) and fluorite (CaF:) were also found.
The origin of the existence of halite (NaCl), villiaumite, and fluorite
(CaF;) is the molten salt flux, which is consumed as a melting aid
and a protection layer against oxidation of aluminum Cryolite is
used as an electrolyte during the melting process of alumina.

Sodium hyd roxide pellets (99% purity), ammonia 25%, and hy-
drochloric acid 37% were are all procured from Merck Company and
ethanol absolute [ >99% purity) was supplied from Riedel-de Haén
(Hanover, Germany )} Deionized warer was utilized throughout the
EXperiments,

22 Mesoporous aluring syrfesis

Fig. 52 (refer to online supplementary figure ) depicts the flow
chart of the novel process used in synthesizing MA from ABD, The
ABD was initially leached by 5 M hvdrechloric acid solution in a
Pyrex three-neck round-bottom reactor equipped with a Graham
reflux condenser and a temperature controller. Since acid leaching
is an essendal step in the proeess shown in Fig. 52, the study of
dissolution and leaching mechanism and kinetics is of great
impor@nce. Such a study was carried out in the previous work [35],
and the results showed that the apparent activation energy was
about 1005 kjfmol and the dissolution of the waste in HCl was an
internal diffusion-controlled process. Therefore, © reduce the
diffusion resistance, an agitator is used in the leaching step. The
leaching temperature and the reacion time were set at 85°C and
120 min, respectively, The extraction process was performed with
solid-wo-liquid ratio of 1:20 g/ml under constant agi@tion speed of
600 rpm. The aforementioned parameters were selected according
o the previous study including the study of the effects of acid
ncentration, time, solid-to-liquid ratio, temperature, and pardde
size on the alumina extraction efficiency. The results revealed that
the extraction efficiency of alumina was about 83% [36]. After the
elapsed leaching time, the slurry was filtered to separate insoluble
residue. The filtrate was transferred into the - predpitation stage.
In this s@ge, ammonia was added to the filorate until the pH
reached a value of 5.5-6.0. Following the addidon of ammonia, a
milky white hydroxide precipitate was readily formed. After
filcration of the precipitate, to remove metal cationic impurities
from aluminum hydroxide gel, 3N NaOH was added to the hy-
droxide precipitate to generate an alkaline sodium aluminate so-
lution, The addition of NaOH was continued undl the pH value of
12-13. Then, in the next stage, hydrochloric acid solution was
added to the aluminate-rich liquor until a pure white precipi@te
was formed. In this stage the pH reached 11. The obined gel was
aged for twio different times of 1 and 48 b The new white predp-
itate was filtered and washed with a mixture of deionized water
and ethanol several times until the pH value reached 7. The washed
precipitate was then dried in an oven at 110°C The oven-dried
aluminum hydroxide was finally calcined at 600°C for 2h. To
ensure the effective removal of metal cationic impurities from
aluminum cations, the chemical compositdons of chloride leachate
and aluminate-rich filtrate were determined by inductvely coupled

Table 2
Chemical compasition of chlonide leachate and Aluminate-rich liguor

Sample Covfvoen tration (mgl )

AP v Fe't Mgt MaT 5i
Chiloride laachate GEGE30 137280 37958 25001 381480 3574
Aluminate-rich filirate GR04ED 185 043 ND 057500 4436

" Nal detected.



plasma atomic emission spectoroscopy (1CP-AES). The output of ICP
analyses are presented in Table 2, As can be seen, metal carions
hawve effectively been separated from aluminum cations The high
concenration of sodiumion in the aluminate-rich solution isdue to
the addition of soedium hydroxide solution at the selective disso-
lution stage, which is later removed easily by washing, In this novel
process, alumina is extracted at atmospheric pressure and low
emperature, which implies that the extracion process is relatively
safe. The separation of aluminum hydroxide from other metl hy-
droxides is performed without the use of any specific and complex
echnique, and only with the use of amphoteric property of the
aluminum hydroxide. Finally, by adjusting the aging time, meso-
porous alumina is obtained without the use of any hard or soft
emplate from a secondary inorganic material. By-products of the
proposed process including residual hydroxides and insoluble
residues have a potentdal re-usability, Howewer, they require
further sudy and characerization. The overall process acorues
recyclability and recoverability of the ABD adhering to sustain-
ability principles.
All possible reactions in the leaching stage are as follows:

MgO+2H* — Mg +Hz0 (1)

Ca0+42H* —=Ca®*+H0 (2)
Fey 03 +6H* —2Fe* +3H,0 (3)
Ka042H* — 2K+ H.0 (4)
Nap O+ 2H* — 2Na* +H30 (5)
MaF + H* - Na* +HF (6)
CaFy+2H* —Ca?* 4 2HF (n

The representative dissolution of silica spedes under acidic
condition is given by Ref [37]:
Si0z+4H20 —5i{ OH )4+ 2Hz0 (8)

The possible interactions of Al203 and acid medium cause the
formarion of various ions based on the following reactions [38]:

AlD3+6H* = 2AP++3H,0 (a)
AlD3+4H* = ZAKOHY +H,0 (10}
AlLD3+2H*+2H,0 = 2AI0H (1)
Al03+3H50 = 2A1(0H ) (12}
Al203+5H:0 = 2AK0H ) +2H° {(13)
AlD3+7THA0 = 2AI0H)E - +4H* (14}
AlD3+8H0 = 2AK0HE + 6H (15)

Alz03 particles have a positive charge at pH < pHzcp (=8.0-8.5)
and a negarive charge at pH > pHa because of the absorption of
OH~ groups. Since, the pH value at the leaching stage is controlled
inthe range of 5.5—6, the probability of reactions (9)—(12) is higher.

At the precipitation or base hydrolysis stage, AP cations in
acidic solution initially form a milky gel and then the gel is trans-
muted into different crystalline hydroxides [39].

The overall reaction at the pred pitation stage is as follows [40]:
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XAP*+yOH~ — ALIOH )Y (16)
The other metal cations predpitate through the following re-
actions by addition of ammonia:

2NH3+Mg"* +2H;0 —Mg(OH )2+ 2NH (17)

2NHy+Ca?* + 2H:0 — CalOH )+ 2NH3 (18)

INH3+Fe’ +3H50 — Fe(OH)3+3NHj (19)

The silanol groups generated at the leaching stage can be
dissociated through the following reactions under basic pH [41]:
=510H + OH™ + Si—0" + H20 (20)

To remove amy impurity from aluminum hydroxide for the
production of high purity alumina, 3N NaOH is added to the
precipitated hydroxide product to convert AOH) species into
aluminate ions acording to its amphoteric characteristc:
ANOH )3+ NaOH — Na " [AOH ]~ (21)

Finally, at the re-pred pitation stage, AOH )3 is formed again by
adding HCL:

Na*[Al{OH)] +H* €l — gelatinous A{OH)3+ Na*Cl™ + HaD  (22)

23, Methods of chamcterization

To identify crystalline phases, an X-ray diffractometer (Philips
Expert System) was utilized at 40kV and 30 mA. The X-ray dif-
fractograms were recorded at 20 range of 10-90° (scanning
rate = 2°/min, ant-scatter=1°; receiving slit 0.01 mm), Three
kinds of microscopes were employed to survey the morphologies of
the raw material and products. FESEM (SIGMA VP-500, ZEISS,
Germany ) was used to study the morphology of the as-prepared
aluminum hydroxide and alumina at 15kV. Energy Dispersive X-
ray Spectroscopy (EDX) technique (Oxford Insorument, England)
was utilized for elemental analysis. SEM device (TESCAN VEGA 11,
Czech Republic) was employed to prepare micrographs of the raw
ABD and residual solids at 30 kV, The secondary electron (SE) mode
of the SEM device was selected for this purpose, A 120 W TEM
(PHILIPS CM12, Metherland ) was used o observe the features of the
as-prepared aluminum hydroxide and alumina partddes, The oxide
composition of the as-fabricared alumina was obtained employing
an X-ray fluorescence device (ED2000, Oxford). To identify chem-
ical bonds formed in the structure of the products, a Fourier
transform infrared (FTIR) spectrometer (SHIMADZU 8400s) was
utilized in absorbance mode. The spectra were recorded with a
sensitivity of 4 an—! and 64 scans per spectrum Eken,

The porous nature of the as-synthesized alumina was probed by
adsorption-desorption of nirogen at 77 K with a Microtrac Bel Corp
instrument (BEISORP Mini). The dry samples were previously
degassed ar 300+C for 5h, in order o eliminare moisture and any
impurities from the material. The chemical analysis of leachates
was performed by inductvely coupled plasma atomic emission
spectroscopy (ICP-AES) using PerkinElmer equipment (USA, Op-
tima T300D). The thermogravimetric analysis (TGA) of the product
was carried out using STA 1500 Rheometric Scientific thermoana-
Iyzer with a heating rate of 10°C/min in nitrogen atmosphere. The
particle size distribution was esimated with the help of a micro-
scopic image processing software, Image] as a free and versatile



program package. For more exactness in estimating the size of
distinguishable particles, an outline conforming to the TEM image
scale bar is drawn, By doing so, the pixel unit is set to nanometer,

3. Results and discussion
3.1, Morphological studies

Fig 1a—d illustrate FESEM micrographs and corresponding EDX
analyses of the as-synthesized aluminum hydraxide and alumina
samples aged for 1 and 48 h at the last re-precipitating stage. As
seen, the morphology of all materials appeared lumpy, consisting of
dense agglomerates, In fact, aluminum hydroxide and alumina
samples seem o consist of rounded-corner shaped particles. Ac-
cording to Fig 1a—d, by increasing the aging time, the particle sizes
of both aluminum hydraxide and alumina experience an increasing
trend, confirming that a prolbnged aging dme allowed the forma-
tion of aluminum hydroxide and alumina samples with larger
nanostructures. The results of EDX analyses disclosed a major
chemistry of Al and O as the main elements of both ANOH) and
Al 0. Also, Ma was present in accordance with reaction (22,

The bright field TEM images of the as-prepared aluminum hy-
draxide and alumina samples at different aging times are shown in
Fig 2a—d. With aging time increasing from 1 w 48 h, the particle
size bemes larger in both aluminum hydraxide and alumina
products. As can be seen from Fig. 2a—c, the aluminum hydroxide
and alumina samples display overlapping agglomerates of nano-
flakes. For alumina samples, when the aging dme inoeases © 48 h,
the morphology changes to enlarged nanoflakes with rounded
corners, From inset Fig 2d, it seems that the alumina nanoparticles
obtained at the aging time of 48 h, have spherical morphology, but
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Fig. 2d at higher magnification reveals that these nanoparticles are
dense overlapped aggregates of round corner-shaped nanoflakes.
All TEM images confirm that the obtained producs are in the
nanoscale. According to the size distribution histograms shown in
Fig. 2a~b, both aluminum hydroxide samples exhibit particle size
distribution range of 10—-50 nm with the difference that about 86%
of aluminum hydroxide nanoflakes prepared at aging time of 1 h
are smaller than 30 nm, whereas about 80% of aluminum hyd rexide
nanoflakes prepared at aging time of 48 h are smaller than 30 nm.
The size distribution histograms of the alumina samples reveal that
~-74% of alumina nanoflakes prepared at aging tme of 1h are
smaller than 30 nm, whereas alumina nanoflakes pre pared at aging
dme of 48 h are all larger than 70 nm.

The alumina sample prepared after calcination of 1-h aged
aluminum hydroxide was thought to exhibit a large specific surface
area (S5A) and tal porosity because of is smaller particles, and
wnsequenty it is selected for further characterizations including
nitrogen sorptometry, XRD, FTIR, XKF, and TGA analyses.

32 Specific surface area and porosicy

Fig. 3 illustrates the N sorpton isotherms and respecive meso/
micropore size distributions of the as-prepared alumina sample
after calcination of 1-h aged aluminum hydroxide at 600 °C for 2 h.
In accordamce with the IUPAC sorption isotherms, the materials
exhibiting the typical type IV curve with hysteresis loop of type H2
mprise inter-connected pores, The Type IV isotherm reflects the
mesoporosity nature of materials. The hysteresis loop of type H2
indicates capillary condensation phenomenon occWwming in meso-
pores [42], Also, the emergence of this type of the hysteresis loop
reminds ink bottle-shaped pores [43] in the alumina. Fig 3b reveals

Fig. 1. FESEM images and cormes ponding EDX analyses of the as-synthesized (a) aluminum hydroside aged for 1 h () aluminwm hydradde sged for 48 (o) aluming obtained alter
calanation of 1-h sged slumimmm hydroside, and (d) sluming obiyined alter calcination of 48-h sgad aluminum hydrosxide
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Fig 2. Typical TEM micrographs and respecive partcle size distritugion of the as-synthesized aluminum hydroxides aged for (a) 1 b, (b) 48 h; and alumina samples prepared after
akination of (¢) 1-h aged aluminum hydroxide, and (d) 48-h aged aluminum hydroxide. (Magnification: 35 kX).

a relatively narrow pore size distribution (PSD). To investigate the
dependable SSA and PSD, both adsor ption and desorption branches
of the plot in Fig. 3a were applied in commonly-used methods
including BET, BJH (desorption branch), Dollimore-Heal (DH)
(desorption branch), Langmuir, t-plot (adsorption branch), MP-plot,
and Cranston-Inkley (CI) (desorption branch). The results are pre-
sented in Table S1 (refer to online supplementary Table). The data
in Table S1 clearly show that the as-prepared alumina exhibits a
pore volume of about 0.37 cm®fg. The average radius of pores is
106 nm, confirming the mesoporous nature of the as-prepared
alumina. This is confirmed by IUPAC which says a mesopore has a
diameter of 2-50nm. By using MP method (inset Fig 3b), the
averaged diameter of micropores included in the as-prepared
alumina is 16nm Based on the data in Table S1, the as-
synthesized alumina in this study has a SSA of 123162 mz}g.

33. Determination of crystailine phases

The XRD patter ns of the as-prepared alumi num hydroxide (aged
for 1h) and the as-synthesized MA are shown in Fig 4a and b,
respectively. As can be observed, aluminum hydroxide has
precipitated in the forms of bayerite and gibbsite. The precipitation
of gibbsite and a few amount of bayerite at basic pH is expected in
accordance with literature [44]. The gibbsite and bayerite have
been identified by comparing the peaks with ICDD standard cards
of 00-007-0324 and 00-001-0287, respectively. The low crystal-
linity of the XRD pattern shown in Fig. 4a is attributed to the low
aging time (1 h aging). Because there is not enough time to let the
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cations and anions arrange in the crystalline network. On the other
hand, ashort aging time is necessary to reach smaller nanoparticles
and higher surface area. Low crystallinity can be compensated by
later calcination, as shown in Fig 4b. When the aluminum hy-
droxide is calcined at 600 “C for 2 h, the produca begins to dehy-
drate and convert to alumina and the XRD pattern(Fig. 4b) exhibits
diffraction peaks corresponding to the reflections of plane of n-
alumina (PDF 01-073-6579), y-alumina (PDF 04-007-2283), &-
alumina (PDF 04-008-4096), and 0-alumina (PDF 00-035-0121).
There were no other distinct peaks, which showed that the
resulting aluminum hydroxide and MA products are highly pure.
It is obvious that the XRD patterns in Fig. 4 exhibit the line
broadening A line broadening may be resulted from the contri-
bution of crystallite size (L)and microstrain. The contribution of the
former is calculated using Debye- Scherrer equation [4546]:

L=k /Bycosh (23)

where k= 09, % the wavelength ofincident X-rays (1.541874 A), 0 is
Bragg's angle (in degree), and B is the full width at half maximum
(FWHM) associated with instrumental broadening.

And the microstrain contribution is calculated by the following
equation:

Bms =4etand (24)

where Py is the FWHM allocated to the microstrain broadening
and e reminds the microstrain, which supposed to be identical in all
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aystallographic orientations.

Supposing the independence of the two main contributions
mentioned above for the line broadening, thus the sum of them is
[45]:

Braa = Pu+Pus (25)

By replacing By and Py from equations (23) and (24) in the
above summation, follewed by a rearrangement, the Williamson-
Hall equation is eventually derived [47]:

Prygcosh = 0.9%[L+desind (26)

The Y-intercept of the Pycosf-4sind plot as presented in Fig 5
mmprises the average crystal size. According o Fig. 5, the
average crystal size of about 1119 nm was obtained from the ver-
tical intercept.

34 Mentification of chemical bornds

Fig. & depicts the FTIR spectrum of the as-synthesized MA. The
peak at 596 cm i due to Al-0-Al symmetric bending [48]. The
emergence of a weak peak at 1137 cm— is attributed to the exis-
tence of duster of ¢~ and A+ ions on the of Al-0 plane. The peak
appeared at 1656 o' corres ponds to the H-0-H bending vi-
bration in the structure of water. The peaks at 4354 and 3754 cm!
belong tothe stretching vibration of hydroxyl group which is most
likely due tothe ad sor ption of water moleculesby the marerial [49].

345 Purity determination

Table 3 presents the results of XEF chemical analysis of the as-
prepared MA. It could be observed that the material contains
more than 98 wi® of Alo05. The alumina with more than 90wtk
purity has commercial applicadons [50]. The impurities present in
the material were Mg, Ca0, Fey0s, SiD, and K:0 with a total
weight percentage of less than 13%. Also, a purity of around
G8.6% was achieved using Zn-EDTA back titration,

As definitely seen in Table 3, the main impurity is SiD2 The
presence of 5i0; confirms the presence of traces of Si{OH )4 in the
aluminum hydraxide precipitate. During caldnation and at rem-
peratures about 200 ~C, the physisorbed warter of Si{OH)y species is
removed and the remaining silanol groups undergo condensation
by releasing water at higher temperatures as shown by the
following reaction [51]:

Si{OH)y — S0, + 2H.0 (27}

aazy 4
adnz7 A

% QA2 4
3

= 0L0065x + 00124

= §
073 o R = 0oa3ny
= 0023

0021

0y .

1.1 13 15 1.7 1% 24 23 15 FX]
dgintl

Fg. 5. Williamson-Hall plot for the as-synthesized MA.
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36. TGA anabysis

Fig. 7 shows the TGA and derivative thermogravimemric analysis
(DTG) profiles of the as-synthesized MA,

The material possesses an appropriate thermal stability. The
TGA data of the as-fabricated MA presents a total mass loss of
around 532% over the temperature range of 30-800-C. The
endothermic peak appeared at 40-140°C in the DTG curve dis-
closes a mass loss due to the dehydradon of adsorbed moisture
[52] As can be seen, no mass depletion related to decomposition
has been taken place for the MA throughout the studied temper-
ature range, implying that the prepared material is thermally
stable.

3.7, Characterization of extraction residues

The XRED pattern of solid residue after extraction process is
depicted in Fig. 8, showing the peaks of 50z C Al:0z, and
NaAly 047 The predominant mineral phase is Si0; which remains
undissolved during acid leaching stage. In comparison with the
XRD pattern of the raw ABD, Al and AIN have been removed by the
acid leaching of the ABD. The Al and AIN are considered as detri-
mental components with the potential to result in the generaton of
harmful gasses including hydrogen and ammonia The major
portion of Al-containing components such as aluminum oxide,
spinel, and disoyudaoite has been leached from the ABD, which is
eligible for the extraction of alumina, however, a few amounts of
Al03 and disoyudaoite is present as minor phases in the XRED
pattern of the solid residue. The XRD phase analysis implies the
solid resid ue of the ABD is less hazardous to the environment when
discarded in landfills. In addition, as an alternative, these solid
residues may potentially be used in construction applicatons.

The microstructure of the as-received ABD and the residual solid
are shown in Fig 9, As can be seen, the dense structure of the raw
ABD has been destroyed after the leaching reactions, After the re-
actions, the ABD is split into small particles, forming a loose and
porous microstruchure,

4. Conclusions and future outlook

In this study, a nowel eco-friendly procedure was developed for

0: Bily

o

w: Al Oy

o: Madd, 0y,

i} 15 ral) 25 1] 15

a5 L1 5 all %] T e HO

2Theta angls (degree)

Fig. B XRD pattern of solid residuwe a1 the end of exiraction prodess.
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Fig. 9 SEM images of (&) ki-received ABD, and (b) sdd-insoluble residus slter leaching

successful synthesis of mesoporous alumina using aluminum black
dross as an alumina-rich waste. The eco-friendliness of a process is
determined by the twelve prindples of green chemistry. The pro-
cess developed in this work satisfies the first (prevention ), third
(less dangerous chemicals), sixth (energy-efficient process), and
rweelfth (minimized chemical events),

The determination of the chemical composition by XRF and
back-ritration techniques showed that the aluminum axide content
of the as-synthesized mesoporous alumina was more than 98 wii
The as-synthesized mesoporous alumina had a specific surface area
of 123-162 m?jg, a relatively narrow pore size distribution with a
peak at a radius of 53 nm, and total porosity of Dj?cml.'g, The
maorphological investigations revealed that the marerial had a
nanometer size, having crystal size of -11 nm. The as-fabricated
material is anticipared © be an excellent candidare as a catalyst,
catalyst support, or adsorbent, Overall, the proposed procedure
provides a very cost efficient method for mesoporous alumina
production. In addition, it leads to a promising solution to the
environmental problems of aluminum black dross.

The followings can be considered as the study's future outlooks:
1) Investigating the infleences of pH, aging tme, and aging tem-
perature on the composition and soructure of aluminum hydroxide
gel. The study of the aforementioned parameters for the prepara-
tion of tunable mesoporous alumina can be very important; and 2)
the reusability of hydraxide byproducts and insoluble residue as
adsorbentand fillerfaggregare, respedively.

Appendix A, Supplementary data

Supplementary data to this article can be found online at
hirps: [{doiorgf 10.1016/j. jallcom 2019,04.009,
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Abstract

This work is devoted to the investigation of the resistance of geopolymer cement (GC)
mortar based on mixture of red clay brick waste (RCBW) and phosphorus slag (PHS) in
exposure to HCI and H>SO4 solutions of mild concentration. For this purpose, the GC mortar
specimens were exposed to pH=3 of each acid solution for 24 months. To prepare GC mortar,

blend of RCBW and PHS was activated by water glass and NaOH and then hydrothermally
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cured. For comparison purpose, reference specimens were also prepared using high alumina
and Portland cements. The durability of mortar specimens was evaluated by measuring the
changes in compressive strength and mass as key parameters at predetermined time intervals.
The structural and compositional changes of the reaction products were studied using
appropriate characterization techniques. The obtained results disclosed that GC mortar
exhibited an excellent acid resistance compared to reference mortars exhibiting significantly
lower durability properties. The exposure to H2SO4 caused more deterioration in all specimens
than the exposure to HCI owning to the adverse effect of gypsum formation, which results in
the expansion and cracking of the paste matrix.

Keywords: Geopolymer, Phosphorus slag, Acid resistance, Clay brick waste

1. Introduction

Durability is one of the most critical features for the construction of concrete structures. An
appropriate durability feature preserves the natural resources and lessens the accumulation of
waste, thereby it helps to protect the environment. The service life of concrete structures may
be menaced by exposure to aggressive media. One of such important threats for concrete is
acid attack [1]. During exposure of a concrete structure to an acidic environment, calcium
cations are leached from the calcium-containing constituents (such as calcium silicate hydrate
and Portlandite) into the acidic environment. This leads to the deposition of calcium salts within
the concrete matrix and increase the total porosity, resulting in a dramatic drop in the durability
performance and mechanical strength [2].

Acid attack on concrete occurs with different rate and mechanisms that depends on many
factors, including the composition of concrete materials, temperature, pH and type of the acid
medium, water-to-binder ratio, etc. [3, 4]. Therefore, a comprehensive study on the effect of
acidic attack conditions on changes in the physico-mechanical properties and microstructure

of the cementitious materials is of a crucial importance. In the past decades, due to their high
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early mechanical strength, superior durability, and environmental friendliness, geopolymer
cements (GCs) seriously compete with Portland cement (PC) [4].

For the production of geopolymers, aluminosilicate materials (such as natural
aluminosilicate minerals and metakaolin) are alkali-activated at ambient temperature or at
elevated temperatures to form a semi-crystalline or amorphous structure [4]. Recently, on
account of environmental and economic advantages, the utilization of aluminosilicate waste
materials such as fly ash in GCs production has attracted great interest [6].

Kwasny et al. [7] reported that GCs prepared from lithomarge (low-grade kaolin) showed
better durability performance in H.SO4 and HCI solution than PC. Okoye et al. [8] concluded
that the resistance of fly ash-based GC incorporating silica fume against 2% H>SO4 solution
was considerably higher than that of PC. Jin et al. [9] prepared metakaolin/tannery sludge-
based GCs and investigated their durability performance in various aggressive environments.
The results showed that the GCs containing 20% tannery sludge exhibited high acid resistant
against pH=1, 3, 5 of H2SO, solution. Allahverdi et al. [10-13] investigated the durability
performance of different cement binders including PC, high alumina cement, gypsum-free
PC/slag binder, and fly ash-based GC, in exposure to different pHs of H.SO4 and HNO3
solutions. The results disclosed that GC exhibited a better resistance against these acid
solutions than other cement binders.

In the previous study, the acid resistance of GC mortar based on blend of red clay brick waste
(RCBW) and phosphorus slag (PHS) against HCI (pH=1) and H2SO4 (pH=1) solutions was
comprehensively studied [14].

Since the prepared GC may exhibit different durability characteristics due to exposure to
different acidic environments, acid resistance studies at moderate acidic concentration
conditions are necessary. Acid attack on concrete structures in industrial environments happens

mostly due to leakage and random spillage varying from a steady prolonged drip to a gradual
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and brief dousing. Such acid attack may also occur in concrete structures subjected to moderate
pH (3.0-5.0) ground waters [15] and acidic depositions with a low pH value [16]. The present
study is devoted to investigating the resistance of RCBW/PHS-based GC after immersion in
pH=3 of H>SO4 and HCI solutions. The acid resistance of the GC mortars was examined by
investigating the changes in physico-mechanical and visual properties. Also, chemical,
mineralogical and structural changes were studied by employing appropriate characterization
techniques.
2. Experimentation
2.1. Materials

To prepare RCBW powder, the red clay bricks was first crushed and ground and then sieved
to the appropriate particle size of <70 um. The PHS was procured from a domestic phosphoric
acid production plant in Tehran. High alumina cement (HAC) (Secar 80, Kerneos, France) and
Type Il Portland cement (PC) were also used to prepare the control mortar specimens. The
physico-chemical properties of starting materials are presented in Table 1. DIN-EN 196-1
standard sand was consumed as the fine aggregate in preparing mortar specimens. The
chemical activator was prepared from pellet sodium hydroxide (NaOH, 98%) and water glass
(Na2SiO3'nH20, 8.5 wt.% Na20, 28.5 wt.% SiO2, 63 wt.% H>0) (Merck KGaA, Darmstadt,
Germany). To prepare the targeted acid solutions with pH value of 3+0.05, concentrated HCI
and H2SO4 were diluted with distilled water

Table 1. Physico-chemical properties of materials

Chemical composition (wt.%)*

Oxide RCBW PHS PC HAC
SiO2 51.10 38.42 21.90 0.40
Al;O3 16.25 7.65 4.62 80.50
Fe20s 6.45 0.90 3.40 0.20
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CaO 9.90 45.14 64.50 17.50

MgO 5.60 2.60 1.52 0.50
SO3 3.35 Trace 1.15 0.10
K20+ Na;O 5.05 0.99 0.25 0.70
P20s - 1.50 - -

Physical properties

Specific gravity (g/cm?) 2.22 3.25 3.15 3.25

Blaine specific surface area (m?/kg) 380 315 320 1000

* Wet chemical analysis in accordance with ASTM C114-04

2.2. Preparation of Specimens

The GC mortars were prepared based on the formulation which was optimized in the
previous study [17]. The decision criteria on the optimization was the compressive strength.
According to the optimum formulation, the GC mortar was prepared by blending RCBW (76
wt. %) and PHS (24 wt.%) [17]. The reason for the incorporation of the PHS is that plain
RCBW is not very reactive precursor and gives relatively low compressive strengths [18]. A
mixture of NaOH/water glass with silica modulus adjusted at 1.5 was then used to activate the
prepared GC mortars. The amount of alkali-activator was controlled to adjust the Na>O
concentration of the material at 12% by mass of dry binder. To prepare fresh GC mortar, the
dry binder was first prepared by dry mixing the standard quartz sand and RCBW/PHS mixture
for about 4 min. Then, the prepared dry binder was mixed with the pre-prepared alkali activator
solution under 3-min agitation condition. A constant water-to-binder value of 0.50 was
considered for the preparation of GC fresh mortar. Molding the fresh mortar was carried out
using 5 cm cubic steel molds. The molds were then kept in a humid chamber with RH>95% at
23.042.0 °C for 24 h. Thereafter, the cubic GC mortar specimens were de-molded and exposed
to hydrothermal curing at 95 °C for 20 h. For comparison purpose, a series of 5 cm cubic HAC

and PC control mortar specimens were subjected to 28-day standard water curing. To prepare
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control mortars, water-to-binder ratios were obtained 0.550 and 0.485 for HAC and PC mortars,
respectively based on ASTM standards C109 [19] and C1437 [20]. A sand-to-binder ratio of
2.75 was considered for the preparation of all mortar specimens based on ASTM C109 [19].
2.3. Acid Resistance Tests

Acid resistance experiments were performed based on the instruction described in ASTM
C267 standard [21]. The as-prepared mortar specimens were subjected to pH=3 of aqueous
HCI and H2SO4 for exposure times of up to 24 months. The temperature of the acidic solutions
was room temperature. The acid volume-to-surface area ratio of specimens was maintained
close to 10 cm®cm?. The periodical addition of concentrated acid to each batch performed to
keep the pH level at 3 with a standard deviation of 5%. After the predesigned time frames were
elapsed, the specimens were removed from the exposure test containers. Immediately the
surface of the specimens was smoothed with a plastic brush and then cleaned with a dry towel.
The acid resistance evaluation was performed by measuring pre- and post-exposure values of
compressive strength and mass of the immersed specimens.
2.4. Characterization and Measurement Techniques

The compressive strength value of the cube specimens was measured employing a 300 kN
digital hydraulic compression testing machine with +1% accuracy and a loading rate of 0.5
MPa/s, based on ASTM C109 standard. Three measurements were performed for each mortar
specimens and the average (standard deviation<4%) of the obtained values were recorded as
the final result.
To study the microstructure of the pre- and post-subjected mortar samples, TESCAN VEGA
Il scanning electron microscope (Czech Republic) was employed at accelerating voltage of 30
kV. For the purpose of microscopy investigations, a number of 24-month subjected GC mortar
cubes were smashed into pieces. Then, suitable fractured pieces containing both intact and

deteriorated areas were selected. Prior to imaging with microscope, extremely gold layer was
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sputtered on the selected pieces at 70 °C for 24 h. The elemental analyses were determined
using energy dispersive X-ray spectroscopy (EDS) using Oxford Instrument probe (England).
The EDS results were obtained under beam energy of 12 keV.

The mineralogical phase changes in intact and post-exposed samples were investigated by a
Philips (PW 1800) X-ray diffractometer at 26° of 5-80° (Cu Ko radiation, step size=0.02°, time
per step= 0.5 s). The chemical bonding of the intact and post-exposed samples was determined
by Fourier transform infrared (FTIR) spectroscopy using PerkinElmer FTIR
spectrophotometer. The FTIR data were recorded over the wavenumber range of 400 to 4000
cm? (scan resolution=4 cm™). To prepare FTIR spectroscopy samples, the broken mortar
pieces were first ground and then sieved to particle size less than 45 pum, and then mixed with
pellet KBr. For 0.5 mg sample, 250 mg pellet KBr was used.

3. Results and Discussion

3.1. Appearance Changes

Photographing intact and acid-exposed specimens was performed to visualize the appearance
changes caused by acid attack. Fig. 1 depicts the photos of intact and 24-month acid-exposed
mortar specimens of HAC, GC, and OPC.

As clearly seen, both HAC and PC reference mortar specimens experienced a noticeable
apparent degradation after immersing in HCI and H2SO4. The exposure to H2SO4 solution
resulted in the greatest damage. However, under the same conditions, the HAC mortar
specimens experienced more remarkable appearance changes than OPC. Visual observations
confirmed superior resistance of the GC mortar as compared to the reference ones. The HCI-
submerged GC specimens did not exhibit any apparent degradation and had a sound
appearance; only minor damage on the edges and corners happened. However, more intense

surface damage and deterioration occurred in the H>SOs-submerged GC specimens. Such a
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different behavior of HCI-subjected and H>SOs-subjected specimens is attributed to the

induction of volumetric expansions and surface spalling due to deposition of gypsum crystals.

Portland cement
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Geopolymer cement
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Post H.SO4 exposure

Fig. 1. Appearance of different mortar cubes before and after exposure to pH=3 HCI and H,SO, for 24

months (Permission has been adopted for the photos of post HCI- and H.SO.-exposed specimens of

Portland and high alumina cements from Elsevier)

3.2. Variation of Mass
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Fig. 2 depicts the mass changes of mortar specimens as a function of the acid exposure time.
The 24- month HCI exposed specimens of OPC, HAC and GC experienced a mass change of
about 16%, 16.4% and 4.5%, respectively while the sulfuric acid-exposed specimens
experienced a mass change of about 56.6%, 70.4% and 43.4%, respectively. As can be clearly
seen in Fig. 2, control mortar specimens exhibited mass losses significantly higher than those
of GC mortar. Such a dramatic difference is related to the relative stability of the GC
aluminosilicate structure against acid environment and also to high calcium contents of OPC
and HAC systems [22]. The hydration products formed in the cement matrix are decomposed
due to the reaction of calcium with acidic anions, resulting in an increase in total porosity and
an accelerated acid attack [23]. If the acidic anion is sulfate, it results in the formation gypsum
and consequently the induction of internal disintegrating stresses and surface spalling.
Therefore, the HSO4s-exposed mortar specimens experienced the higher rate of mass change
in comparison with the HCl-exposed ones [24]. This indicates that besides the type of salt
deposited during the acid attack, the type of oxide composition (Al20s, SiO2, CaO) of the

starting materials also influences the acid resistance of the mortar specimens.
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Fig. 2. Mass changes of different mortar exposed to pH=3 HCI and H,SO4 for 24 months
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3.3. Compressive Strength Loss

Fig. 3 displays changes in compressive strength of different mortar specimens over the 24-
month acid exposure test. As seen, GC mortar exposed to pH=3 HCI showed minimal strength
loss, whereas HAC control mortar exposed to pH=3 H2SO4 experienced maximal strength loss.
All mortar exposed to pH=3 H2SOs; underwent comparatively much higher degrees of
deterioration compared to those exposed to pH=3 HCI confirming the more deteriorative nature
of pH=3 H2S04 acid. At the end of exposure time, GC mortar with 2.6% and 83.1% strength
losses in HCI and H2SOg, displayed the best durability performance, whereas HAC and OPC
control mortars underwent strength losses of 20.5% and 68.2% in HCI and complete
deteriorated after only 540 and 450 days in H2SOs, respectively. These observations for
strength loss that are mostly in coincidence with mass change trends depicted in Fig. 2, confirm
a comparatively excellent durability performance for GC mortar in mild concentration acid
media. This superior durability performance in acid media for GC mortar compared to HAC
and OPC control mortars is related to the relatively higher chemical stability of geopolymer
aluminosilicate molecular structure compared to calcium-based hydration products of HAC

and OPC [24].
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Fig. 3. Compressive strength changes of different mortars exposed to pH=3 HCI and H2SO4 for 24 months
The mass and compressive losses observed for HAC mortar in HCI are not in agreement
with each other. As can be seen in Fig. 2 and Fig. 3, HAC shows a limited amount of mass loss
at the end of the exposure time, whereas it also displays a relatively high compressive strength
loss of about 68% at the same time. Quantitative evaluation of durability performance of
mortars in acid media is difficult since it is based on not very accurate measurements. Mass
loss values depends not only on the bush type (steel or plastic) used, but also greatly on the
amount of force applied for brushing. Compressive strength measurement also is not very
accurate since irregular shape of deteriorated mortar specimens result in significant errors.
However, results of strength loss measurements are often regarded more reliable than results
of mass loss measurements. The exceptionally low resistance of HAC mortar to pH=3 of both
HCI and H>SOg4 solutions is not only due to instability of its hydration products in acid media,
but also due to the high wi/c ratio applied in HAC mortar. According to EN 196-6, Secar 80 is
produced with a relatively high Blaine specific area [25], which needs a relatively high w/c
ratio. The higher the w/c ratio, the higher the penetrability of the mortar.

3.4. Complementary Studies on Deteriorated Geopolymer Mortars
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For complementary studies on GC deterioration in acid media, samples from GC mortars
deteriorated in pH=3 HCI and pH=3 H2SO4 were prepared and analyzed with XRD, FTIR
spectroscopy, and SEM/EDS to investigate changes in the structure and chemical composition
of the acid exposed samples.

3.4.1. X-ray Diffraction

X-ray diffractograms of intact GC mortar (A) and GC mortars exposed to pH=3 H2SO4 (B)
and pH=3 HCI for 24 months are displayed in Fig. 4. As seen, the diffractogram of intact GC
mortar (A) shows quartz peaks (PDF#00-046-1045) originating from standard sand as well as
a small broad hump between 20 to 30 degrees confirming the amorphous nature of the GC
hydration products. The diffractogram of GC mortar exposed to H.SO4, however, confirms the
presence of significant amount of gypsum (PDF#00-033-0311) in addition to quartz. Formation
and deposition of gypsum crystals in the structure of the H,SOs-expsoed GC is a result of the
reaction between calcium-containing compounds of GC and sulfate ions of acid and is also
reported by other researchers [26-28]. The amount of gypsum formation and deposition is
important since it can strongly affect the mechanism and the kinetics of the deterioration. Very
limited amount of gypsum formation and deposition can result in some protective effect,
whereas significant amount of which accelerates the deterioration rate through expansion
cracking [29, 30]. As seen, the diffractogram of pH=3 HCI exposed GC mortar shows the
existence of a few quantity of calcite as another crystalline compound in addition to quartz,
confirming the amorphous nature of the degradation products of GC mortar due to pH=3 HCI
attack. Calcite is not a direct product of HCI attack, but a secondary product due to gradual
carbonation by atmospheric carbon dioxide. In fact, the calcium oxide as a degradation product
of calcium-containing compounds undergoes gradual carbonation under the influence of

dissolved atmospheric carbon dioxide.
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Fig. 4. X-ray diffractogrms of intact geopolymer mortar (A) and geopolymer mortars after 24 months
of exposure to pH=3 H,SO, (B) and pH=3 HCI (C)
3.4.2. Identification of Chemical Bonds

Studying the nature of chemical bonds by FTIR spectroscopy allows better realizing the
chemical changes in the structure of the intact and acid-exposed GC mortars. The FTIR spectra
of the intact and acid-exposed GC mortars are shown in Fig. 5. Table 2 presents the recognized
absorption bands and their corresponding assignments. As can be seen from the spectra in Fig.
5, the exposure to sulfuric and hydrochloric acid solutions caused the Si-O-X (X= Si or Al)
asymmetric stretching to shift from 1028 cm™ toward higher absorption wavenumbers of 1120
and 1084 cm™, respectively. This is because weaker AI-O bonds in the aluminosilicate
framework were replaced with Si-O bonds during the acid exposure [31, 32]. This shifting was
more noticeable for H.SO4-subjected specimens than that of HCI-exposed ones. In other words,
H>SO4 attack resulted in more dealumination in GC mortar specimens. As can be seen in the

FTIR spectrum of intact GC mortar (spectrum (1) in Fig. 5), the absorption band at 1422 cm™
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corresponds to the stretching vibration of O-C-O bond. The appearance of this band was due
to the formation of carbonate compounds during the geopolymerization. However, this band
disappeared in acid-exposed specimens (spectra (2) and (3) in Fig. 5), which was due to the
dissolution of the carbonate compounds upon the course of acid attack [32]. Moreover, the shift
of O-H stretching band from 3435 cm™ to 3404-3546 cm™ and also the displacement of H-O-
H band from 1652 cm™ to 1622-1688 cm™ were due to formation of gypsum crystals in the

matrix of sulfuric acid-exposed mortar specimens [28].

Relative transmittance (%)
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Fig. 5. Absorption bands appeared in the FTIR spectra of the geopolymer mortars: (1) intact
geopolymer mortar; (2) 24-month HCI (pH=3) exposed geopolymer mortar; (3) 24-month H,SO4
(pH=3) exposed geopolymer mortar

Table 2. Chemical bonds recognized in geopolymer mortars based on FTIR spectroscopy data (see

Fig. 5)
Sample No. and type a b c d
(1) Intact GC sample 3435 1652 1422 1028
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(2) HCl-exposed GC

3436 1636 - 1084
sample
(3) H2S04-exposed GC 3404-
1622-1688 - 1120
sample 3546
Stretching vibration
Stretching Stretching
. Bending vibration of Si-O-X (X=Al or
Chemical bonds vibration vibration of O-C-
of H-O-H Si)
of O-H 6}
Refs. [28, 33] [28, 33] [32] [32, 34, 35]

3.4.3. Microstructural Investigation

The changes in the microstructure of GC mortars exposed to acid attack were studied using
SEM/EDS. SEM images displayed in Fig. 6 represent the general appearance of the intact GC
mortar (image A) and those exposed to pH=3 HCI acid (image B) and pH=3 H2SO4 acid
(images C&D). As seen in Fig. 6(a), a relatively homogeneous and dense microstructure was
observed in the intact GC mortar matrix with no clear grain boundary. A few small microcracks
were also detected. These microcracks could be drying shrinkage crack formed either during
high temperature curing and/or drying SEM samples. Impact stresses applied when breaking
mortar cubes for separating SEM samples can also result in some cracking [36]. As can be seen
in images B and C, the relatively dense microstructure of intact GC mortar changed to a highly
microcracked microstructure upon acid exposure confirming the breakdown of geopolymer
network due to acid attack causing [37, 38]. Imaging GC mortar exposed to pH=3 H2SO4 at a
relatively higher magnification enabled us to detect fine gypsum (CaSOa4'H20) crystals
deposited inside the GC matrix (image D) confirming the same results achieved by XRD and

FTIR spectroscopy.
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Fig. 6. SEM images representing the general appearance of the microstructure of: (A) intact GC
mortar, (B) pH=3 HCI exposed GC mortar, (C) pH=3 H,SO4exposed GC, (D) gypsum crystals

deposited in pH=3 H.SO4exposed GC mortar
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The microstructure and chemical composition of the deteriorated surface layer of 24-month
HCI (pH=3) exposed GC mortar was studied using SEM+EDS. A typical SEM image from
polished fracture surface of this area with three EDS profiles of elemental analyses for Si, Ca,
Al, Na, and Cl performed on deteriorated paste are displayed in Fig.7. For comparison
purposes, the same information was obtained from intact GC mortar. Fig. 8 shows a typical
SEM image from GC intact area with three EDS profiles of elemental analyses for Si, Ca, Al,
Na, and CI performed on intact hardened GC paste. The oxygen-free elemental composition
obtained from EDS analyses on the selected deteriorated and intact areas (see Fig. 7 & Fig. 8)
are represented in Table 3. The intact GC paste matrix exhibited a relatively dense and uniform
microstructure with few fine microcracks due to shrinkage either during geopolymerization
reactions or drying [39, 40] (see Fig. 8). Attack by pH=3 HCI, however, converted this
relatively dense and uniform matrix into a highly porous and microcracked one that still
exhibits some binding properties enabling it to retain its basic structure (see Fig. 7). A
comparison of the oxygen-free elemental compositions of intact and deteriorated GC pastes
(see Table 3) clearly confirms remarkable changes upon pH=3 HCI attack.

pH=3 HCI attack resulted in severe leaching of Ca (by about 92%), significant leaching of
Na (by almost 62%), partial leaching of Al (by about 9%) from GC paste of the deteriorated
surface layer compared to the intact GC paste. Knowing that leaching of these elements is due
to the degradation of hydration products containing these elements, it can be claimed that
almost all Ca-containing hydration products in GC paste are highly vulnerable to pH=3 HCI
attack. The most common Ca-containing hydration products present in GCs and alkali-
activated cements are C-A-S-H and C-S-H, which are easily decomposed in acid media [41].
The incomplete leaching of Na from the acid exposed surface layer of GC is a sign of the
presence of Na in the GC matrix not only in the form of charge balancing cation in geopolymer

molecular structure, but also in a different chemically more stable form. The total Na content
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of GC has two different main sources including alkali activator and RCBW powder. The Na in
the alkali activator hydrates into Na(H20)n" cation and makes a weak boding to tetrahedral Al
to charge balance it in the geopolymer molecular structure, based on charge-balancing models
given for alkali cations in geopolymer molecular structure [42]. This type of alkali detaches
from the geopolymer molecular structure and leaches away easily even when exposed to
hydronium ion in distilled water [42]. The leaching of this type of alkali when exposed to acid
media is expected to be much faster compared to distilled water.

Another Na in GC with a different type of chemical bonding originates from RCBW. The
relatively larger RCBW particles react partially in the GC and the residue of nonreacted RCBW
remained in the GC matrix includes some Na that is believed to strongly bound to the brick
molecular structure through covalent bonding. This type of Na exhibits a much higher chemical
stability in acid media and is leached away only in strong acid solutions. The partial leaching
of Al from the GC matrix is in agreement with the partial aluminum removal from the
geopolymer matrix confirmed in the results of FTIR spectroscopy (see Fig. 5 and Table 2).
Therefore, almost complete leaching of Ca together with partial leaching of Na and Al from
GC matrix during the 24-month course of pH=3 HCI attack, leaves behind a silica enriched

matrix (see Table 3) which is highly micro-cracked due to leaching shrinkage (see Fig. 7).
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Fig. 7. SEM images from deteriorated surface layer of 24-month HCI (pH=3) exposed GC mortar with

the corresponding EDS elemental profiles (the acid exposed surface is on the left side)
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Fig. 8. SEM micrographs from intact GC mortar with the corresponding EDS elemental profiles

Table 3 Oxygen-free EDS elemental analysis (wt.%) of the boxes specified in SEM images displayed

in Figs. 7and 8
Si | Ca| Al |[Na|ClI
Spectrum 1 in Fig. 7 86.6 | 20 | 96 | 1.0|0.8
Spectrum 2 in Fig. 7 84.1| 31 | 95 [1.7]|16
Spectrum 3 in Fig. 7 86.2| 15 |10.0|13|1.0
Deteriorated matrix (Average) | 856 | 2.2 | 9.7 | 13| 1.1
Spectrum 4 in Fig. 8 59.4 | 26.7 | 10.8 | 3.0 | 0.1
Spectrum 5 in Fig. 8 5832721053702
Spectrum 6 in Fig. 8 59.3|26.6 | 104 |35|0.2
Intact matrix (Average) 59.0 | 26.8 | 10.6 | 3.4 | 0.2

Fig. 9 represents a typical SEM image from the deteriorated surface layer of GC mortar
exposed to pH=3 H2SO4 for 24 months and the corresponding EDS elemental profiles obtained
from the boxes. The sulfuric acid attack changed the relatively dense and uniform
microstructure of the GC matrix (as observed in Fig. 8) into a highly porous microstructure
with a high number of microcracks partially filled with a precipitate that is brighter in color.
The oxygen-free EDS compositions of the GC matrix and the precipitate inside the microcracks
are collected in Table 4. As seen, the EDS elemental compositions obtained from the precipitate

inside the microcracks is mainly composed of Ca and S (about 97% on oxygen-free basis)

249




confirming the formation and precipitation of gypsum inside the deteriorated GC matrix, as

previously observed in XRD results (see Fig. 4).

7 o

Saﬁ& particle

Fig. 9. SEM images from deteriorated surface layer of 24-month H,SO. (pH=3) exposed GC mortar
with the corresponding EDS elemental profiles

A comparison of the oxygen-free compositions of the matrix deteriorated in pH=3 H2SO4
(Table 4, spectra 1 and 2) and the intact matrix (Table 3, spectra 4, 5, and 6) shows that Ca,
Na, and Al were leached away into the acid solution by about 97%, 94%, and 77%,
respectively. Such an extensive leaching of the main elements of the matrix accelerates the

sulfate ions penetration into the matrix through the shrinkage pores and microcracks. Part of
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the penetrating sulfate ions react with countercurrent diffusing Ca ions inside the microcracks
bringing about the precipitation of gypsum crystals inside microcracks (Fig. 9, boxes and
spectra 3 & 4) and the other part penetrate and react with Ca inside the matrix resulting in the
precipitation of fine gypsum crystals (Fig. 9, boxes and spectra 1 & 2). It is believed that
gypsum crystals precipitation and growth inside the matrix and the microcrack induce
significant internal disintegrating stresses that lead to expansion, cracking and finally spalling
of the deteriorated surface layers [43, 44]. The mechanism of deterioration of GC matrix due
to pH=3 H2SO; attack, therefore, starts with leaching of alkali and alkali earth metals together
with breakdown and dealumination of geopolymer molecular structure followed by expansion
and spalling of surface layers caused by internal stresses induced by gypsum crystals growth.
The results of this research work confirmed that attack by H.SO4 is more aggressive than attack
by HCI at the same pH value of 3. This can be attributed to role of gypsum resulting in
expansion and spalling of deteriorated surface layers and in this way accelerating the total rate
of deterioration.

Table 4 Oxygen-free EDS elemental compositions (mass%) of the boxes shown in in SEM

micrograph displayed in Fig. 10

Si Ca | Al [ Na| S

Spectrum 1 95.7|1 04 [ 24]01] 13

Spectrum 2 956| 09 (23]02] 1.0

Deteriorated matrix (Average) | 95.7 | 0.7 | 24|02 | 1.2

Spectrum 3 13 | 5410108437

Spectrum 4 3.0 {53.0(03(05]432

Gypsum deposit (Average) 22 5360207435

4. Conclusions
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This study investigated the acid resistance of red clay brick waste/phosphorus slag-blended
geopolymer cement mortar. The acid resistance experiments were performed by immersing the
mortar specimens in hydrochloric and sulfuric acid solutions (pH=3). The acid immersion time
was set up to 24 months. High alumina cement (Secar 80) and type Il Portland cement mortars
were used as reference. The geopolymer mortar experienced minimal loss of physical and
mechanical properties upon prolonged acid solutions exposure. This excellent durability
performance of geopolymer cement was found to be due to its relatively low calcium content
and its high acid resistant aluminosilicate structure. Based on the results, pH=3 acid attack led
to noticeable leaching of calcium and sodium content of geopolymer cement paste into the acid
solution confirming the weak chemical bond of calcium and sodium cation in the paste matrix.
The minor sodium content of the material resisting acid attack and exhibiting a strong bonding
type originates from the non-reacted brick particles existed in the matrix.

By comparing the degradation results of the hydrochloric and sulfuric acid attack, it was
found that sulfuric acid causes greater and faster degradation. It was due to the deposition of
gypsum crystals in the geopolymer matrix which induced internal disintegrating stresses and
consequently the formation of microcracking and surface spalling.
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