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ABSTRACT OF THE DISSERTATION

Design of Concrete Composites for Advanced Functionality and Sustainability

by

Gabriel David Falzone
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2019

Professor Gaurav Sant, Chair

Concrete presents a significant challenge to the environmental sustainability of the construction
sector, being responsible for nearly 9 % of annual global carbon dioxide (CO) emissions that
contribute to climate change. CO. emissions related to concrete construction may be reduced by:
(a) improving the thermal performance of building envelopes to minimize heating/air conditioning
energy inputs, (b) extending the service lifetime of concrete infrastructure, or (c) replacing
ordinary portland cement (OPC) by alternative binders that emit less CO; in their production.
Three pathways towards these ends are highlighted:
a. Using concretes that contain functional inclusions (e.g., phase change materials — PCMs) is
one method to improve the thermal performance of building envelopes. While the energy
benefits of these concretes have been well-established, the potential for soft PCM inclusions

to degrade the mechanical performance of concrete composites may limit their use.



b. Reducing the tendency of steel reinforcement within concrete to corrode is a critical step
towards extending infrastructural service lifetimes. Typical corrosion mitigation strategies
do not directly reduce the abundance of deleterious chloride ions (e.g., from de-icing salts or
seawater) and are therefore difficult to implement successfully.

c. Todirectly reduce the embodied CO> emissions of concrete, it is necessary to develop low-
carbon cementitious binders, i.e., carbonate binders that gain strength by converting gaseous
CO: into stable solid minerals. Development of material formulations and processing routes
for scalable production of concrete components via carbonation has remained a critical
challenge.

This dissertation provokes and addresses research questions pertinent to each of these pathways.
First, the mechanical behavior of cementitious composites containing PCMs is studied to aid in
the development of improved predictive models and PCM dosage guidelines. Second, a novel
cementitious formulation featuring unprecedented chloride-scavenging potential is designed and
predicted to significantly delay the onset of reinforcing steel corrosion via finite element modeling.
Finally, the CO2 mineralization reactions and strength development of carbonate binders
containing portlandite (Ca(OH).) are investigated, towards the production of low-carbon concrete
by CO> capture/utilization from flue gases. These advancements stimulate pathways for the design

of sustainable concrete composites that reduce CO- emissions from the construction sector.
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Chapter 1. Introduction and background

Concrete, a mixture of ordinary portland cement (OPC), water, fine aggregates, and coarse
aggregates,® is the foundation of modern infrastructure. OPC, the binding agent in concrete,
consists primarily of anhydrous calcium silicates, which react with water to form calcium silicate
hydrate (C-S-H), an amorphous gel featuring variable ratios of calcium-to-silicon.? This reaction
(hydration) provides strength in concrete, binding aggregates together and causing the transition
from fluid to solid states, i.e., setting, and continued development of strength and engineering
properties.® The setting transition enables concrete mixtures to be easily formed into desired
geometries by casting them into formwork. This is significant, as the passive setting and hardening
engendered by cement hydration reactions allow geometries to be formed on the construction site
(or in off-site facilities), at ambient temperatures and with minimal intervention. This ability is one
of the major benefits of concrete compared to other structural materials (e.g., steel, wood).
Concrete is also attractive for its durability with respect to contact with soil and water, which may
contain various aggressive chemical species relative to other materials, and in that the raw
ingredients that make up cement (siliceous clays, sand, limestone, iron ore, gypsum)* and concrete
are highly abundant and may be found (with local variations) across the world. It is because of
these reasons that concrete is one of the world’s most highly used materials, featuring a global

production of = 30 billion tons per year.’

Due to the massive scale of its production, concrete presents a significant challenge
improving the environmental sustainability of the construction industry, especially as it pertains to

reducing construction-associated greenhouse gas (GHG) emissions. The dominant source of CO>



emissions embodied within concrete production is the manufacturing of OPC. As a reference,
global concrete production incorporates =~ 4.5 billion tons of ordinary portland cement (OPC)
yearly, the manufacture of which contributes nearly 9 % of global CO, emissions (see Figure
1.1a).>% Approximately 0.9 tons of CO. is emitted per ton of OPC produced.’ This carbon footprint
results from the decarbonation (calcination) reaction of quarried, crushed limestone (CaCOs3) —
which directly emits CO2>’ — and from the combustion necessary to heat cement kilns to drive
clinkering reactions. Limestone calcination is performed at temperatures around 800 °C in order
to provide lime (CaO) during the cement manufacturing process. Clinkering reactions, however,
require further heating to temperatures of ~ 1450 °C, for the silicates present in the raw meal to
react with lime, forming the anhydrous calcium silicates (CasSiOs and CazSiOas) that make up
OPC. Additional CO. emissions are embodied in the energy required for grinding the quenched
nodules of cement clinker into a fine powder, and in transportation of raw materials and the
finished cement. Although concrete is a rather carbon-efficient material on a mass basis relative to
other structural materials (e.g., structural steel), concrete-associated carbon emissions constitute a
significant challenge to the greening of the construction industry due to the scale of the concrete
market. This is further exacerbated by the lack of suitable replacements for concrete in applications

such as streets, highways, bridges, and building foundations.

To impactfully advance the sustainability of the built environment, the GHG emissions
embodied in the production of cementing systems must be transformatively addressed. Despite
high industrial inertia, making fundamental changes to the production of cement has become
increasingly pressing. This need is spurred by the growing consensus regarding the need to manage

anthropogenic GHG emissions, as indicated by the implementation of carbon cap-and-trade



systems and penalties around the world.2® The cement/concrete industry (and the broader
construction sector) is especially vulnerable to cost penalties associated with CO2 emissions, due
to its high resource intensity, traditionally low profit margins, and lack of actionable alternative
routes. The need to reduce the carbon impact of the construction sector, in both emissions
embodied in materials and in operational energy expenditures, has become clear, as signaled by
industry trends and regulations. Sustainable and low-carbon construction codes (e.g., CALgreen,
ZERO Code™)!! and certifications (e.g., LEED, Living Building Challenge)'#!3 have become
increasingly important mechanisms by which buildings are designed, constructed, and marketed.
Although such standards have been somewhat adopted (see Figure 1.1b), the fraction of
construction projects that achieve such certifications remains in the minority. Further, even when
LEED certifications are achieved, the use of dominantly prescriptive specifications for
sustainability has proven an imperfect strategy. For example, some studies have indicated that
LEED-certified buildings have provided negligible operational energy savings compared to
comparable non-certified buildings.}**> Such findings motivate the increasing use of performance-
based criteria to describe operational building energy consumption. Approximately 42 % of all
U.S. is consumed by building operations (Figure 1.1c).*® Although energy inputs associated with
materials and construction initially dominate building-related emissions, this is reversed over the
service lifetime of a building. For example, in a typical residential dwelling, operational energy
expenditures make up = 75 % of the energy consumption of a building (with =~ 25 % attributed to
materials/products) within 50 years after construction.*® Zero net energy (ZNE) construction seeks
to address this problem by reducing energy demands to an extent that on-site renewable energy

sources (e.g., photovoltaic panels) are sufficient.!”!® While such designs are possible, these



systems are only feasible when on-site energy demand may be first minimized via passive means,

due to budget and sizing limitations of PVs, and considerations of project aesthetics.

The first focus in addressing the environmental impacts associated with the production of
construction materials (including concrete), has been the rigorous quantification of embodied CO-
emissions, etc., via environmental product declarations (EPDs). These EPDs are developed by
manufacturers or environmental consultants, following a product-tailored methodology outlined
in a product category rule (PCR) and verified by third party operator. The value of such EPDs has
been made clear in both LEED standards, in which providing EPDs yields LEED credits, but also
under legislation, such as the Buy Clean California Act (California AB-262).*° The Buy Clean Act
seeks to reduce the carbon intensity of construction in California by mandating that state-funded
construction projects utilize materials that fall within a maximum global warming potential
(GWP). All eligible materials mandated by the law (carbon steel rebar, structural steel, flat glass,
and mineral wool insulation board) must demonstrate compliance to the outlined GWP limit via
EPDs, prior to installation. The law currently does not directly impact concrete, but rather acts
indirectly through regulating steel rebar. However, this regulation points to the rising importance
of EPDs as a mechanism for the quantification, and ultimately reduction of GWP associated with
the production of construction materials. Indeed, such legislation is being examined more broadly,
to close “carbon loopholes™ in trade that may exist in regions with strict regulations on carbon
emissions related to manufacturing and/or energy. Similarly, the most recent rendition of LEED
(v4) provides credits for reducing embodied CO2 emissions, and the Living Building Challenge
mandates that all emissions associated with construction/materials be offset by the one-time

purchase of carbon offsets from an approved provider.
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Figure 1.1: (a) Trends in global carbon emissions over time, indicating the scale of cement-
related emissions relative to energy-related emissions.?® (b) The percentage of LEED-certified
commercial office buildings (by number and square footage) within the United States.?! (c)
Energy consumption in the United States divided by sector, indicating the significant impacts
of building operations, construction, and materials (a combined 47.6 % of consumption).*®

U.S Energy Consumption by Sector

In addition to reducing the embodied CO> emissions of the materials, efforts to enhance
the sustainability of the built environment may also act by extending the service lifetime of the
structure, which reduces the frequency of demolition/rebuilding (which are highly energy and
resource intensive). Yielding significant enhancements in service life of concrete construction
requires expanding the specification criteria of concrete mixture designs beyond the simple basis
of compressive strength, towards durability performance-based designs. For example, such a
strategy has led to the development of concretes designed to feature low permeability to aqueous
species (i.e., chloride) which may initiation corrosion of steel rebar. However, these solutions are
still imperfect, as they often utilize prescriptive measures, rather than considerations of practical
performance. The magnitude of the problem is indicated by the United States’ consistently poor
infrastructure ratings (N.B. ASCE’s 2017 Infrastructure Report Card assigned the U.S. a D+, with
bridges receiving a C+).2? Furthermore, ~ 40 % of the 614,387 bridges, in the United States are 50
years or older, and the average age of bridges has consistently increasing, with many bridges
approaching their design life. Therefore, significant advances in extending the service lifetime and
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quality of construction are in order, and the development of concrete formulations that enable
improved durability is expected to feature a key role.

Altogether, the discussion above highlights: (a) that achieving quantifiable improvements
in environmental sustainability has become increasingly important in the construction industry, a
trend that will continue in time, and (b) that material solutions relating to concrete comprise a
significant (but not complete) portion of the solution to these challenges. Guided by this
motivation, the research described herein is focused on redesigning concrete composites at the
component level, i.e., aggregate/inclusions, steel reinforcement, and the cementitious binder. Each
thrust focuses on redefining the functionality of one of these components, as to target application-
specific improvements in sustainability. Chapter 2 describes the mechanical behavior of
cementitious composites containing functional inclusions (phase change materials — PCMs) which
are designed to enhance the thermal performance of concrete building envelopes. The study aims
to develop improved predictive models of mechanical behavior (specifically the modulus of
elasticity) of such composites, and to inform PCM dosage guidelines that negate their detrimental
influences on modulus of elasticity. Chapters 3 and 4 describe the development of an alternative
cementitious binder formulation featuring unprecedented chloride-scavenging potential and which
bypasses commonly deleterious degradation mechanisms. The ability of this formulation to
mitigate steel reinforcement corrosion, i.e., demonstrating improved durability performance when
employed as cover layers on concrete infrastructure, is benchmarked via finite element modeling.
Chapters 5 and 6 discuss the development of low-carbon cementitious binders that gain strength
by converting gaseous CO; into stable solid minerals. The kinetics and conversion limits of CO>
mineralization reactions of alkaline solid reactants such as portlandite (Ca(OH)>) are investigated.

The strength development that results from CO2 mineralization is also evaluated in detail, with



focus on elucidating the effects of component microstructure and pore water saturation. Chapter 7
offers an overall summary and conclusions, and stimulates directions for future research, primarily
with respect to CO. mineralization. The research described herein stimulates pathways for the
design of sustainable concrete composites that reduce the environmental impact of the construction

sector.



Chapter 2. The influences of soft and stiff inclusions on the mechanical properties of

cementitious composites

2.1. Introduction

Cementitious composites consist of hard mineral inclusions embedded in an inorganic polymeric
matrix.? The matrix is dominantly composed of a calcium silicate hydrate phase which forms upon
the reaction of cement with water.? Inclusions are embedded in cementing composites to reduce
cost, since mineral aggregate inclusions (i.e., stone and sand) are far less expensive than cement,
or to alter performance, such as to improve their stiffness.?® There is interest in embedding
microencapsulated phase change materials (PCM) to concrete to improve its thermal inertia, e.g.,
for building envelope applications. Indeed, based on their ability to store and release heat, PCMs
increase the thermal inertia of building materials, and can thus improve the energy efficiency of
buildings.?*2° More recently, Fernandes et al.>° also demonstrated the ability of PCM inclusions
to reduce thermal cracking in cementitious systems. In such cases, it has been noted that while the
addition of PCM improves thermal performance, it degrades the mechanical properties (i.e., both

elastic modulus and compressive strength).*°

Several studies have noted that the compressive strength of cementitious materials decreases with
increasing PCM content.®32 However, data on the influence of PCMs on the stiffness of
cementitious composites are far less available. Any reductions in the mechanical properties are
problematic, as for reasons of structural capacity, even in building envelope applications, it is

necessary that cement-based composites demonstrate sufficient strength and stiffness. Since PCMs



are soft inclusions, i.e., substantially weaker than the inorganic cementing matrix, parallels can be
drawn to the additions of other soft inclusions to cementitious systems, e.g., of rubber inclusions,
EPS (expanded polystyrene) inclusions etc., which may be added to reduce the density of
concrete.®4! While these studies indicate similar trends as in the case of PCM additions, i.e., the
mechanical properties degrade with increasing inclusion content, they seldom present complete
experimental data of elastic moduli (E, K or G), and less often utilize EMAs to describe composite
properties in relation to inclusion characteristics. Thus, this study has three main aims:

e To quantify experimentally the reduction in stiffness (modulus of elasticity, E) that is
caused by the addition of microencapsulated PCMs to cementitious mortars and to assess
the success of the countermeasure of adding stiff (i.e., quartz) inclusions,

e To critically assess the ability of EMAs to predict the stiffness (i.e., modulus of elasticity)
of cementitious materials containing both soft and stiff inclusions. While such studies have
often been carried out for the case of inclusions stiffer than the matrix, far fewer studies
have considered the case of both stiff and soft inclusions embedded simultaneously, and,

e To develop design rules which permit the formulation of composites with a modulus of
elasticity that is equivalent to the paste matrix, even when soft inclusions are added, with

due consideration of the properties/volume fractions of matrix and inclusion components.



2.2 Background

2.2.1 Experimental studies of the mechanical properties of cementitious composites

Experimental studies of cementitious composites containing “weak” inclusions have frequently
relied on measurements of compressive strength as an indication of mechanical properties. Eldin
and Senouci®* measured the compressive strength of concretes containing tire rubber added by
replacement of mineral aggregate. Their experimental data fit the empirical model of Popovics,*?
which predicts an exponential decay in the compressive strength with increasing inclusion volume
fraction. Le Roy et al.*® presented compressive strength data of concrete containing EPS beads.
The data were fit to a hyperbolic function that accounted for the maximum packing fraction of
EPS, which was modified by an empirical “fitting factor”. Hunger et al.! measured the
compressive strength of concretes containing PCMs and observed a 13% decrease in strength for
each 1 % increase in PCM dosage (by mass of concrete). Cui et al.** noted a 1 % decrease in

compressive strength for each 1 % increase in PCM mass percentage in a cement paste matrix.

The influence of soft inclusions on the effective modulus of elasticity of cementitious composites
has been far less frequently evaluated. Ghaly and Gill*® measured the modulus of elasticity of
concrete containing plastic chips at various water-to-cement ratios (w/c, by mass). The reduction
in the modulus of elasticity due to plastic inclusions was presented as a function of the percent
area of plastic inclusions measured in 2D slices. Their data was fit to an exponential relation, but
the scatter in experimental data was large. Ganjian et al.*® measured the modulus of elasticity of

concretes containing scrap tire rubber. They observed a decrease in the modulus as a function of
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rubber volume fraction, but no attempt was made to describe these trends by fitting models or by
the use of effective medium approximations. Xu et al.*’ noted an approximately linear decrease in
the measured modulus of elasticity of EPS-containing concretes, and fit the data to an empirical
polynomial relation. While these studies present valuable experimental data of the influence of
soft inclusions on effective moduli, the mixture designs considered are not conducive to assessing
the simultaneous effect of the addition of stiff inclusions. This is because they utilized the mortar
(cement paste + stiff inclusions) as the matrix. In summary, while all of these studies clearly
highlight the negative effects of soft inclusions on the mechanical response of concretes, the
relations developed do not offer quantitative guidelines for predicting composite properties based
on the mixture proportions and component properties, as they require fitting to empirical data, and

are often mixture specific.

2.2.2 Effective medium approximations and their application to cementitious composites

Concrete comprises inclusions embedded in a cement paste matrix. Due to “wall effects” which
hamper particle packing near flat surfaces, and/or the formation of a water-rich zone around non-
reactive inclusions, a surrounding layer of porous, and therefore weaker hydration products known
as the interfacial transition zone (ITZ), develops around the aggregates.*® This effect is
independent of inclusion stiffness, but depends on particle size, i.e., a thicker ITZ forms around
larger aggregates.>* This results in cementitious microstructures consisting at a minimum of
three material components, i.e., (i) the cement paste matrix, (ii) the aggregate inclusions, and (iii)
the ITZ. While pores are present in the matrix (including in the 1TZ) and aggregates, they are not
considered as a discrete component, but rather their influence is lumped into the elastic response

of the paste matrix and aggregates, respectively.>! The addition of PCMs further complicates the
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organization of cementitious microstructures due to another component being added. To better
evaluate these aspects, this section provides an overview of effective medium approximations
(EMASs) for the mechanical properties of composite media and highlights how formulation details,
e.g., the volume fractions of components, their spatial distribution, and the properties of inclusions,
the matrix and interfacial regions may influence the property predictions.?® In general, all the
EMAs discussed assume that the individual material components are: (i) homogeneous, (ii)

isotropic, and (iii) are (essentially) linear elastic.

The parallel (isostrain) and series (isostress) formulations developed by Voigt®? and Reuss,*
respectively, can be applied to estimate the lower and upper bounds on the elastic moduli of two-
component composites. Hansen>* noted that the isostrain assumption is better when the stiffness
of the matrix is greater than that of the inclusion, and the opposite for the isostress case. Hill>®
highlighted that the arithmetic mean of the Reuss and Voigt EMAs can be used as an

approximation within these bounds, often referred to as the Reuss-Voigt-Hill (RVH) average.

Hashin and Shtrikman (H-S)*® developed bounds for the elastic moduli of multi-component
composites, which were proved to be the tightest bounds possible without any consideration of
microstructural geometry.>” Walpole’s formulation of these bounds, which is readily extended to

“N” component composites, is expressed as®’

Sukon) T m b

(2.1a)
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this equation, K; and G, are the least bulk and shear moduli of the components, while Kq and Gq
are the greatest. The subscript “r” refers to the r'"" component in the composite. Nilsen and
Monteiro®® observed that experimental elastic moduli of cementitious composites often lie below
the H-S lower bound. They attributed this mismatch to the presence of the weaker ITZ and
concluded that three-component EMASs must be used in such cases. While such aspects are relevant
to the case of PCM-containing concretes, as highlighted below, the H-S bounds are known to be
very wide when the ratio of the stiffnesses of the individual components is greater than 10.%° Le
Roy et al.*? found that the Hashin-Shtrikman upper bound provided a reasonable fit to experimental

modulus of elasticity data EPS-containing concrete.

Hobbs® derived EMAs for the Young’s modulus for two cases: (a) when the Poisson’s ratios of
the components are identical, and (b) when there is considerable mismatch in Poisson’s ratios and
the inclusions are assumed to be voids (such that Ej = 0). The two resulting equations for the

effective composite modulus of elasticity based on these assumptions are, respectively

Eu = E{l 24(E, ~Ey,) }

"(E+E,)-4(E -E,) (2.2a)
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and E,, = E{%__ZZ\\’;:)) ((11;;))} (2.2b)

where Eet is the effective composite modulus of elasticity, E; and En are the moduli of elasticity
of the inclusions and matrix. The volume fractions ¢; and ¢m of the inclusions and the matrix,
respectively are such that ¢i + ¢m = 1. The effective Poisson’s ratio of the composite is Ve, While
vi and v are the Poisson’s ratios of the inclusion and matrix. In Equation 2b, it is unclear what
value to assume for the effective Poisson’s ratio of the composite. The Poisson’s ratio is often
calculated from the effective RVH-averaged bulk (K) and shear (G) moduli. However, the present

study applies the RVH-averaged Poisson’s ratio, given by

Verr = (Vi¢i +Vm¢m)+[Lj:|/2
|: Vi¢m +Vm¢i (22C)

This relation was selected as it yielded a more gradual transition in the Poisson’s ratio with PCM
addition thereby offering better agreement with measured modulus of elasticity data (see also

supplementary information, Section 2.7 for further discussion).

Rigorous EMAs of composite properties require consideration of the geometrical features of
inclusion dispersion in the composite to render accurate predictions. This is more so when the
inclusions are softer than the matrix, and hence inclusion shape may be influential.®* The

generalized self-consistent method (GSCM) popularized by Christensen and Lo®%? is one such EMA
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for predicting elastic moduli. The effective shear modulus of the composite via the GSCM is

obtained from the non-negative root of the equation®®
a[(Geff /Gm)_1]2 +IB[(Geﬁ /Gm)_1]+7/ =0 (23)

where the parameters a, B, and y are dependent upon the Poisson’s ratios of the inclusion and
matrix, as well as the inclusion volume fraction.%? Christensen® also detailed a formulation of the
bulk modulus of the composite which is identical to the result of the composite sphere assemblage
of Hashin.®® Huang et al.%® demonstrated a simple approximation for the GSCM for application to

N-component composites.

Mori and Tanaka®’ developed a method for calculating the elastic moduli of a composite based on
the concept of eigenstrains and ‘average stress’ in the matrix. For a composite of randomly
distributed spherical inclusions at relatively large concentrations, the relevant Mori-Tanaka (M-T)

equations for bulk and shear modulus are expressed as®’

¢i (Ki B Km)
eff = "Ym K. —K
1+(1-¢ )"
( ¢')Km+§Gm (2.4a)
Geff :Gm + 1 ¢i S_GI _G(JBm—G
+( _¢i)Gm+Fm (24b)

15



where, for spherical inclusions, F_ = (%“J

9K, +8G,,
K, +2G,

. These equations can also be written for
multi-component composites.%® Weng®® showed that the Mori-Tanaka formulation is equivalent to
the Hashin-Shtrikman upper or lower bounds of a composite containing spherical inclusions of
either hard or soft homogeneous and isotropic particles, respectively. For multi-component
composites, however, Norris™ demonstrated that the bulk modulus predicted by the Mori-Tanaka
scheme can exceed the Hashin-Shtrikman bounds for certain combinations of mechanical

properties of the different constituents, e.g., in a three-component composite where the inclusion

bulk moduli are two to three times greater than that of the matrix.

Kuster and Toksdz (K-T)"* used a wave-scattering analogy to develop an EMA for the elastic
moduli of composites composed of a continuous matrix containing randomly embedded,
polydisperse, spherical homogeneous inclusions. Berryman and Berge’? found that this EMA and
that of Mori and Tanaka are accurate only when the inclusion volume fraction is less than 0.30.
The multi-component Kuster-Tokséz equations for bulk and shear modulus as written by

Berryman and Berge’ are given by

Ket +3Gn i3 (2.5a)

G,+3F N :

(Geff _Gm)Gm +34 Fm :Z¢i(G|_Gm)QmYI
eff " 3'm i=1 (2.5b)
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where, for spherical inclusions, P™ =—" 2" =,
Ki +3G, G +F,

and the subscript “i=1"

corresponds to the matrix. Fm is the same as given in the Mori-Tanaka EMA (see Equation 2.4).

The differential effective medium theory (D-EMT) replaces an incremental volume fraction of the
matrix with inclusion, such that the inclusion volume fraction can be approximated as dilute. The
particle and matrix are homogenized, and the incremental replacement is repeated, such that large
inclusion volume fractions can be incorporated into the effective matrix. This approach prevents
phase inversion, which is necessary when the ratio of moduli between the components is large,
e.g., in the case of air voids or soft inclusions. Scalar D-EMT equations for the bulk and shear

moduli of a composite of isotropic spheres oriented in an isotropic matrix are given by’

(2.6a)

(2.6b)

. (G \9K ¢ +8G 4
= candKy =K, and G =G,, at ¢ =0. These

where, K =4G,, G =

¢ 6 | Ky +2G,
equations form a set of coupled non-linear ordinary differential equations, solutions to which
render the elastic moduli of the two-component composite. These equations can be solved by a 4™

order Runge-Kutta scheme.”® Miled et al.” found that the differential scheme best predicted the
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effective modulus of elasticity of EPS-mortar specimens concretes over a large range of EPS
volume fractions in composites where the matric has a Poisson’s ratio of 0.20. However, their
experiments were not designed to describe the combined influences of soft and stiff inclusions in
cementitious composites, as the matrix constituted the combination of the stiff aggregates and

cement paste.

Due to the existence of the ITZ in cementitious composites, it is necessary to consider a shell of
ITZ around the inclusions as part of an “effective particle.” Garboczi and Berryman (G-B)™
utilized the GSCM to homogenize an effective particle of aggregate and its ITZ, which was then
homogenized into the cement-paste matrix via D-EMT. The use of D-EMT is well-suited to the
microstructure of cementitious composites, as their aggregates are always discrete particles in a
continuous matrix. However, D-EMT exhibits a dependency on the order in which inclusions are
embedded into the matrix when the inclusions may have differing properties, i.e., the results may
change whether the stiff or soft inclusion is first homogenized into the matrix component, when
multiple aggregate components are present.”” Therefore, GSCM is utilized, considering 3D
spherical particles (inclusions), to simplify the concrete microstructure into two components (i.e.,
effective particle including the aggregate + ITZ, and cement paste). GSCM considers concentric
spheres (e.g., core + shell), and is therefore ideal for homogenization of effective inclusion-shell
particles. This method has been shown to agree very well with both experimental data and results

obtained via the finite element method (FEM)’® for cementitious composites.

2.2.3 Comments on the elastic properties of the interfacial transition zone (ITZ)
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Consideration of the ITZ component in EMASs requires knowledge of its elastic properties and
volume fraction in concrete. Accounts from the literature typically assign the ITZ a modulus of
elasticity ranging between 50 % and 80 % that of the bulk cement paste matrix.” Here, the ITZ
was assigned a modulus of elasticity 50 % that of the matrix, i.e., E;rz = 0.5-Em, for all inclusion-
containing composites.’® The Poisson’s ratio of the ITZ was assumed equivalent to that of the paste
matrix.’8898L Although the ITZ “in reality” demonstrates a gradient of properties as a function of
distance from the surface of an encompassed aggregate particle, it is often modeled as a
homogeneous section with a constant thickness.”®2#3 Therefore, the ITZ thickness around quartz
particles is assumed independent of the particle diameter and taken as tirzq = 10 pm, which
represents the lower bound of experimental observations of ITZ thickness (around 10-50 pum).8284-
8 The quartz particles were assumed to be spherical with a size equal to their median diameter
(dso,q, Figure 2.1). This assumption is justified due to the relatively small elastic mismatch between
the elastic moduli of the quartz inclusion and the cement paste matrix (0.13 <Em/Eq<0.23),as a
function of matrix age). Indeed, this tends to minimize the influence of inclusion shape.8”-° These
properties produce a relation for the 1TZ volume fraction, ¢itzq = ((tirzq + ds0.4/2)%/( ds0,4/2)3-1)-¢q
for a given quartz volume fraction ¢q. For example, this equation yields an ITZ volume fraction
dirzq = 0.025 for a quartz inclusion volume fraction ¢q = 0.30 and median diameter dsoq = 365

pm.

Few, if any studies have discussed the existence and properties of ITZs around particles as small
as the PCM microcapsules used in the present study.’®°* As the PCM microcapsules were only
slightly larger than the cement grains (dsop = 20 um), they were expected to exhibit a reduced wall

effect in comparison to quartz inclusions.®>*® A simple assumption to account for this is that the

19



ITZ thickness scales linearly with microcapsule size, so that the ITZ surrounding PCM inclusions
was modelled as titzp = C - rp, where C = 0.25 and rp is the PCM microcapsule radius (um). The
value of C was selected such that the ITZ thickness at the maximum PCM microcapsule size
matched that of the quartz particles. As a result of this assumption of the ITZ thickness, the volume
fraction of PCM-related ITZ in the composite followed a radius-independent relation given by
¢rrzp = (C3+3C2+3C)-¢p. As such, for a PCM volume fraction ¢, = 0.30, the associated ITZ volume
fraction within the composite was predicted as ¢irzp = 0.29 when C = 0.25. This implies that the
cement paste matrix which accounted for 0.70 of the composite volume, included 0.29 ITZ, as a
volume fraction, with the residual 0.41 volume fraction being a bulk matrix phase, free of ITZ

induced inhomogeneities. These assumptions were used throughout the study.
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2.3 Materials and Experimental Methods

An ASTM C150% compliant Type I/11 ordinary portland cement (OPC) was used. The OPC had a
nominal mineralogical composition of: 56.5 % CasSiOs, 18.0 % CazSiO4, 11.4 % CasAl2Fe2010,
6.3 % CasAl20s, 4.6 % CaCOg, and 1.1 % CaSO4-2H20. A microencapsulated PCM, MPCM24D
produced by Microtek Laboratories Inc. was used as a soft inclusion. The PCM consisted of a
paraffin core encapsulated within a melamine-formaldehyde (MF) shell. Graded quartz sand,
compliant with ASTM C778% was used as a stiff inclusion. A Beckman Coulter Static Light
Scattering (SLS) Particle Analyzer (LS13-320) was used to determine the particle size
distributions (PSDs) of the OPC, the PCM microcapsules, and the quartz sand after ultrasonication
in isopropanol to ensure dispersion of inclusions to primary particles (Figure 2.1). The complex
refractive indices of these materials at a wavelength of 750 nm were taken as 1.70 + 0.10i,% 1.53
+ 0.00i, °" and 1.54 + 0.00i, % respectively. The maximum uncertainty in the PSDs was =~ 6 %

based on 6 replicates.
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Figure 2.1: The particle size distributions of the OPC, PCM, and quartz inclusions used in the
cementitious composites. The OPC, microencapsulated PCM, and quartz inclusions have
median diameters dso,c ~ 9 um, dso,p =~ 20 um, and dso,q= 365 um, respectively.
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Model cementitious composites were prepared as per ASTM C305% in the form of cement pastes
(OPC + water mixture), PCM mortars (PCM + cement paste), quartz mortars (quartz + cement
paste) and mixed mortars (PCM + quartz + cement paste). All mixtures were prepared at a fixed
water-to-cement ratio w/c = 0.45 on a per mass basis. Inclusions were added at volume fractions
of 0.05, 0.10, 0.20, and 0.30 for PCM mortars and at 0.10, 0.20, 0.30, and 0.55 for quartz mortars.
Two series of mixed mortars, i.e., those containing both PCM and quartz inclusions, were also
evaluated for total inclusion volume fractions of 0.30 (0.10, 0.15, 0.20 PCM; remainder gquartz)
and 0.55 (0.10, 0.20 PCM; remainder quartz), respectively. Glenium 7500®, a high range water-
reducing admixture manufactured by BASF Corporation was used to enhance the fluidity of the
mixtures. The dosage of water-reducer used corresponds to a maximum level of 2 % by mass of

cement.

The modulus of elasticity was measured for all mixtures as described in ASTM C469'%° — a
standard procedure for measuring such properties using cylindrical specimens (diameter x height,
10.16 cm x 20.32 cm). Measurements were carried out after 1, 3, 7, and 28 days for specimens
cured at 25.0 £ 0.1 °C in saturated limewater (i.e., under immersion). Modulus of elasticity was
measured using a MTS 311.31 closed-loop servo-hydraulic instrument provisioned with digital
data acquisition and recording facilities. Quick-setting gypsum plaster “Hydrostone” was used for
capping the cylindrical specimens. This ensured that the specimen was aligned with the loading
axis and that the ends were in proper contact with the compression platens. The experimental chord
modulus of elasticity Ee (i.€., equivalent to En in the case of plain cement paste) of the composite

specimens was calculated according to ASTM C4691%
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Eeff = %2 "%
82 _81 (2.7)

where o2 is the stress developed at 40 % of the peak load, o1 is the stress developed at strain ¢1 =
50 pe, and &2 is the strain produced by stress o2. These parameters are illustrated in Figure 2.2. The
data reported represent the average of three replicate samples, with a coefficient of variation of =
7 %. It should be noted that the selection of 40 % of peak load is made to ensure compliance to
ASTM C469, as this stress level often corresponds to service stress levels in concrete. This stress
very slightly influences the modulus of elasticity in the range 10 % < o2 < 40 % - suggesting
modest, damage accumulation in this stress range, as desirable to ensure a nearly linear elastic
response.'®* While the modulus of elasticity begins to increase for stress levels lower than 10 %,
this is expected, as the measured chord modulus of elasticity begins to approach a value

corresponding to the dynamic elastic modulus of the composite. 102
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Figure 2.2: A representative stress-strain curve for a cementitious mortar from which the
chord elastic modulus is determined as per ASTM C469.1% 4 is 40 % of the peak stress, and
&2 1s the corresponding strain at stress o. o1 is the stress at &1 = 0.00005 (i.e., 50 pe).

23



Measurements of compressive strength of the composites were carried out as per ASTM C109%
using cubic specimens (5 cm x 5 cm x 5 cm) after curing for 1, 3, 7, and 28 days at 25 + 0.1 °C in
saturated limewater. The strength reported is the average of three replicates, with a coefficient of

variation (i.e., the standard deviation/mean) of = 5 %.

The modulus of elasticity and Poisson’s ratios of the microencapsulated PCM (subscript “p”’) and
quartz (subscript “q”) inclusions were taken from the literature as: Ep, = 0.0557 GPa, vp = 0.499,1%
and Eq = 72 GPa, vq = 0.22.1% The measured modulus of elasticity of the plain paste was used as
the age-dependent modulus of the matrix, which at 28 days was En (t = 28) = 16.75 + 1.09 GPa
The Poisson’s ratio of the cement paste matrix was selected as vm = 0.22.2% Unless stated otherwise,
the results presented represent the modulus of elasticity and compressive strength of the composite
specimens at an age of 28 days. This is because, structural design codes (e.g., ACI 318)% often

consider material properties at 28 days as an input in structural design.
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2.4 Results and Discussion

2.4.1 Experimental data

Figure 2.3 shows the modulus of elasticity and compressive strength measured on a series of model
composites containing microencapsulated PCM inclusions (i.e., PCM mortars), quartz inclusions
(i.e., quartz mortars) and PCM + quartz inclusions (i.e., mixed mortars). As expected, increasing
volume fractions of inclusions less stiff than the cement paste matrix decreased the composite
stiffness,* while increasing stiffer inclusion volumes fractions increased composite
stiffness.>*5861107 More interestingly, the reduction in modulus of elasticity due to the addition of
soft inclusions was somewhat mitigated by the simultaneous addition of stiff inclusions. This is
significant as it demonstrates a method for reducing the stiffness reduction noted in cementitious
composites due to microencapsulated PCMs or other soft inclusion additions. Thus, for particular
combinations of inclusion volume fractions, the composite stiffness can be greater than that of the
paste matrix. This assures the existence of a critical ratio of stiff-to-soft inclusions such that

composite stiffness is equivalent to that of the paste.

The compressive strength of single inclusions mixtures showed an upper limit that was enforced
by the strength of the paste matrix in the case of quartz mortars, and a lower limit that scaled in
proportion to the PCM inclusion volume fraction. This is expected as the paste is the weakest-link
in the quartz mortar, but when present, PCM microcapsules become the critical strength controlling
defects whose influence increases with their content in the system. It should be noted that the

introduction of PCM microcapsules has no appreciable effect on the hydration of cement paste
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(see Fernandes et al.).>° Therefore, the cement paste matrix is expected to demonstrate equivalent

properties, regardless of PCM additions, or not.
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Figure 2.3: The experimentally measured modulus of elasticity for: (a) single inclusion
mortars, and (b) mixed mortars; and (c) the compressive strength of all composite specimens.

2.4.2 Correlating measured data to microstructural descriptors

The elastic properties of ceramic-type solids are known to depend on both the volume fraction of
the weakest component (typically porosity) and its character (i.e., size distribution, shape).1%® As
the elastic properties depend on stress transfer through the solids, the minimum solid area between
pores (MSA) has been suggested as a parameter that describes the effects of the spatial distribution
of porosity on mechanical properties.’?-110 To better link the measured data to microstructural
features of this nature, a stochastic packing algorithm with periodic boundary conditions was
implemented.!'12 This algorithm used the measured particle size distributions and volume
fractions of materials as inputs (i.e., of cement, PCM microcapsules, quartz particles, and water,
in the form of void space) to pack spherical particles in a 3D-REV (representative elementary

volume) with dimensions of 5 x 5 x 5 mm?®. Microstructural generation and packing was permitted

26



such that the minimum centroidal distance (i.e., Cp, pm, for polydisperse particles) between two
proximal particles was always greater than the sum of their radii (Cp > r1 + r2). This method was

described in detail by Kumar et al.**3

The measured modulus of elasticity and the compressive strength of each class of composite was
investigated as a function of the mean spacing between inclusion surfaces, which approximates
the thickness of the paste matrix (i.e., including pores and the 1TZ) between inclusions.!'* This
parameter is qualitatively, in 1-D, similar to the MSA, as they both describe the “load-bearing
skeleton” of the composite. Figures 2.4(a) and 2.4(b) plot these mechanical properties as a function
of mean spacing between inclusion surfaces for PCM mortars and quartz mortars, respectively.
Note that the results presented do not consider the effects of inclusion agglomeration, and thus are
more qualitative than exact. The modulus of elasticity of PCM mortars increased as inter-PCM
microcapsule distance increased due to the increasing thickness of the solid paste. The opposite
trend was observed in quartz mortars, which are in essence an inverted system (stiff inclusions
separated by a somewhat more compliant matrix). These mean distances were correlated to the
volume fraction of inclusions in each composite. As an example, an increase in inclusion volume
fraction from 0.10 to 0.30 reduced inter-PCM microcapsule spacing from 16.4 um to 5.6 um, and
reduced inter-quartz particle spacing from 320.2 um to 108.5 um. This was a reflection of the small
size of PCM inclusions relative to quartz inclusions, as many more PCM microcapsules than quartz
particles were required to achieve a given volume fraction. Figure 2.4(c) illustrates the influence
of the spacing between all inclusion particles (both stiff and soft) on modulus of elasticity in mixed
mortars. Note that this interparticle distance was approximately equivalent to the inter-PCM

microcapsule distance as the PCM microcapsules controlled the paste film thickness (and thus the
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material’s failure response) due to their small size and weak character. The mixed mortars showed
an increase in modulus of elasticity with spacing, demonstrating that the thickness of the solid

(cement paste + quartz) between PCM inclusions acted as the critical stiffness-controlling

parameter as suggested above.

The compressive strength of the composites followed trends similar to the modulus of elasticity
when PCM inclusions were present (Figures 2.4a and 2.4c). As expected, the strength of PCM
mortars decreased significantly with decreasing PCM spacing (increasing PCM volume fraction).
In quartz mortars (Figure 2.4b), compressive strength was approximately independent of inclusion
spacing and quartz content. Thus, quartz inclusions were unable to influence the compressive
strength of the composite, as the weaker cement paste acted as the critical (failure inducing) link.
As aresult, in contrast to the modulus of elasticity, the compressive strength reduction due to PCM
microcapsules addition in mixed mortars could not be offset by supplemental (stiff) inclusion
additions. Thus, in mixed mortars, the PCM microcapsule volume fraction controlled compressive

strength regardless of quartz inclusions, as the PCMs acted as the critical defect in the system.
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One practical limitation associated with embedment of PCMs into cementitious materials that is
elucidated by the microstructure constructions is the inability to pack significant volume fractions
of these particles into a composite while maintaining a continuous paste (matrix) layer between
inclusions. For example, Figure 2.5(a) shows the maximum volumetric loading of inclusions for
different assumed paste “film” thicknesses. As a point of validation of the packing algorithm, for
random close packing of polydisperse particulates, the maximum inclusion packing fraction was
~ 0.67 as the minimum surface-to-surface distance approached zero. On account of their larger
particle size, quartz particles may be included at higher volume fractions within the composite than

PCM microcapsules while maintaining the same paste film thickness.

To aid in the design of cementitious mortars containing PCMs, the packing algorithm was used to
calculate the largest volume fraction of PCM which can be embedded simultaneously with quartz
(see Figure 2.5b). The compositions of the mixtures considered in this study are also included in
this figure for the sake of comparison. The minimum inter-surface distance achieved in these
mixtures was around 3 um for the mixture containing inclusion volume fractions of 0.20 PCM
microcapsules and 0.35 quartz particles. Assuming that this minimum spacing of around 3 um was
required to maintain a continuous matrix, the maximum permissible PCM microcapsule volume
fraction (i.e., without quartz inclusions) that was achievable was ¢p, ~ 0.43, which agreed
qualitatively with our experimental observations. For example: PCM mortars produced for ¢p >

0.40 were non-cohesive highlighting that a minimum paste layer is needed to ensure cohesion.
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Figure 2.5: (a) The maximum packing limit (by volume) of inclusions in single-inclusion
mortars as a function of minimum paste thickness between inclusions and (b) The maximum
PCM loading as a function of the quartz volume fraction in mixed mortar systems. These
calculations utilized the particle size distributions of each inclusion type displayed in Figure
2.1.

2.4.3 Single-inclusion mortars

Figure 2.6 displays the modulus of elasticity predicted by the Hobbs EMA, the Reuss-Voigt (R-
V) equations, and Hashin-Shtrikman (H-S) bounds for composites containing either PCM or
quartz, respectively. As expected, the H-S and R-V bounds were unreasonably wide in the case of
the PCM mortar, due to the substantial mismatch in matrix-inclusion moduli, i.e., since 170 <
Em/Ep < 300, for paste ages ranging from 1 day to 28 days. The Hobbs EMA, implemented for the
case of substantial mismatch in the Poisson’s ratio between the matrix and inclusions (Equation
2.2b), was able to favorably describe the effective moduli of PCM mortars across the entire range

of volume fractions considered.
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Figure 2.6: The predictions of two-component EMAs for: (a) PCM mortars and (b) quartz
mortars compared with experimental data as a function of inclusion volume fractions ¢, and
dq, respectively.

When applied to the quartz mortars (not shown), essentially all EMAs were able to describe the
composite modulus favorably with all predictions lying within the narrow H-S bounds. This was
attributed to the similarity in properties, i.e., modulus of elasticity and Poisson’s ratio, between
quartz and the cement paste. Here, the ratio Em/Eq ranged between 0.13 and 0.23 for cement paste
aging from 1 day to 28 days. Once again, the Hobbs EMA (Equation 2.2a) favorably predicted

composite moduli, in this case coinciding with the lower H-S bound.

In the next step, the K-T, M-T, GSCM, and D-EMT EMAs of composite modulus of elasticity
were evaluated to ascertain their predictive abilities. In the case of the PCM mortars, the majority
of these EMAs produced predictions equivalent to, or in proximity to the H-S upper bound (Figure
2.7a), i.e., resulting in overestimations vis-a-vis the experimental data. One possible explanation
may be that an essential microstructure component, such as the ITZ, was disregarded. To assess
this possibility, an 1TZ was introduced into the calculation scheme under the assumptions stated

in Section 2.3.
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Figure 2.7(b) indicates that EMA predictions reduced considerably upon consideration of the ITZ,
to more accurately describe experimental data. For example, the H-S upper bound reduced, while
the lower H-S bound remained broadly unchanged. The Kuster-Tokséz EMA remained similar to
the H-S upper bound while the Mori-Tanaka formulation significantly reduced, and showed a near-
linear reduction in modulus of elasticity with the PCM volume fraction. The D-EMT method
utilized by Garboczi and Berryman (G-B)’® showed excellent agreement with the experimental
data. The success of the G-B EMA was perhaps unsurprising as it was previously demonstrated to

accurately predict the elastic response of cementitious materials containing an 1TZ.7®
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Figure 2.7: The predictions of: (a) two-component EMASs for PCM mortars and (b) three-
component EMAs, which consider the presence of an ITZ in PCM mortars, as a function of the
PCM volume fraction. The overestimation of the modulus of elasticity noted in Figure 2.7(a) is

suitably corrected by the consideration of an ITZ component.

Following the example of PCM mortars, the same EMASs were also evaluated for quartz mortars
with and without consideration of an ITZ component. In both two/three-component systems, the

H-S lower bound provided an acceptable prediction of the effective composite modulus. Given the
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small property contrast in the matrix-inclusion-1TZ properties, the consideration of an ITZ, or lack
thereof had little bearing on the results. It should be noted that two-component EMAS, in spite of
their physical incompleteness (i.e., lack of an ITZ component) were sufficient because the ITZ
exerted little effect on the quartz mortars’ properties. Similarly, three-component EMAS
containing an ITZ were sufficient because the added detail (i.e., accounting for the ITZ phase),
had little if any effect. This may suggest that in the case of inclusions similar to the paste matrix,
at moderate volume fractions for moderately sized inclusions, the application of two-component

EMASs is reasonable.

Since the selected ITZ characteristics impact the predictions of EMAs, the effect of the ITZ layer
thickness (i.e., for a constant stiffness) was elucidated by parametric analysis carried out using the
EMA of Garboczi and Berryman (G-B, Figure 2.8 and Figure 2.14). A range of ITZ thickness from
0.1-to-1.0 times the median PCM microcapsule radius and from 10-to-50 um around the quartz
particles was considered.8+8115116 At any given PCM volume fraction (e.g., ¢p = 0.30), the volume
fraction of the ITZ ¢irzp varied from 0.099-t0-0.36 as C varied from 0.10 to 0.30. For the same
volume fraction of quartz ¢q, increasing the ITZ thickness from 10 pum to 50 pum increased the ITZ
volume fraction ¢irzq from 0.15 to 0.32. When considering PCM mortars (Figure 2.8a), the ITZ
volume fraction became very large at high inclusion loading. For example, when the volume
fraction of microencapsulated PCM is 0.30, C > 0.43 yielded a total volume fraction of ITZ and
PCM microcapsules in excess of one. This was due to the lack of consideration of overlap of the
ITZ shells. The error induced by neglecting ITZ overlap was minimized by selecting thin ITZ

layers and considering composites with smaller inclusion loadings. Although the PCM modulus
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of elasticity was far lower than that of the 1TZ, increasing the ITZ volume fraction significantly

reduced the predicted modulus (see Figure 2.8a).
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Figure 2.8: The influence of the ITZ thickness on the effective modulus of elasticity at 28
days for: (a) PCM mortars, where tirzp = C-rp and (b) quartz mortars. The effective composite
modulus is predicted using the G-B EMA ® for a three-component composite (i.e., one
containing 1TZ, quartz/PCM inclusions and the cement paste matrix).

The G-B model predictions for quartz mortars showed a similar reduction in composite properties
with increasing I1TZ thickness (Figure 2.8b), although the volumetric dependence on ITZ was
weaker. This was expected as the stiffness of the ITZ was the least of all components in the quartz
mortar system. For the input properties selected herein, an effective ITZ thickness of 10 um

appeared appropriate in support of the choices made in Section 2.2.3 above.

2.4.4 Mixed inclusion mortars

In the next step, the effective moduli of the cementitious composites containing both stiff and soft

inclusions were modeled. Here, the EMA implementations considered discrete components,
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including inclusions of quartz and microencapsulated PCM, the paste matrix, and in certain cases,
the ITZ. When the ITZ component was not considered, only the EMAs of Hobbs and the RVH
average provided acceptable estimates across the range of formulations considered (see Figure
2.9a-b). Note however, since some of the EMASs only consider two-component composites, e.g.,
in Hobbs EMA, a two-step homogenization process was followed. Thus, first, the quartz particles
were embedded into the cement paste matrix (using Equation 2.2a), which yielded an effective
matrix into which the PCM microcapsules were then embedded using Equation 2.2(b). Further

discussion is noted in Section 2.6.3 in the supplementary information.
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Figure 2.9: The measured and calculated modulus of elasticity for composites containing both
soft and stiff inclusions for: (a) 0.55 inclusion volume fraction, and (b) 0.30 inclusion volume
fraction. The solid horizontal line shows the modulus of elasticity of the plain cement paste
matrix. EMAs denoted (ii) represent quartz-first homogenization (see Section 2.6.3).

The effective composite modulus for both mixed mortars was generally overestimated, although
the D-EMT and K-T EMAs provided the most favorable results. In the case of multi-component
composites (i.e., those having more than two components), the order of homogenization of the

inclusions into the paste matrix influenced the predicted moduli. This order-dependence of
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inclusion homogenization in the D-EMT has been previously discussed.”” A clear comparison of

these predictions is provided in the supplementary material (see Figure 2.13).

Since the ITZ was observed to impact EMA predictions (Figure 2.7), this component was added
to composites containing both the soft (PCM microcapsules) and stiff (quartz particles) inclusions.
Based upon the modulus of elasticity estimations shown in Figure 2.9, the EMAs of Hobbs and of
Garboczi and Berryman (G-B) were selected for predicting the composite moduli (see also Figure
2.13 in the supplementary information). For both EMAS, a sequential implementation was carried
out such that each inclusion was first homogenized with its surrounding ITZ, and then introduced
into the matrix. In each EMA, it was observed that consideration of the ITZ reduced the predicted
effective modulus of the composite, with a stronger effect as PCM volume fraction increased
(Figure 2.10). The fit of the EMAs to experimental data was improved when the ITZ was

considered (with tirzq =10 um and C = 0.25).
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Figure 2.10: The alteration of predicted composite moduli due to consideration of the ITZ in
the EMAs of Garboczi and Berryman (G-B) and Hobbs, resulting in 4-component (matrix,
ITZ, PCM and quartz inclusion, i.e., mixed mortar) composites for: (a) 0.30 inclusion volume
fraction and (b) 0.55 inclusion volume fraction. The solid horizontal line shows the modulus
of elasticity of the cement paste matrix.
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2.4.5 Design rules for ensuring performance equivalence of stiffness in cementing composites

Cementitious composites containing both PCM and quartz inclusions have demonstrated elastic
moduli greater than or less than that of the paste matrix, depending on the volume fraction of each
type of inclusion in the composite. This suggested that strategic additions of stiff and soft
inclusions may be used to ensure “no compromise” (i.c., vis-a-Vis, the cement paste matrix) in the
modulus of elasticity of cementitious materials containing PCMs. For design purposes, such
equivalence in properties can be achieved by identifying the critical ratio of inclusion volume
fractions (¢q/¢p) such that the composite modulus of elasticity remains:

(a) similar to the paste matrix, i.e., Ee/Em = 1, OF,

(b) superior to the paste matrix, i.e., Eett/Em > 1.
As an example, this critical ratio was calculated using the Hobbs EMA® on account of its simple
implementation and its ability to accurately predict composite properties. Conditions (a) and (b)
were sequentially input into the Hobbs (four-component; PCM, quartz, cement paste matrix, and
ITZ) EMA, which was solved numerically for ¢ to yield a given (total) inclusion volume fraction
@q + ¢p. These values of PCM volume fraction are displayed in Figure 2.11(a) for composite elastic
moduli ranging from 1.0 to 2.0 times the cement paste at 28 days age. In general, to attain a higher
modulus, or to accommodate a higher PCM volume, the quantity of quartz or any other inclusions
stiffer than the matrix, needs to be increased to counteract the softening caused by a given PCM
dosage. Note, however, that below a certain total inclusion volume, PCMs may not be introduced
into the composite, since the quantity of quartz present is far too low to ensure equivalence in

modulus of elasticity.
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Figure 2.11: (a) The maximum PCM volume that can be accommodated in 28 days aged
mixed mortars to yield a composite modulus greater than or equal to the cement paste matrix.
(b) The critical ratio of stiff (quartz) to soft inclusions (PCM) which yields an effective
modulus Eefr equal to the modulus of elasticity of the cement paste matrix. Each of these
calculations are implemented using the Hobbs EMA (form “ii”) including the ITZ component
(see Section 2.6.3).

PCM Volume Fraction, ¢p

Dividing the quartz volume by the PCM volume yielded the critical ratio of the quartz-to-PCM
inclusion volumes, as shown in Figure 2.11(b) as a function of the total inclusion volume in the
composite. These results indicated that, in general, quartz inclusions should be present at a level =
2.5-3.5 times (i.e., due to age dependence) greater than the PCM volume fraction to produce a
composite with a modulus of elasticity equivalent to that of the cement paste. The increase in
critical ratio with volume fraction suggests that the PCM-associated ITZ played a significant role
in decreasing the composite stiffness. The results were also strongly dependent on the modulus of
the matrix (aging of matrix), the modulus of ITZ, and the volume of ITZ assumed. Embedding
inclusion particles of even higher stiffness than quartz, proportioning the cement paste with a lower
w/c (water-to-cement ratio, mass basis, e.g., to increase the matrix stiffness), or adding

supplementary cementitious materials (e.g., silica fume)?#8117 to reduce the porosity of the ITZ
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may be additional means to reduce the critical ratio for maintaining mechanical performance. Note
however, that the present study considered only the case of fine aggregate inclusions. As such,
while it captured the effects of aggregate volume fraction and properties — other aspects which
improve mechanical load capacity in the case of coarse aggregates, e.g., that of aggregate frictional
interlock and stress transfer, were not considered. Therefore, while the outcomes of this work serve
as a design tool for ensuring property equivalence for cementitious composites containing PCMs,
the designs/predictions rendered are expected to be somewhat conservative when extended to

concretes.3°
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2.5. Summary and conclusions

The use of soft PCM microcapsules in functional cementitious materials requires estimations of
their deleterious effects on the effective mechanical properties of the composite. To enable such
estimations, the modulus of elasticity was measured for cement mortar formulations containing
PCM microcapsules, quartz sand, or mixtures of both inclusions. A range of effective medium
approximations (EMAs) were evaluated for their ability to predict the modulus of elasticity of such
composites. Several EMAs were able to describe the stiffness of composites containing hard
inclusions, which in this case had a small matrix-to-inclusion property mismatch. However, only
the EMAs of Hobbs and of Garboczi and Berryman (G-B) were able to accurately describe the
effective moduli of elasticity of PCM mortars and mixed (i.e., PCM + quartz) mortars across a
wide range of inclusion volume fractions (up to 0.55). In each case, the accuracy of the EMAS was
improved by considering the interfacial transition zone (ITZ) formed around the inclusion due to
improper “packing” at the matrix-inclusion interface. A critical ratio of stiff-soft inclusion volume
fractions was proposed as a design tool to formulate stiffness-equivalent cementing composites
containing PCMs. The identification of more accurate EMASs offers structural engineers/designers
a means to estimate the influence of PCMs, and other soft inclusions, on the modulus of elasticity

of multifunctional concretes for construction applications.
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2.6 Supplementary information

2.6.1 Influence of effective Poisson’s ratio calculation scheme on Hobbs EMA results

The influence of the scheme utilized to calculate the effective Poisson’s ratio of PCM-containing
composites is substantial due to the significant mismatch in Poisson’s ratio between the PCM and
the cement paste. The Poisson’s ratio calculated from the RVH-averaged bulk and shear moduli
shows a sharp increase in the effective Poisson’s ratio at very small PCM fractions (Figure 2.12a),
resulting in a sharp decrease in the predicted modulus of elasticity (Figure 2.12b) — which is not
in accordance with experimental data. This results in substantial differences in the modulus of
elasticity calculated via Hobbs” EMA; if the RVH scheme incorporating bulk and shear moduli is
used for estimating Poisson’s ratio. The use of Equation 2.2(c) shows a more reasonable evolution

of the Poisson’s ratio and therefore also produces a better match to experimental data.
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Figure 2.12: (a) The effective Poisson’s ratio calculated using Equation 2.2(c), i.e., the RVH
average of Poissons ratio’s and that calculated from the RVH-averaged bulk and shear moduli.
(b) The influence of the effective Poisson’s ratio on the effective modulus of elasticity
calculated using the Hobbs EMA (Equation 2.2b).
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2.6.2 Comparison of EMA predictions to experimental data utilizing different stress levels

The chord modulus of elasticity was calculated from experimental stress-strain data as described
in ASTM C469, up to an upper stress level (o2) of 40 % of the peak stress, which is comparable to
typical loading conditions in a structure. To investigate the effects of the stress level on the
identification of best-performing EMAS, experimental modulus data calculated for an upper stress
level of 10 % and 40 % of the peak stress were compared to EMA predictions (Figure 2.13). First,
the modulus of elasticity of the plain cement paste determined to be 16.75 GPa regardless of stress
level (Figure 2.3). Therefore, the modulus of elasticity of the cement paste (Em, used as an input)
does not influence the EMA predictions. For PCM mortars (Figure 2.13a-b) the experimental
modulus data estimated for an upper stress level of 10 % shows a good fit to the EMA of Garboczi
and Berryman and the other EMASs; similar to that noted for an upper stress level of 40 % peak
stress. The EMA of Garboczi and Berryman is highlighted as it shows a good-fit across all stress
levels and does not result in over-predictions of the experimental modulus of elasticity at service-
stress levels. When considering quartz mortars (Figure 2.13c-d), experimental modulus data
estimated for an upper stress level of 10 % of peak stress follow the same general trend as that is
noted for an upper stress level of 40 %. However, the EMA’s slightly under predict the modulus
of elasticity with increasing inclusion dosage. This indicates a smaller effect of softening due to
microcracking in the ITZ for lower stress levels; an effect which becomes more is more impactful
as inclusion volume fraction increases. Therefore, data using 2= 10 % of the peak stress lie closer
to the H-S upper bound, than the lower bound, as in the case of o2 = 40 % stress level. However,

the 10 % data set still demonstrates a reasonable fit to the EMAs which perform well at 62 = 40 %,
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as these fall within the narrow H-S bounds. Finally, the modulus of elasticity of mixed mortars
(Figure 2.13e-f) demonstrates very weak dependence on the upper stress level, and the EMAs of
Hobbs (i.e., with or without considering an ITZ component), and of Garboczi and Berryman are
able to suitably describe the experimental data. Following these observations, it can concluded that
the selection of an upper stress level in the range of 10 %-to-40 % of peak stress produces no
meaningful difference in the interpretation of experimental results of in the identification of best-
performing EMAs, as microcracking-induced softening slightly impacts the calculated modulus

values — but more so in mixtures featuring high dosages of stiff inclusions.
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Figure 2.13: Influence of upper stress level (¢2) on the comparison between experimental data
and EMA predictions for the case of (a-b) PCM mortars, (c-d) quartz mortars, and (e-f) mixed
inclusion mortars (¢q + ¢p = 0.30).
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2.6.3 Dependence of EMA predictions on the order of homogenization of the components

It has been noted that D-EMT exhibits a dependence on the order in which the different inclusion
components are homogenized into the stiffness matrix.”” In a similar fashion, the Hobbs EMA also
exhibited homogenization order dependence. Figure 2.14 shows effective moduli predicted by the
Hobbs and D-EMT EMAs for mixed mortar composites. In both cases, the “quartz-first”
homogenization (i.e., EMAs that are denoted ‘ii”) produced slightly reduced composite moduli in
comparison to the “PCM-first” case (i.e., EMAs that are denoted ‘1’). In general, the “quartz-first”
implementation (‘ii’) provided an improved fit to the experimental data. As the EMAs utilized
herein homogenized one phase entirely before the other, they represent the bounding cases of
predicted moduli. Even so, the difference between these EMAS is not great, so any error imposed

by choice of homogenization path is expected to be limited.
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Figure 2.14: An illustration of the influence of homogenization order for D-EMT and Hobbs
EMAs for mixed (PCM + quartz) mortars containing: (a) 0.30 total inclusion volume fraction
and (b) 0.55 total inclusion volume fraction. The EMASs designated “(i)’ refer to PCM-first
homogenization, and ‘(ii)’ refers to quartz-first homogenization. The solid horizontal line
shows the modulus of elasticity of the cement paste matrix.
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2.6.4 Parametric study of EMAs of mixed-mortar composites

To further investigate the sensitivity of the input component properties of the ITZ and quartz
inclusions in the G-B EMA, these parameters were varied over a reasonable range when applied
to “mixed mortars”.”%8118 Altering the elastic modulus of the PCM by =~ 10 x showed negligible
effects on the predictions, and was therefore not discussed further. First, the modulus of the quartz
aggregates was varied (Figure 2.15a) while keeping all the other inputs fixed. As expected,
increasing the quartz modulus of elasticity increased the composite modulus, with substantial
changes being noted with an increasing volume fraction of quartz in the composite. For example,
as opposed to the original selection of Eq = 72 GPa,!® Eq = 80 GPa''® better estimated the
composite modulus when the quartz volume fraction reached 0.55 (unitless), while only slightly
influencing the results at lower quartz volume fractions. Next, the stiffness of the ITZ was varied
to range from: 0.5-En < Eirz < 0.8-Em, While keeping the quartz stiffness fixed, i.e., Eq =72 GPa’®
(Figure 2.15b). Note that rather than at the quartz-rich end, the ITZ stiffness more substantially
influenced the predicted composite modulus at the PCM-rich end, due to the larger ITZ volume

fraction produced around these smaller inclusions.

In the final step, the ITZ thickness around the quartz particles (Figure 2.15c) and PCM particles
(Figure 2.15d) was varied to study its influence on modulus predictions. At a fixed inclusion
volume, increasing the ITZ thickness increased the ITZ volume fraction and therefore reduced the
volume of matrix present. Therefore, when the volume fraction of inclusions was sufficiently large,
the composite reached an unphysical circumstance where there was no paste (i.e., matrix) present.

This occurred as the ITZ thickness around quartz particles exceeded 40 um, or when the ITZ
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thickness around PCM was > 0.25 x the PCM particle radius. These predictions showed a similar
dependence on ITZ thickness to those in Figure 2.8. The inability of the EMASs, as formulated
herein, to handle large inclusion volume fractions was a result of neglecting overlap of ITZ
components in the case of neighboring particles, as the ITZ volume becomes unreasonably large
at modest inclusion volume fractions. To avoid this issue, ITZ thicknesses were chosen within a

range which accommodated modelling of physically realizable, and realistic mixtures.
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Figure 2.15: The influences of parametric variations of: (a) quartz modulus, (b) ITZ modulus,
and (c-d) ITZ thickness on the properties of composites containing 0.55 inclusion volume
fraction using the EMA of Garboczi and Berryman.’® Unless stated, the ITZ thickness is fixed
at 10 um around quartz inclusions and 0.25-r, around PCM particles, with Eq= 72 GPa and
Eirz=0.5 - Em. The solid horizontal line shows the modulus of elasticity of the paste matrix.
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Chapter 3. X-AFm stabilization as a mechanism of bypassing conversion phenomena in

calcium aluminate cements

3.1 Introduction and background: Conversion phenomena in CACs

Calcium aluminate cements (CACSs) are an attractive class of binders which find use when rapid
strength gain, high abrasion resistance and resistance to acid attack are desirable. These binders
are additionally utilized independently, and also in combination with ordinary portland cement
(OPC) and calcium sulfates when rapid setting and shrinkage control may be desired.'?° In spite
of their attractive properties, on account of their cost (i.e., & 5 x higher than OPC), and a
susceptibility to phase conversions, they remain utilized only in specialty applications. The
conversion phenomenon in CACs is linked to their temperature dependent progress of chemical
reactions and evolutions of phase balances.?>'?* More specifically, at short times and at lower
temperatures, often < 30 °C, the initial hydrates formed, i.e., CAH1o and CoAHg (and amorphous
AHs.y, where x denotes variable water content”), undergo phase conversion to form the stable
hydrates C3AHs and AHs.x. This phase conversion mechanism is influenced by both kinetic and
thermodynamic controls; such that the eventual formation of CsAHs at the expense of CAH1 and

C2AHs is assured. 72120121 The chemical reactions that results in such phase conversions are noted

in Equations (3.1-3.3). The impacts of the conversion phenomenon are substantial as they:

* 1t should be noted that the crystallinity of the AHx phase changes over time, with an eventual microcrystalline organization
being formed. This results in correspondent changes in density, solubility etc. [Error! Bookmark not defined.]
T Standard cement chemistry notation is used. As per this notation: C = CaO, A = Al203, F = Fe203, S = SiO2, CS = CaS04.2H20
and H = H20
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Result in a porosity increase: as the stable hydrates, on account of a higher density, occupy a

smaller solid volume than their metastable precursors, and thus the void space (porosity) in the
microstructure increases, resulting in strength reductions, and,

Result in the release of water from the metastable hydrates: which upon being supplied to residual

anhydrous clinker, if present in excess (anhydrous form), can continue to hydrate to somewhat

offset the porosity increase(s) noted above.

CA+10H —» CAH,, (3.1a)
2CAH,, - C,AH, + AH, +9H (3.1b)
2CA+11H —» C,AH, + AH, (3.2a)
3C,AH; —» 2C,AH, + AH, +9H (3.2b)
3CA+12H — C,AH, + 2AH, (3.3)

Understandably, the effects of conversion may exert a dramatic impact on the compressive strength
of CAC binders, which increases initially and then decreases to a stable value.'??> As such, if the
long-term, i.e., converted strength of these materials is not considered properly, the consequences
can be disastrous. While conversion-related strength loss in CACs has been known and discussed
in building codes dating back to at least the 1960s, the potential for conversion was thought to be
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minimized so long as: (a) the CAC specimen was not exposed to elevated temperatures during
curing, or (b) to prolonged exposure to temperatures above 27 °C and, high relative humidity (RH)
over its service-life. The collapse of three CAC containing buildings in the U.K. in the 1970s raised
serious concerns about the use of CACs, with the consequence that CACs were banned from use
in structural construction, until the findings of a Concrete Society report in 1997 caused a
reevaluation of certain CAC uses in 1999.2120121 Although the collapse incidents were related to
factors including: improper structural design, poor mixture proportioning, and chemical attack,
these incidents resulted in a loss of confidence in the use of CACs, and especially in the futility of

attempting to mitigate phase conversion phenomena — thus promulgating the ban on CAC use.

While numerous efforts to avoid conversion have been attempted, success has been limited. Only
the addition of siliceous substances (i.e., silica fume, with supporting alkali ions) resulting in the
formation of stratlingite (i.e., C2ASHs, which also forms to a limited extent when phases such as
gehlenite, C2AS, or belite, C2S, may be present in the anhydrous CAC) and phosphate additions
have been shown to be capable of inhibiting the conversion process.?-1% To mitigate the effects
of conversion, nowadays, CACs are often proportioned at low w/c (water-to-cement ratio, mass
basis), i.e., w/c < 0.40 — resulting in CAC use at levels higher than would otherwise be necessary,
and in an inefficient manner — as some of the CAC remains unreacted, serving only as hard
inclusions in the composite. Furthermore, design of CAC mixtures and structural elements based
on converted strength (i.e., approximated by testing of samples cured at 38 °C for 5 days) does not
make full use of the rapidly developed maximum strength of the material, an advantage of CACs,
and results in inefficient cement use, due to the use of a lower than necessary w/c — at least from a

strength perspective.
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The discussion above is significant in that, while cost is certainly a crucial factor in limiting the
use of CACs, the risks of conversion and the complications therein, are critical factors which have
contributed to the suppressed usage of such materials. It is conjectured that solving the conversion
problem could unlock numerous applications of CAC systems, where their other advantages may
be beneficial. This may be especially so in a CO2-penalized economy, where the reduced CO>

impact of CAC production may offer cost efficiency, and environmental benefits.
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3.2 Thermodynamic selectivity: A means of bypassing phase conversions in CACs

The phase conversion process in CACs is ensured by thermodynamic considerations. Thus, while
kinetic factors describe the evolution(s) of phases and their balances at short time scales, and at
lower temperatures, in the limit of long time scales and at temperatures in excess of 30 °C,'% the
stable (preferred) phases dominate. The phase conversion process is driven by the system’s
inclination to minimize its (Gibbs) free energy and achieve the most stable state. This desire to
minimize free energy can be applied to discriminate preferred (and hence stable phases) from those
susceptible to conversions. This suggests that manipulation of the CAC system’s chemical
composition to form preferred phases (i.e., as indicated by the Gibbs free energy)*?'2 whose
formation is fast, i.e., not subject to kinetic restraint, would be an effective means of avoiding
phase conversion phenomena in CAC systems. Figure 3.1 shows solubility products (Ksp) of the

different hydrates that may form in CAC systems.* Solubility data of the form noted below can be

applied to estimate the preference for the formation of one phase, as compared to another.

1t is difficult to equitably compare Ksp data of the different phases as an indicator of phase stability, due to the different numbers
of participating species involved in their formation. While one option would be to normalize the K of a given phase by the
number of ions participating in its formative reactions (as an indicator of phase stability), this choice is imperfect. However, Ksp
data can be related to the preference, or potential for phase formation, absent any kinetic restraint, via the Gibbs free energy of
reaction (AGR, kd/mole), which for a given (p,T) can be written as: AGr = AGer - AGre = -RTIn(Ksp) where the subscripts PR and
RE designate the product and reactant components respectively, R is the gas constant (8.314 J/K.mole), T is the thermodynamic
temperature (K) and Ksp is the thermodynamic solubility product (unitless). Therefore, pending the presence (i.e., both abundance
and activity) of suitable ion species, preferred product phases (e.g., NOs-AFm) will form in a manner designed to minimize the
overall free energy of the system, and so as to maximize the difference in free energies between the reactants and products
involved in a given chemical reaction.
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Figure 3.1: The solubility constants (Ksp) of a variety of phases relevant to hydrated CACs
and for comparison, the NOs-AFm phase, as a function of temperature.!?*3° Simple linear
fittings of measured solubility data are shown as dashed lines.

Based on the reasoning above, the general mechanism of conversion avoidance proposed and
demonstrated herein is as follows. When CN is added to a CAC system, it makes available mobile
NOz"ions to participate in chemical reactions. The presence of NO3™ ions ensures that, in relation
to the added CN dosage, a NO3-AFm phase (but with additional AHs.x and CoASHEg, if gehlenite
or belite are present in the CAC) forms as the major hydrate in CACs, at the expense of the CAH1o,
C2AHg and C3AHe hydrates that form in typical hydrated CAC systems. The NO3z-AFm phase is
preferred (and dominant) on account of its ability to depress the free energy of the system, i.e., to
a more stable state than that induced by the formation of conversion sensitive hydrates; e.g., CAHz1o
and C2AHg which are susceptible to time and temperature linked conversions. It is important to
note that the formation of the NOs-AFm phase at the expense of all the other CAC hydrates is
significant, as the concept of thermodynamic selectivity permits the hydrated CAC’s composition
to be directed towards a more favorable solid phase equilibrium. Further, it should be noted that
as per estimations drawn from currently available thermochemical data,***'32 the NOs-AFm
dominant solid phase assemblage that develops in CN-dosed systems is expected to remain stable

at least across the temperature range 5 °C to 55 °C (see Section 3.6 for further detail).
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The idea of “thermodynamic selectivity” and its application to CACs was stimulated by the work
of Balonis and Glasser who showed that NOs™ ions can be sequestered in the AFm (i.e., alumino-
ferrite, monosubstituent) phase commonly formed in cement systems.’® Such NOs ion
incorporation can occur via the direct precipitation of a NOz-AFm phase, and/or ion exchange
reactions. However, and importantly, NOs" is not the only ion which can be hosted within the AFm
interlayer, as other species including CI, NO2,, COs*, SO4% and OH" can also occupy such
positions in the AFm phase. The AFm-interlayer site occupation preference scales as: CI'>NO3z™>
NO2>C032>S042>0H".**! This is an important aspect, which highlights that other AFm phases,
hence X-AFm (i.e., where X is a single type or a multiplicity of ions including CI, NOs", NO2’,
CO3%, SO4* and/or OHY), could also serve as alternate pathways to avoid phase conversion
phenomena in CACs. In unfavorable chemical and thermodynamic (p,T) environments, a given X-
AFm phase would decompose to produce hydrogarnet (CsAHeg) and the corresponding calcium
salt, whose anion is that which occupies the interlayer positions in the parent X-AFm phase.? Based
on current understanding, X-AFm phases would destabilize with reducing alkalinity (pH) or
increasing temperature, in relation to the chemical environment. For example, the SO4-AFm phase
under typical conditions decomposes around a pH ~ 11.6.2 However, the limits of such stability
are not so clear, especially so in cases as relevant to this paper, wherein very concentrated
solutions, abundant in X-AFm constituent ions are present. As such, further study is needed is
needed to elucidate limits of AFm stability, in relation to both solution conditions, and reaction
temperatures. In accordance with the site occupation preference noted above, a given X-AFm
phase would transform to an alternate AFm structure when a more preferred anionic species is

present, e.g., CI-AFm would form at expense of NOs-AFm if CI" ions were to ingress into the
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material. However, this is not so much an issue of decomposition, but rather ion-exchange induced

(reversible) phase interconversion.

In this work, CN is highlighted as a new phase conversion avoiding additive for CACs given its:
very high solubility in aqueous systems, low cost, abundant availability, existing use as a
construction chemical and corrosion inhibition agent, and ability for reaction rate regulation in
cementitious systems.**313* Corrosion inhibition in the context of CACs binders is particularly
attractive, as the lower pH of these systems (e.g., pH = 11-12) renders reinforcing steel therein
more susceptible to corrosion than in OPC based systems (pH ~ 13.1-13.6).*® Furthermore, it
should be noted that the strategy demonstrated herein using CN has also been recently validated
using both Ca(NOz)> and Na.COs as conversion-bypassing additives. This is an important

validation of the X-AFm designation, and the generality of the outcomes presented.
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3.3 Materials and Mixing Procedures

A commercially available grey calcium aluminate cement Secar®51 manufactured by Kerneos
Aluminate Technologies was used. The oxide composition of the CAC as determined by X-ray
florescence (XRF) is, by mass: 51.05 % Al>0s3, 38.94 % Ca0, 4.77 % SiO», 2.23 % Fe»03, 0.59 %
MgO, 2.02 % TiO, 0.11 % P20s, 0.31 % K0 and 0.07 % Na2O. The mineralogical composition
of the CAC as determined using X-ray diffraction and Rietveld refinement is, by mass: 73.3 %
CA, 18.1 % C,AS, 4.9 % CT with minor phases in the form of 0.8 % CaO, 0.6 % CoF, 1.5 % C3FT
and 0.8 % Fe304.5 Cementitious pastes were prepared using de-ionized (DI) water at fixed water
(i.e., solution) to cement ratio (w/c = 0.45 and w/c = 0.70, mass basis) as described in ASTM C305.
Calcium nitrate (CN) was added in dosages of 0, 5, 10, 20, and 30 % by mass of CAC. The upper
bound on the CN dosage, i.e., 30 % (by mass of CAC) was chosen as around 28 % CN (by mass
of CAC) is required in a water-sufficient system at complete hydration (as calculated using the
GEMS-PSI distribution, see Section 3.6) to fully suppress the formation of the C3AHs phase for
the current CAC, at w/c = 0.70, at 25 °C. A commercially available liquid CN admixture (53.93
% CN, by mass, of CN in water) manufactured by Yara Industrial Nitrates was added to additional
Dl-water with the water and the liquid (CN) admixture proportions being adjusted to achieve the
desired CN proportions while maintaining the w/c (or more correctly, solution-to-cement ratio, by

mass) at desired levels.

§ Standard cement chemistry notation is used throughout this paper. As such, unless specified: C= CaO, A = Al,03, H=H20, S =
SiOz, T =TiOz, F = Fe20s. In general, NOs-AFm = CasAl2(NOz)2(OH)12-4H20,C2ASHs = strétlingite =
Ca2Al2Si02(0OH)10-3H20,C3AHs = hydrogarnet (Si-free katoite) = CasAl2(OH)12, C2AHg = Ca2Al2(OH)10-3H20,CAH10 =
CaAl2(OH)s-6H20
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3.4 Experimental Methods

The particle size distribution (PSD, Figure 3.2) of the CAC was measured using a Beckman
Coulter Light Scattering Analyzer (LS13-320) using isopropanol and sonication to disperse the
powders to primary particles. The highest uncertainty in the light scattering analysis was
determined to be around 6 % based on multiple measurements performed on six replicate samples

assuming the density of the cement (CAC) to be 3040 kg/m?®.

Compressive strength measurements were carried out at 1, 3, 7, 14, 28, 56, and 90 days using cubic
specimens (i.e., 50 mm x 50 mm x 50 mm) cured at 25 + 0.1 °C and 45 + 0.1 °C in a thermostated
chamber. Curing was carried out by placing the cubes in their molds over a water source in an
enclosed container for the first 24 hours, and thereafter in saturated conditions (i.e. by immersing
the demolded samples under water) until the time of their evaluation. Strength evaluations were
carried out for dosages of 0 % and 10 % CN, by mass of CAC for the w/c = 0.45 mixtures. In
addition, strength measurements were also carried out for the 5 % CN paste mixtures, cured at 45
+ 0.1 °C. The strength reported is the average of three specimens cast from the same mixing batch.

The highest coefficient of variation in the measured strength was determined to be = 10 %.
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Figure 3.2: The particle size distribution (PSD) of the SECAR®51.
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To prepare samples for analysis of solid phases, the fresh CAC pastes were poured into HDPE
containers (cylindrical form, [d] 32 mm x [h] 16 mm), with an airtight lid. The pastes were cured
under sealed conditions until a desired age. To arrest CAC hydration at any given age, solvent
exchange was performed using isopropanol wherein at a desired age, the hydrated pastes were
crushed (to a size less than 5 mm) and submerged in isopropanol for 14 days, with isopropanol
being replaced at 7 days.'® Following solvent exchange, the samples were then placed under
vacuum in a desiccator for another 7 days to remove the solvent. After this, the samples were finely

powdered to pass through a 75 um sieve, after which, further analysis was carried out.

Thermal analysis of the solid phases was carried out for w/c = 0.45 and w/c = 0.70 CAC mixtures
across all CN dosages. A Perkin Elmer STA 6000 simultaneous thermal analyzer
(TGA/DTG/DTA) with a Pyris data acquisition interface was used to characterize solid phases.
The temperature and the mass sensitivity of the analyzer used were 0.25 °C and 0.1 pg respectively.
The powder samples were heated under UHP-N: purge at a flow rate of 20 ml/minute and at a
heating rate of 10 °C/minute in pure aluminum oxide crucibles over a temperature range from 35
°C to 975 °C. The weight loss (TG) and differential weight loss (DTG) patterns acquired were

used to identify solid phases including: Cz3AHs, AHz.x, NO3-AFm etc.

Quialitative X-ray diffraction analyses were carried out on powdered CAC mixtures after solvent
exchange at each desired age using a Bruker-D8 Advance diffractometer in a 0-0 configuration

using Cu-Ka radiation (A\=1.54 A). The samples were scanned on a rotating stage between 5-and-
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70° (20) in continuous mode with an integrated step scan of 0.021° (20) using a VANTEC-1
detector. The total time required for acquisition of a x-ray diffraction pattern was ~ 8 minutes. A
fixed divergence slit of 1.00° was used during x-ray data acquisition. The potential for preferred
orientation was errors was minimized by: (a) using a fine powder, (b) texturing the powder surface
to induce small imperfections, and (c) using a rotating sample holder. All X-ray structure
information for relevant anhydrous/hydrated crystalline phases was sourced from the literature or

standard databases.®’

Thermodynamic calculations were carried out using the Gibbs Energy Minimization Software
(GEMS-PSI), version 2.0.1%813% GEMS is a broad-purpose geochemical modeling code which uses
a Gibbs energy minimization criteria to compute equilibrium phase assemblages and ionic
speciation in a complex chemical system from its total bulk elemental composition. The GEMS
software applies a convex programming approach based on the Interior Points Method*° in
conjunction with information of the thermodynamic properties of phases (i.e., solids, liquid and
air) to calculate phase balances. Chemical interactions involving solid phases, solid solutions and
the aqueous electrolyte(s) are considered simultaneously. The thermodynamic properties of all the
solid and the aqueous species were sourced from the GEMS-PSI database, and then amended with
additional information relevant to CAC systems, including data for NOsz-AFm, and

microcrystalline AH3, 130-132.141-145
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Table 3.1: Standard molar thermodynamic properties of relevant hydrated phases at 25 °C and p
= 1 bar as used in the thermodynamic calculations,!30-132.141-145

Phase Log AG® AH° s° ao a1 a as Vo*
Ke [k/mol] [kd/mol] [J/(molK] [I/(molK)] [I/(molK2)] [3IK/mol] [I/(molKoS)] [cm¥mol]
CoAHs 2084 -50101 -5540 419 292 0561 0 0 150
C/A(NO:)Hio -28.67 -6778.0 -7719 821 580 1.02 > 770106 8722 297
CAHio 75 46223 5320 501 1505 111 0 3200 193
C2AHg 1356 -4812.8 -5433 438 392 0.714 0 -800 183
C2ASHs 1970 -5705.1 -6360 546 438 0.749 | 130505 800 216
water (H0) 2372 286 70 75 0 0 0 18
Si0, )
amoroh) 8489 -903 41 47 0.034 | 130406 © 29
Fe(OH) 7116 -843 88 27.8 0.052 0 0 34
AI(OH);
11432 -1280 70 36 0190 0 0 31
(amorph.)
Al(CH)s -1151.0 -1289 70 36 0191 0 0 32
(gibbsite)
Al(OH);

\ -1148.4 -1265 140 36 0.191 0 0 32
(microcryst.)

Thermodynamic properties of selected hydrates relevant to CACs, and those containing CN is
presented in Table 3.1. Thermodynamic modeling was performed for systems containing CAC
(SECAR®51) and various dosages of CN admixture. Calculations were carried out at atmospheric
pressure (p = 1 bar) across a wide range of temperatures. The calculations were carried out for
CAC mixtures across two different wi/c, i.e., w/c = 0.45 and w/c = 0.70. The vapor phase at
equilibrium with the solid/liquid phases is set to be CO.-free air. The calculations were carried out
so as to account for the fractional reactivity (partial reaction) of the anhydrous CAC. Other
calculations were carried out for the same systems, but across a span of temperatures between 5
°C to 55 °C. This set of simulations were undertaken to demonstrate stabilities of CAC hydrates

across a range of temperatures relevant to field conditions.
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3.5 Experimental Results and Discussion

3.5.1 Compressive Strength Evolutions

Figure 3.3 shows the development of paste compressive strength in plain and CN-containing CAC
mixtures prepared at w/c = 0.45. In general, it is noted that CN additions produce an increase in
strength and an increase the rate of strength development. Since the strength and porosity in
cement-based systems are inversely correlated, higher strength corresponds to lower porosity. This
will be further elucidated in Section 3.6. While a component of this strength improvement could
be attributed to accelerated hydration (on account of the acceleratory effects of CN), a portion of
such differences could also be attributed to changes in the solid hydrate assemblage, i.e., the
formation of the NOs-AFm at the expense of CAH10, C2AHg or C3AHs. In materials cured at 45
°C, especially when CN is present, after the initial rapid strength gain, little if any increase in
strength is noted as compared to samples cured at 25 °C. No reduction in the compressive strength
is noted in the case of plain CAC (0 % CN) samples cured at 25 °C. Also, no effects of phase
conversions are noted at a 10 % CN dosage, across both curing temperatures. As noted in Figure
3.3(b), strength evolutions in the 5 % CN system are intermediate to the 0 % CN and 10 % CN
cases. This is because the strength scales in relation to the quantity of NOs-AFm formed in the
system (see Figure 3.6 and Section 3.6). Limited analysis carried out for CAC mixtures containing
20 % CN denotes that this trend of improving strength with increasing CN dosage is consistent

with that noted in Figure 3.3(a-b).
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At this point, it is appropriate to note that, over the course of the study, two different sample

geometries were used for analysis, i.e., 50 mm cubes for strength and 32 mm x 16 mm (d x I)

cylindrical samples for XRD/TGA analysis. Therefore, three possibilities assume relevance with

regard to explaining the lack of reduced strength (i.e., the effects of conversion), in the case of the

CN-free, and CN-containing CAC mixtures cured at 25 °C (Figure 3.3a):

The samples used for strength measurement were cured underwater after the first 24 hours.
While unlikely due to the dense nature of the CAC microstructure,#® perhaps, some
external water intruded into the system, permitting the unhydrated CAC to react, due to its
slightly water deficient nature (w/c = 0.45). This reaction of unhydrated CAC with external
water may minimize the effects of conversion on compressive strength, by in-filling the
porosity. An analogous issue would be for conversion to occur, but independent of the
supply of external water. Since conversion releases water due to the decomposition of high-
water hydrates, it permits the unhydrated CAC to react “internally”. This aspect of internal
water provision (i.e., due to high-to-low water hydrate conversion) is one likely cause of
no strength reduction being noted in the strength samples cured at 25 °C.

As noted in the XRD plots (Figure 3.4a), while conversion is occurring, until 56 days its
effects are modest, and appear to enhance in the period between 56-t0-90 days. As such,
there may be some time lag until the microstructural implications of conversion are to
manifest, which may occur past 90 days, a time period which was not sampled herein. This
is a key issue with CACs, as it is difficult to estimate the timing of the conversion process,
and its resultant effects on strength, especially for moderate curing temperatures (< 25 °C).
Due to the different sample sizes (and presumably temperature histories) of the samples
used in strength and TGA/XRD analysis, the strength samples, due to a potentially higher
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early-age temperature may have experienced some (but presumably small level) of phase

conversion. This conclusion of a small level of conversion is reached as ranging over the

period of study, i.e., up to 90 days, the samples cured at 25 °C show a significantly higher

strength (= 20 % to 35 % higher) than samples cured at 45 °C as noted in Figure 3.3(c).

But since XRD analysis was carried out on different samples, i.e., not on the material

sourced from the strength samples, this aspect is not fully clear and needs better

clarification.

Compressive Strength (MPa)

Figure 3.3: The evolution of the compressive strength as a function of age for CAC mixtures
cured at: (a) 25 °C, (b) 45 °C and (c) the strength ratio of mixtures cured at 25 °C and 45 °C as
a function of age. In general, the strength ratio should take a value of unity to discount phase

conversion, microstructural and temperature dependencies on compressive strength.
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To better illustrate effects of phase conversion(s), Figure 3.3(c) shows the strength ratio of the

CAC mixtures cured at 25 °C and 45 °C. In general, it is noted that for a CN dosage < 10 % (by

mass of CAC), the strength measured at 25 °C is considerably higher than the strength measured

at 45 °C indicative of solid phase conversion occurring at higher temperatures or with increasing

time. However, at higher CN dosages (i.e., CN > 10 %, by mass of CAC), the strength ratio tends

closer to unity (i.e., within the uncertainty of the strength measurements) suggesting that the
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influences of conversion are reduced with increasing CN additions. As such, and as will be
highlighted later, it is the formation of NO3-AFm in increasing quantities at the expense of the
C3AHe phase which is responsible for such beneficial behaviors. These trends noted in the strength
ratio are significant as they highlight that, in agreement with the initial hypothesis, NOs-AFm
formation would indeed act to mitigate the detrimental effects of any solid phase conversion in

CACs; with increasing success with increasing CN dosage.

3.5.2 X-Ray Diffraction (XRD)

To better understand trends in compressive strength development, x-ray diffraction analyses were
carried out to identify the solid phases present in hydrated CACs, both with and without CN
additions at different ages. Figures 3.4-3.8 show the evolution of hydrated phases in plain CAC
pastes cured at two different temperatures, 25 °C and 45 °C. Significant differences are noted in

the types of phases existing as a function of reaction time at the two curing temperatures.

For example: pastes cured at 25 °C show the presence of the CAH1o and C2AHs phases from early
times, and it is only by 90 days that the former phase is no longer present. On the other hand, the
CAHjyg phase is not observed in CAC systems cured at 45 °C wherein the other hydrates, such as
C3AHs, are more stable.>!#? At this temperature, the existence of C2AHs is transitory, i.e., being
observed only at 1 day, likely as an intermediate step leading to CsAHs formation — on account of
reaction Kinetics favoring the initial formation of C2AHs as compared to CsAHs.2#? Significantly,
between 56 and 90 days, for CACs cured at 25 °C, both the CAH10 and C2AHs phases are nearly
eliminated by conversion (i.e., given lack of diffraction peaks), as supported by the large increase
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in the intensity of C3AHs peaks in the XRD pattern (Figure 3.4a). The conversion reactions also
augment the quantity of the AHs phase which forms along the conversion pathway (Egs. 3.1-3.3).
Other phases present include unhydrated monocalcium aluminate (CA), gehlenite (C2AS), and
stratlingite (C2ASHsg) which forms due to the release of silica from C2AS which is present in the
CAC.3147 As will be discussed later, CA is expected to persist in these systems, even at very late
ages, given their water deficient nature (low w/c) which prevents complete hydration (see also
Figure 3.11). In the case of plain CAC pastes hydrated at 45 °C (Figure 3.4b), CsAHgs is stable
from very early times. The only presence of a metastable phase is that of CoAHg at 1 day, since
this phase is known to act as a transitory step in CsAHg formation.*31%° The hydration of CA is
very rapid at this elevated temperature, as the principal x-ray reflection at 30° shows small
intensities at even 1 day. This explains why at 45 °C, little, if any, strength gain occurs in the CAC
mixtures after 1 day of reaction (Figure 3.3b). The precipitation of C3AHs and AH3 is immediate
at this higher temperature, and the quantities (see peak intensities) of these hydrates remains
relatively constant with age. C2ASHg is noted to be present at the higher temperatures, as a

consequence of enhanced silicon release from the anhydrous CAC phases (in this case, C2AS).
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Figure 3.4: X-ray reflections of plain CAC pastes at different ages for mixtures cured at: (a)
25 °C and (b) 45 °C. Time and temperature dependent phase conversions are identified.

Figure 3.5 shows the evolution of phases over time for 20 % CN-containing CAC systems hydrated
at different temperatures. Significantly, independent of the curing temperature, from early times
both NO3z-AFm and AHz.x are noted to be the major stable phases that exist — with the formation
of all other hydrates (e.g., the CAH10, C2AHg and C3AHe) being suppressed. In time the quantity
of NOs-AFm and AHs.x formed increases systematically. CA is depleted rapidly, but a small
quantity persists even at 90 days due to the insufficient availability of water. It should be noted
that while the principal x-ray reflection for NO3-AFm should be located at 10° (20), a small peak
shift is noted, likely on account of changes in the water state of this X-AFm phase.*3%'%! Because
the NO3z-AFm phase is thermodynamically more favorable, it is proposed that the reaction of the

C2AS is suppressed due to limited water availability, and its relatively low reactivity — as evidenced
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by the constant intensity of the C2AS peak (31.4°), and the lack of stratlingite™ at any age in these
systems. The influence of pH on C>AS reactivity is expected to be slight, as the pH of CN-doped
mixtures is noted to decrease only for CN additions exceeding 25% (by mass of CAC), prior to
which it maintains a fixed level (i.e., pH = 12.06 for 0% < CN dosage < 25%). More specifically,
as per calculations, the pH decreases from 12.06 to 10.28 as the CN addition level is raised from
25 % to 30 %. While minor peaks are noted around 39.3° and 44.4° (20) in the CAC systems
hydrated at 25 °C with 20 % CN, they likely do not correspond to CzAHs given the lack of an

accompanying principal intensity x-ray reflection for this phase (17.3°, 20), across all ages.
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Figure 3.5: X-ray reflections of 20 % CN-containing CAC pastes at different ages for
mixtures cured at: (a) 25 °C and (b) 45 °C. CN additions eliminate metastable phases.

** Thermodynamic simulations predict the formation of the C2ASHg phase in CAC systems. Thus, one explanation for the lack of
peaks corresponding to this phase in the XRD patterns is its poor structural order (low crystallinity).
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In the case of the 20 % CN-containing CAC system hydrated at 45 °C, one difference as compared
to the parallel 25 °C system is noted in that a very small quantity of CsAHs has formed by 56 days,
and remains essentially constant thereafter. It should be noted that the formation of the C3AHe
phase is not due to the decomposition of the NOs-AFm phase. This conclusion is fully supported
by the outcomes of thermodynamic calculation (Section 3.6, see Figure 3.13a) which indicate that,
towards terminal evolutions of hydration (i.e., tending towards =~ 78%), C3AHe forms, while the
NOz-AFm content remains fixed. This indicates that in CN-rich systems, the formation of CzAHs
occurs at the expense of NOs-AFm when water availability is limited; " due to the higher molecular
water content of the latter as compared to the former (see Figure 3.13a). In any event, it is expected
that at a CN dosage of 20 %, some quantity of C3AHes would form, not only due to water
activity/availability effects, but because this CN dosage is insufficient to fully suppress formation
of the C3AHg phase. For the CAC considered, a CN dosage of = 28% (by mass of CAC) is needed
to completely suppress C3AHs formation; see also Figure 3.13(b). These aspects are more
rigorously discussed as CN-dosage and water availability would both influence phase balances in
water deficient CN-doped CAC systems. In any event, it is notable that the NO3z-AFm phase
remains stable across the entire duration of these evaluations with no phase conversions (i.e.,

decomposition of NOs-AFm) being noted in the system.
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Figure 3.6: The effects of incremental CN additions on phase assemblages of CAC pastes
hydrated for 90 days at: (a) 25 °C and (b) 45 °C. Due to the long duration of hydration,
conversion of metastable phases to C3AHe is evident. At both temperatures, increasing the
CN dosage yields more NO3-AFm and reduces the prevalence of C3AHe.

30 35 40 45

Figure 3.6 shows the effects of increasing CN dosage on the phase assemblage of CAC pastes
cured at 25 °C and 45 °C. Expectedly, intermediate dosages of CN (e.g., 5 % CN and 10 % CN)
yield phase balances intermediate to the 0 % CN and 20 % CN systems discussed in Figures 3.4
and 3.5. As the CN dose increases, a larger proportion of NOz-AFm forms, while the relative
amounts of CAH1o, C2AHg and C3AHs formed are either sequentially reduced or eliminated. For
example, at a CN dosage of 5 % at 25 °C, while CAH1o does not form, a small amount of CoAHs
IS present at early ages which in time converts into CsAHe. This mixture also contains a small
amount of CoASHg in addition to the NOs-AFm and AHs phases. However, at a CN dosage of 10

% (and higher), the CAH10, C2AHg and CoASHsg phases are eliminated, but some C3AHe persists
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in the system. At yet higher CN dosages i.e., at 20 % and 30 % CN, and at 25 °C, C3AHs is no
longer observed — which corresponds to the elimination of the convertible/metastable phases in
CAC systems. While these behaviors are generally applicable to CACs hydrated in the presence
of CN admixtures at higher temperatures, one important difference persists. In this case (i.e., at 45
°C), even at CN dosages > 20 % CN (by mass of CAC), the C3AHs phase yet persists. This is on
account of two reasons including: (a) insufficient CN addition, and (b) the limited availability and
the reduced activity of water, which may favor the formation of a lower water phase (e.g., Cz3AHs)

as compared to a higher water content phase (NOs-AFm). 151

To better resolve the implications of liquid water availability on phase conversion behavior, a
series of studies were carried out on CAC pastes both with and without CN-additives for systems
containing excess water, i.e., w/c = 0.70 at similar curing temperatures (25 °C and 45 °C) as was
described above. Similar trends are noted as in the case of lower w/c systems with a few critical
differences. As shown in Figure 3.7(a), for systems cured at 25 °C the conversion of C2AHs to
C3AHs is observed by 28 days of hydration. However, CAH1g persists in the system, likely due to
the availability of excess water.*>? In time however, the CAHio is expected to convert to CsAHs
via the C2AHg pathway (Eg. 3.1). Anhydrous CA is largely consumed by 3 days, and completely
consumed by around 28 days given its access to sufficient water. C,AS also hydrates (see
progressive decrease in peak intensity) resulting in the formation of CoASHs (stratlingite) which

forms in larger quantities due to access to sufficient water as compared to the w/c = 0.45 systems

T In this case, high water content and low water content is simply an indication of whether a phase may contain molecular water

(NOs-AFm), or hydroxylated water (CaAHs). In general, phases containing hydroxylated water are more compact, i.e., of higher

density, than phases that contain molecular water. At a first indication, phases containing molecular water will experience loss of
such water at temperatures < 150°C.
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which are water deficient. For the plain w/c = 0.70 systems hydrated at 45 °C, C3AHs (and AH3)
and C>ASHg are observed starting from 1 day. The principal peaks intensities for these phases
remains roughly constant over time, as the hydration of the CAC is essentially complete. A weak
X-ray reflection for the CAHyo phase is observed at all ages, but the transitory C2AHg phase is not

observed indicating its conversion to C3AHe.
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Figure 3.7: X-ray diffraction patterns of a plain CAC system, w/c = 0.70, hydrated at: (a) 25
°C and (b) 45 °C. Anhydrous CA is largely consumed by around 3 days in these systems due
to the abundance of water at this higher wi/c.

Figure 3.8 shows the evolutions of solid phases in w/c = 0.70 CAC mixtures containing 20 % CN.
It is noted that at both curing temperatures, i.e., 25 °C and 45 °C, the formation of CAH19, C2AHg

and/or C3AHgs is suppressed. Expectedly then, the hydrated phase composition is dominated by the
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NOs-AFm phase with AH3 being present. Expectedly enough, when sufficient water is present the
CAC achieves near complete hydration rapidly, i.e., by 3 days and 1 day respectively for mixtures
cured at the lower and higher curing temperatures. It is important to note here, in spite of access
to sufficient water, the C2AS phase remains unreacted; the reasons for which are not completely
clear at this time. This suggests that CoAS reaction is suppressed dominantly by the progressively
reduced water activity (due to water consumption and increasing levels of CN addition) rather than
by water availability.®>*5® However, this requires further clarification. It is also likely that the
addition of CN accelerates CAC hydration, though this aspect has not been studied in detail.?>*
Furthermore, in the presence of sufficient water, in contrast to the behaviors of the w/c = 0.45
mixtures, CsAHs is not observed at any age at a higher curing temperature. This may indicate that
the conversion avoidance provoked by X-AFm formation is far more effective in water sufficient
systems, as compared to water deficient systems (e.g., see Figures 3.5-3.6).** While the reasons
for this are not fully clear, the formation of the lower water content CzAHs phase may be facilitated
under conditions of reduced water activity and water availability; at the expense of NOz-AFm in
spite of near sufficient CN being present (see Figure 3.6). However, the XRD observations do
clarify that so long as water and NOz™ are present, the formation of conversion sensitive phases
can be partially or fully suppressed by CN additions in CAC systems. In water-sufficient systems,

for CN < 28% (by mass), the formation of some C3AHg at long time scales is expected as this is

H It is indeed correct to state that phase conversion is prevented by dispermitting/bypassing the formation of the metastable
phases including: CAH1o0 and C2AHs. While it could be argued that such “dispermitting/bypassing” is not a means of conversion
prevention, but rather the formation of a different set of hydrated phases, this is not so, as other than the metastable phases, other

CAC typical phases, e.g., AHs, C2ASHs (and C3AHs) are permitted to form. While arguably, this is an issue of semantics, for
consistency with the spirit of the approach, the authors use the terminology of “conversion prevention” to the
dispermitting/bypassing of metastable phase formation.
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the critical CN dosage needed to completely avoid the formation

Figure 3.13b).

of the C3AHs phase (see also
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Figure 3.8: X-ray diffraction patterns of a 20 % CN-containing CAC, w/c = 0.70, cured at:
(@) 25 °C and (b) 45 °C. C3AHe formation is suppressed at the expense of NO3-AFm
formation. The hydration of the CA phase is largely complete by 3 days and 1 day,

respectively, at the lower and higher curing temperatures.

3.5.3 Thermogravimetric Analysis (TGA)

Figure 3.9 shows representative TGA curves for plain CAC and 10 % CN-dosed systems hydrated
at 45 °C for 28 days for w/c = 0.45. In each case evaporable water is lost in the temperature range
below 150 °C. In agreement with the XRD datasets (Figure 3.4a), AHz and C3AHe are identified

as the dominant phases present in the CN-free system with decomposition peaks for these phases
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being identified at 280 °C and 300 °C, respectively. Though present, C2ASHEs is not identified via
TG/DTG analysis due to its small content, or overlap in decomposition peaks with the AHz and
C3AHs phases.™ The decomposition of the primary hydrates (i.e., AHs and C3AHs) forms a large
doublet in the DTG curve due to the superposition of their similar decomposition peaks. In the
case of the 10 % CN-dosed system, NOs-AFm is identified to be present, though quantitative

analysis of the TG/DTG curves is complicated due to over-lapping peak positions.
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Figure 3.9: Representative TGA and DTG curves obtained for: (a) plain CAC system and (b)
10 % CN-dosed CAC, both cured at 45 °C for 28 days for w/c = 0.45. The DTG peak
corresponding to the decomposition of C3AHs is reduced in the 10 % CN sample, as NOs-

AFm forms at the partial expense of CsAHsg (see Section 3.6).

Renaudin et al.’™® and Balonis et al.**® via studies of phase pure NOs-AFm highlighted that the
decomposition of this phase follows three major steps: (1) a dehydration occurring at 110 °C, (2)
a decomposition of nitrate in the AFm phase to nitrite at 250 °C, and (3) decomposition of nitrite
at 520 °C. In the 10 % CN sample, the peak for nitrate decomposition closely matches that of AH3
(and C3AHs), so the doublet observed in the plain system is reduced to a single peak in the 10 %

CN system as NOs-AFm, AHsz and CsAHe are the dominant hydrates. In this case, it should be
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noted that the 10 % CN dosage is insufficient to fully avoid the formation of the C3AHs phase in

the system in agreement with the XRD determinations.

In a second series, TG/DTG patterns were acquired for plain and CN-dosed CAC pastes of w/c =
0.70, cured at 25 °C and 45 °C after 1 day and 28 days of curing (see Figure 3.10). After 1 day of
curing at 25 °C, the metastable hydrates CAH10 and C2AHg are noted to decompose at 100 °C and
180 °C, respectively, with NOs-AFm being identified when CN is added. C2ASHg is also present,
but only in the case of systems cured at 45 °C (decomposition temperature around 160 °C), due to
the less reactive nature of C2AS as compared to CA;**" in the 0 % CN and 10 % CN-dosed samples.
However, C2ASHzg is not detected at higher CN dosages — observations which agree with the XRD
results. In general, increasing the CN dosage increases the amount of NOs-AFm formed, across all
ages and curing temperatures. This trend is easily identified by noting the increase in nitrite

decomposition at 520 °C, as no other relevant phases decompose around this temperature.
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Figure 3.10: Representative DTG curves of plain and CN-dosed CAC pastes prepared at w/c =
0.70 cured at: (a and c) 25 °C and (b and d) 45 °C. Conversion is noted in the plain system,
which is increasingly suppressed by the formation of NO3-AFm upon CN addition(s).

The lack of C3AHe formation at higher CN dosages reduces the area under the DTG curve noted
at 300 °C.1% Significantly, as the CN dose increases and the quantity of CzAHs formed diminishes,
the lumped peak present around 250 °C to 300 °C loses its bimodality, and shifts towards the lower
bound, i.e., 250 °C, which then represents nitrate decomposition. The observations noted above,
are broadly applicable at both early (1 day) and later (28 days), though with one difference. For
example: C2ASHEg is noted in w/c = 0.45 only by 28 days, and not earlier, likely as a consequence
of the water-poor nature of this system and the low(er) reactivity of CoAS as compared to CA.
This summary of observations is in good agreement with XRD results and the results of
thermodynamic modeling, which highlights self-consistency in the nature of the investigations and

the conclusions reached therein.
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3.6 Thermodynamic modeling of phase assemblages in calcium aluminate cement

Thermodynamic calculations carried out using consistent thermochemical data are a powerful
means to estimate and describe phase constitutions in cementitious systems. Such calculations are
applied to describe the influence of CN additions on suppressing conversion behaviors in CACs.
It should be noted that while the phase assemblages discussed below are quantitative (i.e., accurate
descriptions of mass and volume balance), for systems containing large dosages of CN (e.g., > 20
% CN), the results present a level of uncertainty. This is because the solution phase models applied

herein are most reliable for ionic strengths < 2.0-3.0 mol/L,**® beyond which, accuracy is reduced.
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Figure 3.11: (a) The critical degree of hydration for CACs hydrating with and without CN
and (b) the phase volumes for different phases in a “young” and “mature” CAC paste (w/c =
0.70, T = 25 °C). The young and mature pastes are simulated by suppressing the formation of

the C3AHe and the CAH10 and CoAHg phases, respectively.

As a starting point, calculations are carried out to determine the critical w/c at which hydration
would cease as a function of the CAC constitution and CN dosage (i.e., due to water uptake in the
NOs-AFm which contains more water than the CsAHs phase), which may influence the nature of

phases that exist. For example: at short time scales and at 25 °C, CsAHs would not form, and the
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critical w/c is only a function of water uptake into the CAH10 and C2AHg phases. However, in time
as the metastable phases decompose and release water, hydration would proceed, but with the
critical w/c having two “steps”, i.e., before and after conversion. On the other hand, at higher
temperatures, > 30 °C, the critical w/c is only a function of water uptake in the C;ASHg and C3AHe

phases, which requiring less water, permits a greater extent of CAC to hydrate (see Figure 3.11a).

Figure 3.11(a) shows the evolution of the critical w/c for CAC pastes hydrating at ambient and
higher temperatures. It is clear that the assemblage of phases formed substantially influences the
extent of CAC reaction that can occur, prior to and after the conversion process. This explains as
an example why the extent of hydration of the CAC (represented to the first order by the presence
of unreacted CA and C>AS; see Figures 3.4-3.8) varies with the: (i) wi/c, (ii) curing temperature
and (iii) the presence of CN additives. Additionally, Figure 3.11(b) shows the change in the
hydrated phase balances as relevant to a young paste (i.e., pre-conversion in which CAHyo and
C2AHzg are dominant) and mature paste (i.e., post-conversion in which CsAHe forms at the expense
of CAH10 and C2AHs). The solid volume decreases ~ 22.5 cm?® post-conversion, which translates
to increase in porosity (i.e., described here as the fraction of void-space occupied by solution) of
~ 19 %. Given that strength and porosity in cementitious systems are exponentially correlated, %
in a phase conversion sensitive system (i.e., having a high w/c), this increase in the porosity would
cause a large decrease in strength. While this representation is indeed more extreme than typical,
e.g., see Figure 3.3 and discussion that follows, the implications are clear; in time, conversion
would degrade the compressive strength, and the mechanical properties, in general, of high w/c

CAC systems.
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To better display the effects of CN additions on phase balances, calculations are carried out for a
variety of systems while considering the effects of the: (i) w/c, (ii) CN dosage and (iii) the curing
temperature. It should be noted that while the calculations display the effect of the fractional
reactivity of the CAC, the effects of kinetics are not considered. Thus these results can only be
qualitatively linked to the later-age experimental (XRD) data described above. As a key point, the
calculations are applied to show how the addition of CN is able to avoid formation of C3AHe in
CAC systems, across a range of conditions. It should be noted, all calculations are only

qualitatively linked to XRD data shown above, since reaction time is not considered herein.

Figure 3.12(a) shows simulated phase assemblages for a plain “mature” CAC system. As observed
via XRD, it is noted that as hydration proceeds, at longer times (or at elevated temperatures), the
major phases include C3AHs, C2ASHsg and AHs. It should be noted that simulations do not consider
the state of the system at shorter times and lower temperatures when CAH10 and C2AHg would
exist. Since CAC hydration is incomplete for w/c = 0.45, residual quantities of the anhydrous
phases including CA and C.AS are observed in such systems (see Figures 3.4 and 3.12a).
Predictions of thermodynamic calculations for CACs hydrated at higher w/c (Figure 3.12b) are
consistent with predictions for lower wi/c, except that the availability of water is no longer a
limiting variable in avoiding the completion of hydration (see also Figure 3.7 for XRD). This is in
good agreement with experimental observations and highlights that water availability (and
activity) is a very significant factor which influences the extent of reaction in CAC systems, as
also their rate, as reductions in water availability/activity would hinder the hydration of the
anhydrous phases and the formation of their hydration products, in relation to their moisture

sensitivity (reactants) and contents (products).t>113

79



120

-

o

=
|

=
o
|

S
=
|

Volume of Hydrated Phases (cm?
N =)
o o
] ]

1 Unhydrated CAC

Pore Solution

o
o

[ T [ T [ T [
20 40 60 80
Degree of Hydration (%)

()

100

120

100

=]
o

S
o
1

Volume of Hydrated Phases (cm?
N [=2]
o o
] 1

o

1{ Unhydrated cAC

_\_

_| Pore Solution

0

7 1 ' T ' 1
20 40 60 80
Degree of Hydration (%)

(b)

100

Figure 3.12: Calculated phase balances of “mature” CAC pastes hydrated at 25 °C as a
function of the degree of hydration for: (a) w/c = 0.45 and (b) w/c = 0.70. The availability of
excess water permits complete hydration in the latter, but not the former case. These
simulations consider 100 g of CAC and 45 g or 70 g of water reacting with each other.
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Figure 3.13: Calculated phase balances of “mature” CAC pastes hydrated at 25 °C as a
function of the degree of hydration containing 20 % CN for: (a) w/c = 0.45 and (b) w/c =
0.70. The availability of excess water permits complete hydration in the latter, but not the

former case. These simulations consider 100 g of CAC, 45 g or 70 g of water and 20 g of CN
(dissolved in the water) reacting with each other.

As shown in Figure 3.13, when CN is added to CAC systems, NOs-AFm forms at the expense of
C3AHs. This outcome is consistently observed across a wide-range of CN dosages. Obviously, the

extent of formation of NOs-AFm is proportional to the initial CN dosage, i.e., less Cs3AHgs and
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more NOs-AFm forms with an increase in the CN dosage. This is significant in that, in relation to
the CAC chemistry, the CN admixture dosage can be altered to partially or completely suppress
the formation of convertible phases. At lower w/c, it is noted that as the CN dose is increased, in
addition to CsAHe, the formation of C>ASHg is also suppressed; an observation supported by
experimental data (Figure 3.6) — which may suggest that the hydration of C2AS is suppressed in
the presence of high concentrations of CN additives. This may also be on the account of C2AS
hydration being more influenced by the availability/activity of water, as compared to CA, which
can hydrate in environments of reduced water availability and the fact that NO3-AFm is more
favorable to precipitate. However, as the w/c is increased (e.g., at w/c = 0.70), the calculations
predict that both C2ASHg and NO3z-AFm can co-exist. This is in contrast with XRD data which
indicates that CoAS hydration is suppressed, even when excess water is present. This may suggest
that in addition to the points noted above, the solubility mismatch between the NO3z-AFm and
C2ASHs phases may indeed be responsible for the suppressed formation of the latter phase as
compared to the former. As a comment of substance it should be noted that while all through the
calculations AHs is considered as a poorly-crystalline phase, the crystallinity of this phase does
evolve in relation to age/time, temperature and the chemical environment in which it is present.?142
While this would impact aspects such as its density, solubility (Ksp) etc., these aspects are not
considered in this study. Regarding Ti and Fe present in the CAC: no account is made for the
precipitation of titanium bearing phases (due to lack of suitable solubility data), in hydrated CACs.
Fe is expected to exist dominantly as Fe(OH)s in minor quantities (not shown in plots), though

some “Fe” may partially substitute “Al” in the X-AFm or C3AHg structures, 144145
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It is well-known that the hydration rate, and the nature of product(s) formed in CACs is sensitive
to the curing temperatures.2150159.160 For example: while the CAH1o and C2AHs phases are
stabilized at lower temperatures, generally < 25 °C,1421%0 C3AHg will form at higher temperatures.
However, for CN to be used as a conversion avoiding additive, it is necessary to determine the
temperature stability of NOz-AFm in CAC systems. As such, a series of calculations were carried
out over a range of temperatures (i.e., 5 °C to 55 °C) to assess the stability of the hydrated phases
for CACs reacted with and without CN. As noted in Figure 3.14, in general the hydrate assemblage
remains stable and essentially unchanged across the entire range of temperatures that is considered.
While this is obviously sensitive to the database of solubility inputs (see #? for influences of
solubility data), in general, for typical temperatures experienced under field conditions, CN-dosed
CACs will remain stable in terms of phase relations. It should be noted that, based on our current
understanding, any changes in hydrate assemblages produced at lower temperatures are likely
relevant to the CAH1o and C2AHs phases, rather than the NOs-AFm (e.g., see 1*? for discussion).
While it may be argued that at early ages, CACs can experience elevated temperatures, this is not
expected to impact the formation of NOs-AFm phase or its stability.3 Of course, if the temperature
were to dramatically exceed 55 °C and then remain so continually, the NO3z-AFm phase formed
may begin to decompose (in proportion to the level of increase in temperature) to form CzAHs and
CN of which the latter would likely remain solubilized in the pore fluid (i.e., due to its high

solubility). However, this outcome is not clear as: (i) if there existed sufficient quantities of mobile

8 Unpublished data suggests that in the presence of elevated abundances of NOs™ species, the temperature stability of the NOs-
AFm is wider than currently expected (e.g., around 55°C) [Error! Bookmark not defined] 1y sypport of this reasoning, phase equilibria ¢
alculated within the GEMS-PSI distribution indicate that in addition to temperature, the stability of the NOs-AFm depends on the

how much mobile NOgs is available in the pore solution, i.e., the aqueous [NOs]/[Al(OH)47] ratio, where the “[]” parenthesis

indicate molar units [Error! Bookmark not defined.] ‘Baged on these points, at high levels of CN, e.g., > 20% (by mass of CAC), it is i

ndeed likely at temperatures higher than 55°C the NOs-AFm phase will indeed remain stable, but more evidence is needed to
confirm this point.
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NOs"ions in the pore fluid, the stability of the NOs-AFm may remain unchanged over a much
wider range of temperatures than is currently estimated!® and (ii) in time, C3AHs would
decompose, to form NOs-AFm due to their differences in thermodynamic solubility (i.e., since
these are negative logarithmic terms, in terms of their Ksp, NO3-AFm < C3AHst). However, it is
reasonable to expect that the hydrates formed in CN-dosed CAC systems would remain stable over
temperatures relevant to field applications. Finally, it is also noted, that the volume of NO3z-AFm
formed at lower temperatures (see Figure 3.14b) is slightly lower than that at higher temperatures.
This is likely on account of: (a) the increased solubility CN at higher temperatures that provisions
a higher abundance of solubilized [Ca?"] and [NOs7] species,'®! and (b) changes in solubility of

NO3z-AFM with temperature; which explains the evolutions of NO3z-AFm volume.
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Figure 3.14: Calculated phase balances of “mature” CAC pastes hydrated for a w/c = 0.70
CAC paste across a range of temperatures for: (a) 0 % CN and (b) 30 % CN. The availability
of excess water permits complete hydration of the CAC. For the plain CAC system, a limited

temperature range from 20 °C to 55 °C is shown due to lack of consensus regarding the
specific nature of the phase assemblage that would exist at temperatures <20 °C. This is not
an issue for the CN-containing systems, as NO3z-AFm is expected to be stable across the entire
range of temperatures considered.
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A significant outcome of the calculations noted in Figure 3.14 is that in the case of mature CAC
systems, at a constant wi/c, the solid hydrate volume is much higher in systems containing CN as
compared to CN-free systems. This is a consequence of the space-filling effect provided by the
water-rich NOs-AFm phase (i.e., as compared to C3AHs), and ensures that CN-containing systems,
in general, display lower porosity than their CN-free counterparts. As a significant closing point,
this explains why the CN-doped systems shown in Figure 3.3 show higher strengths across all
curing temperatures than their CN-free counterparts. Interestingly in Figure 3.3, it is also noted
that even at early ages and at ambient temperatures, the CN-dosed hydrated CACs show higher
strengths than their CN-free counterparts, in spite of the presence of high-water content (and hence
space-filling CAH1o and C2AHg) phases in the latter. This increased early-age strength in the CN-
dosed systems compared to CN-free systems may suggest that: (i) the effective porosity is lower
in CN-dosed systems as compared to CN-free systems, and/or (ii) the presumably higher-stiffness
of the NO3z-AFm phase (i.e. stiffer than CAH10, C2AHg and C3AHg) similar to the COs-AFm phase
provides benefits in strength and mechanical properties.*®? From an engineering perspective, this
would consistently allow for lesser CAC use (i.e., for higher w/c formulations, and CAC
replacement by mineral fillers) when CN is added to CACs to achieve strengths that would
otherwise be achieved only by reducing the w/c in a CN-free CAC system. This provides an
additional benefit for CN usage, i.e., as a strength enhancing additive for CAC-dominant and CAC

containing binder (e.g., floor screeds, and repair) formulations.
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3.7 CI capture coatings for infrastructure elements

An important outcome of the title research is the development of “CI capture and corrosion
hindering technologies”, deployed in the form of thin coatings and toppings, for both horizontal
and vertical infrastructure elements including pavements, bridges, etc. and metallic elements such
as pipes and girders. For example, consider placement of a thin-coating of a CN-doped CAC
formulation on a reinforced concrete bridge-deck. Upon contact with, and surficial intrusion of CI
species, Cl™ ions would displace NOs™ ions from the AFm structure via an anion exchange reaction,
that is dictated by the interlayer site occupation preference noted above. This action would act to
trap CI” and release NOs™ species into the pore solution, which shows potential for steel rebar
corrosion inhibition.*®® Similar actions would be induced in the case of Ca(NO2).-containing thin
CAC toppings given the well-known corrosion inhibition capacities of NOz species.'®*
Significantly, by trapping CI" species in the near surficial regions of the covercrete, and delaying
their intrusion towards the steel rebar; steel corrosion initiation could be substantially delayed,
e.g., by retarding the rate of change in the [NO2, NOz]/[CI7] ratio'®3-1%® in the pore solution. This
would be an innovative strategy for steel corrosion protection via anion capture and exchange
(ACE). Arguably, CI capture, and hence corrosion protection limits would be governed by the
anion exchange capacity and the quantities of AFm phases present, but periodic coating/topping
renewal could address issues of saturation of the anion exchange capacity (AEC) of the material.
Importantly, given the clear structural similarity of the X-AFm phases, the exchange of NO3z™ (or
NO2) by CI will not induce changes in volume, as the molar volumes of these AFm phases are
near equivalent,!30131.141.166 Therefore, deleterious volume changes are not expected to accompany
the ACE process. It is expected, that in accompaniment to admixing of any corrosion inhibitors

into the mixing water, especially in high CI” exposure applications, e.g., when deicing salts, or sea
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water exposure is relevant, such CI™ capture coatings would be highly beneficial. While more work
is needed to better understand the durability characteristics of X-AFm modified CAC binders, e.g.,
in the context of their volume instability upon drying, their transport behavior etc. it is clear that
the outcomes presented herein offer innovative value in relation to admixture design, corrosion

protection and improved infrastructure (material) performance.
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3.8 Summary and Conclusions

Calcium aluminate cements are prone to phase conversion phenomena which has caused a stigma
associated with their use in structural construction applications. Such conversions are controlled
by “thermo-kinetic” factors, and result in unpredictable strength evolutions in time. Knowing that
conversion behaviors are regulated by thermodynamic preferences of phases and reactions, an
innovative means is proposed to stabilize NOs-AFm, and more generally any of the X-AFm
phases, at the expense of the other less preferred, and metastable calcium aluminate hydrate phases
(CAH10, C2AHg, C3AHe) that typically form in CAC systems. In this paper, this stabilization
mechanism is demonstrated for the case of CN additions. This specific mechanism stabilizes a
NOs-AFm phase, though other phases of the wider X-AFm family, i.e., where, X is a single type
or a multiplicity of ions including CI, NOs, NO2,, COs*, SO+* and/or OH" can also serve as
conversion avoidance alternatives. It should be noted that the success of the stated approach is
contingent on provision of an inorganic additive that is rapidly soluble, and able to support large
abundances of X-AFm relevant anionic species in solution. If not, success would be limited. As
an example, this explains why phase conversion avoidance attempted using calcitic (and dolomitic)
additives is ineffective as compared to the “soluble salt approach” (i.e., in terms of their
dissolution rate, and/or absolute solubility in water) whose success is demonstrated in this study.
As a crucial field-relevant aspect, the outcomes of this research explain how CAC binders would
be influenced by the use aggregates of differing gradation, as also composition, and why
aggregates which are carbonaceous, siliceous or which may contain sulfate impurities may
influence in different ways, the tendency of a CAC mixture to undergo phase conversion. The

general approach of the study demonstrates means of manipulating stable phase equilibria in
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cementitious materials such that by “solubility based-design”, desired solid phases of specific
compositions and properties can be stabilized to produce cementitious (i.e., CAC, OPC, as also
blended) binders which display much improved engineering properties, while eliminating their

individual detrimental characteristics.

A wide range of analytics including strength determinations, x-ray and thermal analyses, and
thermodynamic calculations are employed to study the evolutions of properties, and solid phases
in time. Across a range of w/c and curing temperatures, and for durations up to 90 days, the NOs-
AFm phase is noted to be stable, and able to avoid the formation of the metastable calcium
aluminate hydrate phases. Obviously, the efficiency of conversion avoidance is related to the CN
dosage, with higher CN dosages being increasingly successful in avoiding phase conversion.
Significantly, it is highlighted that at equivalent w/c, CN-dosed CAC systems will consistently
demonstrate higher strengths than their CN-free counterparts. This is on account of the space-
filling/stiffness effects of the NO3-AFm phase which reduces the porosity of CN-doped systems,
as compared to their CN-free counterparts. While arguably, it is yet necessary to study the Kinetic
evolutions of reactions (e.g., since some salts function as accelerators and others as retarders),
evolutions of phase balances and engineering/durability properties of CN-doped CAC systems
over longer durations to better evaluate the robustness of conversion bypass, and the durability
(e.q., porosity, transport, etc.) characteristics of CN-doped CAC systems — it is clear that the title
study provokes innovative opportunities to develop chemical admixtures based on inorganic salts
for avoiding phase conversion phenomena, and to serve as strength enhancers in CAC (and
ordinary portland cement) systems. Based on the outcomes presented, a novel means for metallic

corrosion protection, via inorganic Cl” capture coatings and toppings is proposed.
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Chapter 4. — Anion capture and exchange by functional coatings: New routes to mitigate steel

corrosion in concrete infrastructure

4.1 Introduction and background

Chloride (CI") induced corrosion of reinforcing steel is a significant cause of premature damage
and degradation of concrete infrastructure.'®’~1% Concrete may be subject to chloride ingress as a
result of contact with de-icing salts, seawater exposure, etc.>’® In the U.S. alone, over $8 billion is
spent annually on corrosion-related repair, maintenance, and rehabilitation of bridges.!’* In
addition, 11 % of the 600,000 highway bridges in the U.S. are deemed to be structurally

deficient;*"*17? the majority due to corrosion-related degradation.

Due to the alkalinity of cementitious pore solutions (pH > 12), steel embedded in concrete is
generally covered with a passivating oxide layer (y-Fe203).1"3"* The ingress of CI- ions into the
concrete is thought to initiate steel corrosion by displacing OH" from this passivating layer.6817
Cl-induced depassivation results in localized pitting and corrosion product formation, which
reduces the cross-sectional area of the reinforcing steel, and, therefore, its load-bearing
capacity.'6%17317 The CI/OH- ratio (in molar units), which accounts for the passivating effects of
OH- ions, is often used to describe the risk of steel corrosion.}’>176 Although the precise value of
CI-/OH required to initiate corrosion is a subject of debate,'”>7® a survey of the literature suggests

that corrosion initiates when CI/OH™ > 0.6.17>-177
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The presence of NO3™ and NO> anions in the pore solution can counteract the corrosive actions of
Cl ions.164178-182 These species mitigate corrosion processes by oxidizing Fe?* species to Fe*
ions, which precipitate and re-form passivating films.1’318 A critical CI/NO;" ratio for corrosion
initiation has been suggested to range from 0.25-t0-2.0 (unitless, molar ratio).'®>!8 While data
regarding NOs™ is lacking, indirect evidence suggests that NOs  provides similar corrosion
inhibition as NO2™ (i.e., for CI/NOs < 0.25).13% While the use of NO, or NOs" is valuable, the
corrosion inhibition offered by these species offer is often limited by their initial dosage into the
concrete.'®® Moreover, both Ca(NOs), and Ca(NO>); are highly soluble and, therefore, are subject

to leaching, which may reduce their potential for corrosion mitigation.

The binding of CI" by cementitious phases can significantly suppress CI/OH" in the pore solution
and thereby increase the service life of infrastructure.*®®-188 For example, CI" binding can occur by
ion exchange into alumino-ferrite monosubstituent (AFm) compounds, or by sorption onto C-S-H
or other compounds.’?® AFm’s are represented by [Caz(Al,Fe)(OH)s]-X-nH20, where X is the
exchangeable interlayer anion, and n is the number of water molecules. The site (i.e., anion)
occupation preference within the AFm-interlayer has the ranking CI- > NO3s™ > NO2” > CO3? >
SO4* > OH",*3 assuring that AFm’s present in cementitious formulations (i.e., those containing
CO3%, SO+, or OH- in their interlayers) will capture CI- ions from solution to form CI-AFm (i.e.,
Friedel’s salt) or Kuzel’s salt.’*1'8 Jon exchange results in the release of the anion initially present
in the AFm interlayer by a process of anion capture and exchange (ACE); a process that is guided

by thermodynamic selectivity. 3118
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ACE by AFm’s is significant as (i) it operates in a Cl" concentration range relevant to typical
ingress conditions (> 14 mmol/L*®?), (ii) it has a much larger binding capacity per unit mass than
CI- sorption by C-S-H,'® and (iii) CI" species taken up by AFm’s are more strongly bound into
their structure (i.e., reflecting structural incorporation), than binding by the C-S-H which
represents weaker physisorption. Therefore, the CI™ binding capacity of cementitious formulations
is linked to the mass fraction of AFm phases present.'®* Even though the specific binding capacity
of AFm phases is high, the total binding capacity of OPC-based formulations is limited, since
AFm’s comprise only 5 % to 15 % by mass of the solids in a hydrated OPC binder, offering only
limited retardation of steel corrosion.!3+18-188 The CI- binding capacity of OPC-based binders can
be increased by the addition of supplementary cementing materials (SCMs: e.g., ground-
granulated blast-furnace slag,'°> fly ash'%¥) which increases the Al03/SOs3 ratio of the mixture,
leading to the enhanced formation of AFm’s at the expense of Aft 18419519 Hawever, these effects
are confounded with changes in the transport properties (e.g., permeability, and diffusivity) and
the limited reaction of the SCMs that become relevant when OPC is replaced by SCMs at high
levels. 188195197 Ag g result, while SCMs do indeed contribute reactive alumina that is required for

AFm formation, they do so at a level that only slightly increases the mass of AFm’s formed.

Several numerical models have been developed to describe mass transport of ions that influence
the service life of reinforced concrete infrastructure.'8:187.198-203 These transport models vary in
complexity from single-species models governed by Fick’s laws of diffusion,'®®% to multi-
species Poisson-Nernst-Planck (PNP) models which account for electric coupling between ions
due to their differing mobilities.??2%2 Other models may also consider the effect of advective

transport due to moisture gradients (e.g., replicating the effects of wet-dry cycles)?°#2% and/or
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reactions between ions and cementitious solids, which may be accounted for by mass-transport
and chemical equilibrium calculations,?°12922% or py considering sorption isotherms,186:187.198.207
A wide-range of models especially describe the role of CI binding by cementitious phases on
service life predictions.’®®8" Although quantitative prediction of the service lifetime of real

structures is notoriously difficult, carefully formulated transport models can illustrate the role of

enhanced CI binding by cementitious compounds on delaying the onset of corrosion.

Calcium aluminate cement (CAC) mixtures, when suitably formulated, can exhibit a significantly
higher CI- binding capacity as compared to those of OPC systems.?%® However, this approach has
not been studied as a pathway to mitigate corrosion due to a lack of clarity as to how AFm
formation can be increased in a controlled manner to scavenge/sequester Cl- species. Recently,
Falzone et al. suggested that NOz-AFm dominant hydrated CAC mixtures (e.g., those containing
up to 60 mass % AFm) could produce ACE benefits, by sequestering ClI™ ions while simultaneously
releasing NOs™ (or NO2") species, i.e., an anodic corrosion inhibitor.*®® This smart release of NO3”
and NO, ions was first described by Balonis and Glasser.'® Significantly, since volume changes
accompanying NOz™ to CI” exchange in the AFm’s are minimal, no internal damage develops, e.g.,
due to deleterious shrinkage or expansion.t3 With this concept in mind, this study investigates the
efficacy of CAC + Ca(NOz)2 based top-layers (i.e., formed by replacing a fractional thickness of
the OPC concrete cover) that engender ACE as a means to delay corrosion. Besides corrosion
delay, CAC-based binders are anecdotally expected to feature equivalent (or superior) durability
to OPC systems as relevant to bridge deck applications (e.g., resistance to freeze-thaw damage,'?
and mechanical abrasion'??), but are restricted to a top-layer due to their high cost (= 5 x that of

OPC). The beneficial effects of CI* binding (i.e., reduced CI* abundance around the steel
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reinforcement) and NOgs™ ion release are explained by considering thermodynamic and transport
properties that are influential in the initiation and progression of corrosion. As such, this study
explains how ACE is a robust pathway to delay corrosion degradation of infrastructure and thereby

prolong service life.
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4.2 Materials and methods

4.2.1 Materials

A commercially available calcium aluminate cement (Secar®51 produced by Kerneos Aluminate
Technologies)™ was used. The oxide composition of the CAC as determined by X-ray
fluorescence (XRF) was (51.05+ 0.20) % Al203, (38.94 £ 0.40) % CaO, (4.77 £ 0.40) % SiOy,
(2.23 + 0.10) % Fe20s, (2.02 + 0.01) % TiO2, (0.59 + 0.10) % MgO, (0.11 + 0.01) % P20s, (0.31 +
0.04) % K0 and (0.07 = 0.03) % Na,O by mass.?®® Unless otherwise noted, the uncertainty
represents one standard deviation. The mineralogy of the CAC as determined by X-ray diffraction
and Rietveld refinement, was 73.3 £3.3 % CA, 18.1+ 3.3 % C2AS, 4.9+ 2.0 % CT with minor

phases in the form of 0.8 % CaO, 0.6 % C2F, 1.5 % C3FT and 0.8 % Fe304 by mass.?1°

CAC pastes were prepared at a fixed water-to-cement ratio (w/c = 0.45, mass basis) using de-
ionized (DI) water, as described in ASTM C305.%° Calcium nitrate (Ca(NOs)2, CN) was added to
the CAC mixtures in dosages of 0%, 10 %, and 30 % by mass of anhydrous CAC. The CN
admixture was provided in the form of an aqueous solution (52 mass % CN in water). This
admixture was first combined with additional water prior to mixing with the anhydrous CAC. CAC
mortars were also prepared at the same CN dosages using ASTM C778% compliant graded quartz

sand at volume fractions ¢q = 0.00, 0.25, and 0.50. To suppress the formation of metastable

*okk

Certain commercial products are identified in this report to specify the materials used and procedures employed.
In no case does such identification imply endorsement or recommendation by the University of California, Los
Angeles or the National Institute of Standards and Technology, nor does it indicate that the products are necessarily
the best available for the purpose.
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hydrates, 22126 the mixtures were cured under sealed conditions at 45 °C + 0.2 °C for a period of
28 d. Reagent grade calcium chloride dihydrate (CaCl,-2H20, > 99 % purity) was added to Milli-
Q water (i.e., 18 MQ-cm deionized water) to prepare solutions at CI” concentrations of: 0.01, 0.05,

0.1, 0.3, 1, and 3 mol/L.

4.2.2 Methods

4.2.2.1 Thermodynamic calculations

To ascertain the phase assemblages of the CAC mixtures prepared in Section 4.2.1,
thermodynamic calculations were carried out using the Gibbs Energy Minimization Software™
(GEMS-PSI), version 2.1.138139.211212 Thermodynamic modeling was performed for systems
containing CAC (Secar®51) for w/c = 0.45, and for the three CN dosages listed above.'®® The
calculations were carried out at p = 101 kPa and T = 45 °C, with the solid and liquid phases being
set to equilibrium with CO»-free air. The predicted CAC phase assemblages represent mature CAC
pastes in which the formation of metastable hydrates CAH1o and C2AHs is suppressed.'?® The
calculations account for the partial reaction of the anhydrous CAC, to obtain phase assemblages
as a function of degree of CAC hydration. The thermodynamic properties of solid and aqueous
species were sourced from the GEMS-PSI database, and amended with additional information
sourced from the literature for CACs.12%13L141-145 Ealzone et al.'® contains further details and a
compilation of the thermodynamic properties of compounds relevant to the simulations.

Quialitative agreement between GEMS-predicted and experimental phase assemblages for both
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plain and CN-dosed CAC mixtures has already been established (i.e., via X-ray diffraction and

thermogravimetric analysis) elsewhere.'8°

4.2.2.2 CI" binding isotherms

After 28 d of curing, to minimize transport hindrances on chloride binding, the hydrated CAC
pastes were crushed to a fine powder, sieved (d < 63 um, d is the particle diameter) and used in CI°
binding experiments at 25°C + 3 °C. CI” binding isotherms of CAC pastes dosed with CN
admixture (0%, 10%, and 30 % by mass) were quantified using the equilibrium method.?"’
Triplicate powdered CAC pastes (Mpaste = 30 g) were immersed in CaCl; solutions (Vso = 0.1 L)
prepared across a range of concentrations.*®® CaCl, was selected to minimize the potential for
cation-dependent alterations to the hydrated phase assemblages, and to provide sufficient Ca®* ions
required for the formation of Friedel’s salt from hydrogarnet (C3AHs).1%*?!3 Following immersion
of CAC pastes in CaCl; solutions, the free CI- concentration (Cciy) in solution was measured at 7
d time-intervals over a 21 d period. A multi-parameter benchtop meter (Orion VersaStar,

ThermoScientific’ ") that was provided with a CI- selective electrode (ISE; 9617BNWP,

ThermoScientific™) was used to measure Cciy.

The ISE was calibrated using calibration solutions prepared using Milli-Q water + CaCl,.2H20

over the concentration range 0.001 mol/L < c? <3 mol/L, at 25 °C + 3 °C. To perform the binding

measurements, =~ 5 mL of solution was extracted, and filtered using a syringe fitted with a 0.2 um
filter to remove solids. The extracted solution was diluted in 100 mL Milli-Q water, and acidified
using 0.3 mol/L HNOs to adjust the pH to a range of 3 < pH < 4, as required to meet operational
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specifications of the ISE. The pH was measured using a ThermoScientific Ross Ultra electrode™
calibrated using buffer solutions over the range 3 < pH < 13 at 25 °C £ 3 °C. To minimize any
ionic interferences on the concentration measurement, the solution was then dosed with a suitable
amount of ionic strength adjuster (ISA; 2 mL ISA per 100 mL solution), following which Cc was

measured using a CI specific ISE.

4.2.2.3 Static light scattering

Since solid surface area influences binding isotherms, the particle size distributions (PSDs) of the
crushed CAC pastes were determined by static light scattering (SLS). An SLS particle analyzer
(LS13-320, Beckman Coulter™) was used to assess the surface area, using isopropyl alcohol (IPA)
as the carrier fluid. Prior to characterization, each powder was added to IPA and ultrasonicated to
ensure its dispersion to primary particles. The complex refractive indices of the IPA and hydrated
CAC pastes were taken as nipa= 1.37+ 0.00i,2** and ncac= 1.70 + 0.10i,% respectively. The
maximum uncertainty in the median diameter (dso) was around 6 % based on 6 replicate
measurements. The dso of the powdered CAC pastes were nominally similar and on the order of
1.3 um, 1.1 pm, and 2.5 pum for the 0 % CN, 10 % CN, and 30 % CN mixtures, respectively. The
densities of these mixtures were estimated as 1700 kg/m3, 1900 kg/m® and 2000 kg/m?
respectively, based on the thermodynamic calculations. The specific surface areas of the powders

was estimated as 150 m%/kg, 250 m?/kg, and 50 m?/kg, respectively, assuming spherical particles.

4.2.2.4 Electrical impedance spectroscopy
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Electrical impedance spectroscopy was used to assess ion-diffusion in hydrated CAC pastes and
mortars based on measurements of their bulk resistance (Rp, ohms).?!> Custom conductivity cells
were fabricated by modifying cylindrical polystyrene containers (diameter = 53.9 mm, height =
47.6 mm). Precision-ground 316 stainless steel rods (diameter = 3.18 mm + 0.01 mm) served as
parallel electrodes spanning the entire height of the container, at a center-to-center separation of
25.4 mm + 0.5 mm. The geometry factor (k, m™) of each cell was determined by calibrating the

measured conductivity to reference NaOH solutions in DI-water (0.1 % and 5 % by mass).

Hydrated CAC compositions dosed with 0 %, 10 %, 30 % by mass CN and containing different
volume fractions of graded quartz sand (¢4 = 0.00, 0.25, 0.50) were cast into these cells, sealed,
and cured for 28 d at 45 °C £+ 0.2 °C; and their bulk electrical conductivity measured in duplicate.
EIS spectra were obtained using a Solartron Analytical 1287 Electrochemical Interface™ with a
1252A Frequency Response Analyzer using an AC input signal of 100 mV. A frequency range of

101-t0-10° Hz was sampled with 10 points recorded per decade.

The effective diffusion coefficient of an ionic species in a cementitious microstructure is related
to its bulk conductivity (cerr; i.e., equivalent to inverse resistivity), and to the conductivity of the

solution saturating its pores (o) as described by the Nernst-Einstein relation?

O,
_ yinf eff
D,=D" —*

% (4.1)
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where, D" is the diffusion coefficient of the i species at infinite dilution in water. This approach
was used to account for transport hindrances on chloride (and on nitrate transport), as would be
applicable to real concrete systems. As a significant quantity of pore solution from the hydrated
CAC pastes?!” could not be obtained, the pore solution conductivity (co) of CAC mixtures (without
CN) was calculated based on the initial pore solution concentrations (Im < 30 mmol/kg, see Table
1) obtained from GEMS using the Kohlrausch limiting law, with electrochemical activity
corrections carried out using the extended Debye-Hiickel relation.?'® The conductivity of the pore
solutions of the 10 mass % CN and 30 mass % CN mixtures was estimated by performing EIS on
solutions with CN dosage equivalent to their mixing water, as the conductivity is expected to be

dominated by the abundant CN species.
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4.3 Results

4.3.1 Thermodynamic calculations

Following on from Falzone et al.'®® (i.e., Chapter 3), Figure 4.1 shows calculated phase
assemblages for CAC pastes (w/c = 0.45) containing different dosages of CN admixture (0-to-30
mass % CN). In the plain CAC paste (0 % CN, Figure 4.1a) CsAHes, C2ASHg, and AI(OH)s are
noted as the predominant hydrated phases. These calculations consider a “mature” CAC paste,
meaning that metastable hydrates that could be present at early ages (e.g., CAH10, C2AHs) are not
expected to exist as they convert, in time (i.e., at equilibrium), to C3AHs and Al(OH)s. When CAC
is admixed with a sufficient dosage (30 mass % of CN), C3AHs and C2ASHg formation is entirely
suppressed in favor of NOs-AFm (see Figure 4.1¢). At intermediate CN dosages (e.g., 10 % CN;
Figure 4.1b), the phase assemblage demonstrates an intermediate composition, containing a
mixture of NOs-AFm, C>ASHs, and C3AHs. These systems are all expected to demonstrate
substantial capacity for CI" binding, in proportion to their CN dosage. It should be noted that the
systems evaluated are water-deficient, meaning that reaction would cease before all the anhydrous
CAC is consumed. This is significant as any unhydrated CAC present, in relation to its content,
during binding studies (see Section 4.3.2) will sequester CI” by the formation of Friedel’s salt.
Furthermore, the porosity of the CAC pastes is expected to decrease as the CN dosage increases,

due to the larger molar volume of the AFm compounds in comparison to that of C3AHg.1%
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Figure 4.1: The hydrated phase assemblages calculated using GEMS for CAC systems for w/c
= 0.45 containing: (a) 0 mass % CN, (b) 10 mass % CN, and (c) 30 mass % CN.* These
calculations consider 100 g of anhydrous CAC reacting with 45 g of water/CN solution. The
dashed vertical line shows the maximum simulated degree of hydration for each system. At a
degree of hydration greater than this value, chemical reactions will cease due to limitations on
water availability.

4.3.2 CI" binding isotherms

Figure 4.2 shows the free CI” concentration, Cci as a function of time from 0 to 21 d. The solution
concentrations are seen to stabilize by 21 d wherein the relative difference in Cl" concentrations at
21 d and the previous measurement was < 5 % (i.e., within the measurement resolution). Thus, the
measured free CI” concentrations at 21 d were used to calculate the bound CI- content (i.e.,

expressed in terms of moles of CI- bound per kg of hydrated CAC paste) as

(CQ s —C& 1)V

cy, =
Cl,b m

paste (4. 2)

where, CCOLf and Céﬁf represent the concentrations of free CI™ in solution (in terms of mol CI" per L

of solution) measured initially, and after 21 d of immersion (t near-equilibrium), respectively.
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Figure 3 shows the equilibrium CI" binding isotherms for each hydrated CAC paste. The bound CI
content is substantially larger for CN-dosed CAC pastes for CN dosage levels > 10 mass %. As
expected, the isotherms are non-linear, and demonstrate a plateau in binding at higher CI

concentrations. The binding isotherms can be described by a Langmuir expression as?'®

Ceq (C ) _ a.CCI,f
Cl,b cf/
1+ﬂ'CC|,f (4.3)

where, C\ is the equilibrium bound CI- concentration (mol CI-/ kg CAC paste), Cciy is the free CI

concentration in solution at equilibrium (mol CI7/L solution), and a (L solution/kg CAC paste) and
B (L solution/mol CI°) are fitting parameters (see Table 4.2).20722° As a point of comparison, it
should be noted that the CI" binding capacity of a typical “neat-OPC” system is approximately

25 % that of the “neat CAC” system shown in Figure 3; at a similar w/c and temperature.1%
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Figure 4.2: The free CI" concentration (Cciy) in solution as a function of time for CaCl-2H.O
solutions in contact with hydrated CAC pastes containing: (a) 0 mass % CN, (b) 10 mass %
. 0
CN, and (c) 30 mass % CN over the concentration range: 0.01 mol/L < C,; <3 mol/L. The
coefficient of variation of the Cc|f measurements was ~ 5 %.
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Figure 4.3: The measured CI" binding isotherms for the hydrated CAC pastes following 21 d
of immersion in CaCl2-2H>0 solutions. The error bars indicate + one standard deviation in the
experimental measurements, which were performed in triplicate.

To better explain the measured Cl- binding isotherms, the phase assemblages calculated using
GEMS were used to estimate the binding capacity of the CAC pastes. Assuming the destabilization
of 1 unit of C3AHs (i.e., which occurs at =~ 0.01 mol CI1/L*) allows the incorporation of 2 units
of CI" to form Friedel’s salt (C3A-CaCl2-H1o), C3AHs features a Cl” binding capacity of 5.36 mol
Cl/kg C3AHes. This binding capacity is greater than that resulting from the uptake of CI" into NOs-
AFm (3.10 mol CI'/kg NOs-AFm). This explains why the 0 mass % CN and 10 mass % CN
mixtures show similar binding isotherms. But, increasing the CN dosage enhances CI™ binding in
spite of reducing the quantity of Cs3AHs present by suppressing the formation of C2ASHg (which
is not expected to bind CI ions) while enhancing the quantity of NOs-AFm that is formed; wherein

the latter shows significant Cl” binding by ion exchange.

To discriminate the effects of CI" binding via ACE, which releases NOs™ ions, and binding via
C3AHe destabilization (i.e., which does not result in NOz™ release), the ClI™ binding capacity of each

CAC formulation was calculated as the mass-average based on its thermodynamically modeled

103



phase assemblage, and while assuming complete conversion of CsAHe to Friedel’s salt. Figure 4.4
shows the calculated CI- binding contributions for each CAC paste overlaid onto its respective CI
binding isotherm. The majority of the CI" binding isotherm of each CAC paste is explained by its
binding capacity calculated based on its predicted phase assemblage. The difference in the
measured and calculated isotherms is thought to arise from discrepancies between the
thermodynamically modeled phase assemblages and those of the “real” experimental system.
However, seeing that this difference increases with CN dosage (i.e., or rather, the quantity of
unreacted CAC present; see Figure 4.3), it is postulated that the difference dominantly results from
the reaction between unreacted CAC with CI" in solution, and physisorption of CI” species onto the
residual hydrated phases (e.g., C2ASHs). Assuming that CsAHse converts to CI-AFm before Cl-for-
NOsexchange by the AFm initiates, the influence of ACE binding can be modeled by a multi-step
function. This function equals zero below a critical concentration of free CI-, following which it
traces the CI™ binding isotherm. As confirmed by Puerta-Falla et al., CI-for-NO3 exchange is set to
be equivalent (i.e., to ensure 1:1 monovalent ion exchange) to satisfy conditions of

electroneutrality in solution.??
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Figure 4.4: A representation of the different contributions to CI” binding which describe the
uptake capacity of hydrated CAC pastes containing: (a) 0 mass % CN, (b) 10 mass % CN, and
(c) 30 mass % CN.

104




4.3.3 Electrical impedance spectroscopy

The EIS response (i.e., a Nyquist plot) of a representative CAC mortar (¢q = 0.50) for different CN
dosages is shown in Figure 4.5(a). The bulk resistance was quantified as the real component of
impedance (Z’) at which the imaginary impedance (Z’”) displayed a minimum. The bulk electrical
conductivity (oer, S/m) of the hydrated specimens was calculated as (see Section 4.2.2.4)

o =K/R, (4.9)
Figure 4.5(b) shows the effective conductivity of CAC mortars as a function of quartz sand volume
fraction. At a given quartz volume fraction, the effective conductivity decreases as the CN dosage
increases from 0 mass % to 10 mass % CN, and then increases dramatically at the 30 mass % CN
dosage. This conductivity minimum is thought to be produced on account of alterations in pore
structure/connectivity due to the changes in phase assemblages, although this aspect requires
further study. In each case, the bulk conductivity decreases as the volume fraction of quartz sand
increases. This is due to dilution of the porous CAC paste matrix, and the reduction in its
connectivity (i.e., an increase in tortuosity) due to the presence of non-porous (sand)
inclusions.??222% This trend is opposite to that observed in OPC mortars, in which ionic diffusivity
increases when aggregates are present due to the percolation of the porous interfacial transition
zones (ITZ) between the aggregates.??222® The values of D" for ions pertinent to seawater are
listed in Table 4.1. The calculated values of oo and the factor oer/oo for each cementitious
composition are given in Table 4.2. As a point of reference it should be noted that the CAC mortars
feature ionic diffusion coefficients that are equivalent to, or approximately one order of magnitude

less than that of a typical OPC concrete.??*
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Figure 4.5: (a) A Nyquist plot obtained from EIS measurements depicting the bulk resistance
(Ro, kQ) of the hydrated CAC + CN mixtures (¢q =0.50). (b) The effective conductivity of
hydrated CAC + CN mixtures as a function of the quartz dosage. The data points represent the
average of two replicates, with error bars indicating the upper and lower values.
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4.4 Formulation of multispecies reaction-transport model

4.4.1 Schematic and assumptions

To elucidate the benefits of ACE, a simplified concrete bridge-deck geometry (also representative
of a pier with one-face exposed to seawater) was developed. This 1D-domain of a pristine (i.e.,
uncracked) concrete section is shown in Figure 4.6. The concrete section has a thickness of L =
0.2 m, a fraction of which comprises a CAC-based top-layer of thickness xc = 0.025 m. The depth
of the reinforcing steel from the upper surface (i.e., the cover depth) is assumed to be x; = 0.050
m. To describe ion transport, the following assumptions were made:
e The porosity of the concrete and the CAC-based top-layers is saturated with pore solution,
e Advective transport of ions is negligible as a zero pressure gradient is assumed in the pores,
hence the pore solution velocity (and Péclet number) is zero, assuming no moisture
transport is induced by cyclic wetting-and-drying,?°422
e The effects of ion-activity (i.e., non-ideality of the solution) on transport are not accounted
for since this factor exerts second order contributions to the transport response.??5227 But,
ideally, the model should consider activities, rather than concentrations of ionic species,
e The effects of electrical coupling between ions is significant enough to warrant
multispecies modeling,2%*??® and,
e Theelectrical double layer present on the hydrated solids does not affect transport,??° since
ion transport takes place dominantly through larger capillary pores which remain

percolated, rather than through the nanoscale gel pores, e.g., as present in the C-S-H.2
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Figure 4.6: A schematic of the simulated concrete bridge-deck section subject to ClI™ ingress at
(x = 0) that features a CAC-based top-layer of thickness xe.

4.4.2 Governing equations

For the assumptions noted above, the concentrations of multiple ionic species in solution as a

function of space (x) and time (t) can be described by the Nernst-Planck (NP) equation

Cit o
+_
ot OX

oCi ¢ D; 0

where, Cis is the free concentration of the i species within the pore solution (mol/L), D is the
diffusion coefficient of the i ionic species within the relevant cementitious matrix (m?/s), zi is the
valence of the i species, R is the universal gas constant (8.314 J/mol-K), T is the temperature (K),
F is Faraday’s constant (96484.56 C/mol), v is the electric potential (), and vi is the reaction rate
of the i species (mol/(L- s)). It should be noted that compared to a Fickian approach (e.g.,

considering the diffusion of CI- and NOgz™ species excluding electrical coupling), the NP equation
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predicts a slower rate of CI" ingress. This is because the presence of cations (with lower diffusion
coefficients) in the pore solution hinders CI transport due to the need to ensure electroneutrality
in solution. The NP equation is governed by the ionic concentrations of n-1 species, where n is the
total number of ionic species considered. The concentration of the final (n'") species is governed
by the electroneutrality assumption (i.e., zero charge density) which is a simplification of the

Poisson equation®*°

Zzici,f =0 (4.6)

The reaction rate (vi) in Equation (4.5) for all species except Cl- and NO3™ was assumed to be zero
(i.e., no reaction between species). The reaction rates corresponding to the CI- and NO3™ species

are expressed by the following first order reactions

va =k (CCI,b —Céﬁ,b(ccm )) 4.7)
Ono, = ko (CTE ~CE3 (Carr) 4.8)

where, ke is the reaction rate constant of Cl-for-NOs ion exchange (s*), and Cﬂ;ﬁ is the maximum

NOgs™ concentration predicted in the pore solution upon exhaustion of the system’s ACE capacity.
Since CI" for NO3™ exchange in AFm is stoichiometric (i.e., 1 mol CI replaces 1 mol NO3), the

molar fluxes of these species are equal and opposite when ACE is the means of CI- binding.??! The
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CI” binding isotherm Céﬁ,b(CC”) for any cementitious formulation is given by the Langmuir

isotherm parameters noted in Figure 4.3, scaled to the appropriate units by the paste content and
porosity given in Table 4.2. The binding response, i.e., including the effects of C3AHg conversion,
Cl-for-NOz" exchange and the hydration of residual CAC, if any, is given by a piecewise function

written as

0, OmollL <Cg ¢ <C& ¢
a-Cg t
Cro, Cai, 1) = T3 5Coy’ Cé.r <Cqit <Cq (4.9)
cl,
Cno,» C.1 <Ca s

where, CC“ny and Cflvf are the free CI” concentrations at which binding by ACE begins, and ends,

respectively. CI” binding was modeled as a first-order reaction, in which the driving force is given
simply by the difference between the currently bound CI- content, and the equilibrium bound CI
content predicted by the relevant (mixture dependent) binding isotherm shown in Figure 4.3. Thus,

the following equation was solved for Ccip

dc .
dil'b = kCI (CCI,b _CC?,b (CCI,f )) (4'10)

4.4.3 Initial and boundary conditions

The concentrations of ions at the exposed surface (i.e., x = 0) was set to conform with those of

seawater;?! as noted in Table 4.1. Table 4.1 also details the concentrations of ions in the pore
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solution of the OPC and CAC formulations. The compositions of pore solutions were estimated
by thermodynamic calculations (for the CAC formulations) or sourced from the literature (for the
OPC system). As expected, the CN-dosed CAC systems show large concentrations of NOs™ species

in their pore solutions, and a pH (OH" abundance) that is lower than an OPC-concrete system.?

Assuming ions cannot escape the bottom of the bridge-deck (e.g., due to the presence of stay-in-

place metal forms), a zero-flux boundary condition is imposed at x = L

N (x=L)=- D% 7 Ppc ¥ g (4.11a)
OX RT OoX

where, N is the flux of the i ionic species (mol/m?s). Additionally, this lack of “ion escape” also

implies electrical insulation (i.e., zero current) at the same boundary

oC, D, oy
N"(x=L)=F) z|-D,—-2,—FC,-— |=0 4.11b

where, N¥ is the electrical current density (A/m?). The potential at the exposed surface of the

concrete bridge deck was assumed to be zero, i.e., grounded

w(x=0)=0V (4.12)
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A perfect bond was assumed between the CAC top-layer and the bulk OPC concrete, and no
buildup of electric charge was assumed at the interface. Therefore, ionic flux and electric current

density were assumed to be continuous across the interface (x = L).

Table 4.1: The ion-dependent diffusion coefficients at infinite dilution (Di'™) at T =25 °C,%* the
boundary conditions (i.e., concentrations of each ionic species at the exposed surface; x =0 m,
with C;® corresponding to seawater?!), and the initial conditions of the simulations (i.e., the
concentrations of ions within the pore solution of each cementitious matrix).

i _inf -9 S

SL%Z'iZS Di (1212/5) (mn?(')m_) CO% N (mmol/L) Cii®% N (mmol/L) CH% N (mmol/L) COC* (mmol/L)
Na* 133 480 0 0 0 140
K* 1.96 10 0 0 0 210
Ca?* 0.793 10 23.1 23.2 57.1 0
Mg?* 0.705 53 0 0 0 0

AI(OH) 1.04 0 20.0 20.0 20.0 0
OH- 5.7 0.0013 26.1 245 7.8 330
cr 2.03 560 0 0 0 0
NOs 1.90 0 0 19 863 0
S0 1.07 29 0 0 0 10

(") Aguayo et al. %

Table 4.2: The material-specific input parameters representing: CI” binding, formation factor
(i.e., which dictates ion diffusion rates within a constrained microstructure), and the mixture
compositions (i.e., the porosity and paste content of the CAC mortars and OPC concrete).

B (L / mol Binding rate Paste content

H H 3
Material o (L/ KQpaste) ch constant, ke (s°) oeit | 00 Porosity (¢p) (kg/ m
concrete)
CAC + 0% CN 0.00204 0.00077 1x 107 1.14 x 103 0.14 870
0,
CACCRI:LO/O 0.00608 0.00275 1x 107 3.50 x 10 0.09 970
0,
CACCT\ISM 000661  0.00222 1x 107 368x10°  0.06 1020
OPC Concrete 0.00352" 0.00416" 1x 107 4.0x 103" 0.11% 920

(") Dhir et al.,**3 (") Bentz et al.,?** (*) Birdsall et al.?*

Table 4.2 displays additional material-specific parameters used in the simulations. These include
the Langmuir isotherm parameters and reaction rate constants, the factor oeft/oo, porosity and paste
content. The maximum uncertainties in o and p were = 0.0005, and £+ 0.0001, respectively. The

porosity of each CAC composition was calculated — from its volumetric phase assemblage at a
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degree of reaction of 70 % — as the fractional volume of the liquid phase present in the system.?*®

Although the binding rate constant of Cl" for NO3™ exchange in AFm’s has been measured to be on
the order of [1.0 + 0.2] x 10 s, to improve numerical convergence, the rate constant was
estimated as 1 x 107 s across all mixture compositions.??* This reduction however, does not
significantly influence the results, as the process remains diffusion-limited (i.e., with Damkdhler
number > 1) and binding can be approximated as instantaneous. Indeed, over simulated time
scales of 1-t0-100 years, the simulated Cl- and NOs™ concentrations vary by < 1 % at any x as the

binding rate constant is increased (not shown).

4.4.4 Method of solution

The governing equations (Equations 4.5 to 4.10) were solved using the specific initial and
boundary conditions (Equations 4.11 and 4.12 and Table 4.1) within COMSOL Multiphysics
4.3,”" a commercial finite element solver, using the “Chemical Reaction Engineering Module”.
Numerical convergence was considered to be reached when the highest relative difference in CI
concentration profiles was + 1 %, when reducing the element size or time step by a factor of 2. In
practice, converged solutions were obtained by imposing a maximum time step of 1 x 10° s, while
using the adaptive time-stepping algorithm built-in to COMSOL and a fixed element size of 5 x

10 m.
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4.5 Results of finite element simulations

4.5.1 CI- transport from seawater

The first set of simulations considered surface exposure of an OPC bridge-deck to seawater, the
concentration and volume of which remain fixed. Figure 4.7(a) shows simulated CI- concentration
profiles within a neat-OPC concrete as a function of distance, x, from the exposed surface. As
expected, CI- concentrations rise dramatically through the depth of the concrete over time. The
corresponding CI/OH-" ratio at various depths in the cover-zone typical for bridge-decks is shown
in Figure 4.7(b). It is seen that CI'/OH" ratios exceed 0.6 within 30 years; i.e., which would assure
corrosion initiation and its progression. Conservatively, the service life of the bridge-deck is
defined by the time interval prior to corrosion initiation (tinit); i.e., the period in which CI'/OH™ <
0.6. For an OPC cover depth xr = 0.050 m, that is typical for bridge decks, corrosion is expected
to initiate for tinit= 6.4 years. Obviously, increasing the cover depth above steel reinforcement (xr)
to 0.075 m or 0.100 m delays tinit to 14.6 years or 25.5 years, respectively. Figure 4.7(c) displays
tinit @s a function of x, within an OPC concrete bridge-deck. The influence of CI- binding within
the OPC concrete is significant, as a result of which tinit approximately doubles for x, > 0.025 m.
While increasing the cover depth does delay the onset of corrosion, this is often considered as an

inefficient and cost-prohibitive mitigation approach.
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Figure 4.7: (a) The simulated CI" concentration profiles within the OPC concrete, and, (b) The
CI/OH' ratio within an OPC concrete as a function of time for different cover depths. The
dashed line indicates the critical CI/OH" ratio at which steel corrosion initiates. (c) The
calculated time to corrosion initiation (tinit) as a function of the reinforcement cover depth xr.

Second, a scenario was simulated wherein the top 0.025 m of OPC concrete was replaced with a
plain CAC mortar top-layer. Figure 4.8(a) displays CI- concentration profiles for such a bridge-
deck, wherein the mortar (CAC + 0 % CN) contains a quartz inclusion volume fraction, ¢q= 0.50.
In this case, the combined effects of lower ionic diffusivity (= % that of OPC concrete) and
enhanced CI” binding of the CAC top-layer retard CI" ingress relative to the OPC concrete (i.e., by
increasing tinit from 6.4 years to 28.5 years). To highlight these effects on tinit, detailed simulations
were carried out while assuming: (i) the CI™ binding capacity of the CAC paste to be similar to the
OPC system (Bindiop = Bindbui), and, (ii) the ion-diffusivity of the CAC mortar is equivalent to
that of the OPC concrete (Dtop = Douik). The resulting CI/OH- ratios are displayed in Figure 4.8(b)
for a fixed cover depth, x, = 0.050 m. The reduced ionic diffusivity of the CAC mortar is identified
as the primary cause of an increased time to corrosion initiation, as tinit = 18.4 years solely on the
account of retarded ion diffusion (case i, Bindip = Bindbui), While tinit = 9.1 years when only an
increase in CI binding capacity is considered (case ii, Diwp = Douk). Nevertheless, the effects of

enhanced CI" binding are significant. When the effects of enhanced binding are negated (i.e., by
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setting Bindiop = Bindsuik), Cl” concentrations in solution are greater as compared to when enhanced
binding and reduced diffusivity function in tandem. This clearly indicates the potential benefits of

enhanced CI binding in increasing service life.

To further compare the efficacy of CAC top-layers in corrosion mitigation, a corrosion delay factor
(dr) was defined as dr = tinit(CAC)/tinit(OPC concrete). Figure 4.8(c) displays the corrosion delay
factor as a function of the reinforcement cover depth in the 0 % CN CAC case. In each case, the
corrosion delay factor shows a maximum for 0.01 m < X < 0.03 m, illustrating an optimal efficacy
of the CAC top-layer thickness relative to the depth of reinforcing steel. Maximum delay factors
range from 2.9 to 13.9, depending on the parameters imposed. It should be noted that the tinit values
presented herein represent a “worst-case scenario”, as the present modeling approach induced a
more rapid reduction in pore solution pH than would be expected in a (real) system, which offers
a pH buffer ensured by the presence of the solid hydrates. The effect of solid pH buffering on
service life predictions was examined by constructing a “best-case” scenario, wherein the OH"
concentration remains fixed due to progressive solid hydrate dissolution as seawater intrusion
occurs. It was found that maintaining a fixed OH" concentration does indeed significantly (and
artificially) extend the predicted service lifetime from tinit = 6.5 years (worst-case) to tinit = 13.5
years (best-case). However, the corrosion delay factor is very weakly influenced by considering
pH buffering (e.g., for CAC + 0% CN, dr = 4.5 (worst-case) versus 4.7 (best-case)). Additionally,
it should be noted that these outcomes are broadly independent of the (assumed) critical CI"/OH"
ratio at which corrosion initiates, as the critical CI"/OH" ratio influences the magnitude of tinit, but
only weakly affects d. Therefore, despite the limitations of the simulation approach (i.e., lack of

consideration of a solid-buffer, and assuming a single value for the critical CI"/OH" ratio), since
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the simulation predictions are conservative and self-consistent, they offer a suitable means to

highlight the beneficial effects of CI binding and NOs" release on delaying corrosion processes.
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Figure 4.8: (a) The simulated CI” concentration profiles within an OPC concrete topped with a
0 mass % CN CAC top-layer (¢q = 0.50, xc=0.025 m) after 15 years of exposure to seawater.
The dashed lines show scenarios wherein a CI” binding isotherm equal to that of the OPC paste
was assumed in the CAC top-layer (Bindwp = Bindbuik), or, wherein the CAC top-layer and the
OPC concrete are assumed to have similar ionic diffusivities (Dtop = Dpui). (b) The CI/TOH"
ratio as a function of time at a cover depth xr = 0.050 m. The horizontal dashed line in (b)
indicates the critical CI/OH" ratio when steel corrosion initiates. (c) The corrosion delay factor
(dr) produced by replacement of the OPC concrete with a 0 mass % CN CAC top-layer, as a
function of reinforcement cover depth x;.

The effects of CN additions to CACs were also investigated. Figure 4.9(a) shows calculated CI
/OH- ratios at xr = 0.050 m when an OPC-concrete is topped with a CAC top-layer dosed with 30
mass % CN. The coupled effects of (very slightly) reduced ion-diffusion and substantially
enhanced CI" binding dramatically hinders CI" transport in comparison to OPC concrete. In fact,
the 30 % CN composition shows a greater delay efficacy than the 0 % CN composition, despite
the fact that its ionic diffusivity is 3x higher. This indicates that the benefits of amplified CI
binding capacity of the 30 % CN system far outweighs its increased diffusivity. Unlike the 0 mass
% CN case, in which the ion-diffusivity reduction plays a prominent role, enhanced CI" capture

and the associated NO3™ exchange are observed to be the dominant mechanisms of corrosion delay.
117



Due to the similarity of the diffusivity within the CAC mortar and OPC concrete, when CI” binding
within the CAC top-layer is equated to that of OPC (Figure 4.9a, Bindiop = Bindbuik); CI™ ingress is
only slightly reduced, resulting in a predicted time to corrosion of tinit = 8.9 years at a cover depth
Xr = 0.050 m (i.e., when CI/OH" < 0.60). However, due to the high initial NOs™ concentration in

the pore solution, and NO3™ exchange enabled by the NO3z-AFm, the time to corrosion is expected

to be extended.
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Figure 4.9: (a) The CI'/OH  ratio, and, (b) The CI'/NOs" ratio within OPC concrete topped
with a 30 mass % CN CAC top-layer (¢q = 0.50, xc=0.025 m) as a function of time for a cover
depth xr = 0.050 m. The horizontal dashed lines in (a) and (b) indicate the critical CI/OH" and
CI'/NOs  ratios for the initiation of steel corrosion or inability for the re-passivation of steel by

NOs". (c) The corrosion delay factor (ds) produced by replacing OPC concrete with a 30 mass

% CN CAC top-layer, as a function of reinforcement cover depth X;.

For clarity, Figure 4.9(b) displays the relevant CI"/NO3z" ratios as a function of time. When both
ionic diffusivity and binding effects are considered, the presence of NO3s™ in the pore solution
extends tinit to 50.2 years (i.e., when CI/NO3z™ > 0.25). But, when CI binding is equivalent to the
OPC system (i.e., Bindwp = Bindou), CI/NO3 quickly exceeds the critical passivation ratio
resulting in corrosion initiation. In this case, the presence of NOs™ does not improve service life,

as the time period when CI'/NO3z™ < 0.25 is less than that at which CI/OH™ < 0.6. These findings
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are supported by the significant increase in the corrosion delay factor (d, e.g., see Figure 4.9c)
which exceeds 65 due to the combined effects of reduced diffusivity and enhanced ACE, as

compared to only 3 when the effects of enhanced ACE are neglected.

4.5.2 Parametric study

To deconvolute the effects of enhanced CI™ binding, reduced ionic diffusivity, and of NO3 release
(i.e., simultaneous anion capture and exchange) on the time to corrosion initiation, a parametric
study was carried out. The simulations considered CAC top-layers with 0 %, 10 %, and 30 % by
mass CN, with binding isotherms corresponding to Figure 3; but with an ionic diffusivity equal to
that of the OPC concrete. Figure 4.10(a) displays the corrosion delay factor (df) that is predicted
for these conditions as a function of the fraction of cover depth composed of CAC (X¢/xr); for a
cover depth xr = 0.050 m. To set the performance of the baseline scenario, the time to steel

corrosion initiation for the OPC concrete system is determined to be 6.4 years.

For all CAC compositions, increasing the CAC layer thickness increases the time to steel corrosion
initiation, resulting in corrosion delay factors > 1. For example, when 0.050 m of OPC cover is
replaced by a 0 mass % CN CAC mortar top-layer, the time to corrosion initiation doubles. As the
CN dosage increases, the provision of CAC top-layers increasingly extends the time to steel
corrosion initiation. This is largely due to the release of the NO3™ ions via ACE ensuring that the
CI/NOs < 0.25. To carefully illustrate the benefits of NO3™ release in the CAC + 10 mass % CN
top-layer, the NO3™ reaction rate (i.e., vnoz, Equation 4.8) was set to zero. In this case, due to the

insufficient concentration of free NO3™ in the pore solution, the service life predicted by the CI°
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/OH" ratio exceeds that predicted by the critical CI'/NOz™ ratio. However, due to enhanced CI°
binding, the time to achieve the critical CI/OH" ratio (Figure 4.10) is significantly extended
relative to the OPC concrete. Despite the similarity between their ClI™ binding isotherms, the CAC
+ 10 mass % CN top-layer demonstrates larger delay factors than the 0 mass % CN CAC mortar
top-layer. This can be attributed to the lower porosity and the higher solid content in the CAC +
10 mass % CN system, which increases the amount of CAC paste available for CI- capture from
the pore solution (Figure 4.1). While the effects of enhanced CI- capture in this system are

substantial, the corrosion delay factor is only one-half of that when ACE (NOs" release) is

considered.
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Figure 4.10: The corrosion delay factor relative to OPC concrete as a function of: (a) The
fractional thickness of the CAC top-layer (xc/x), and (b) The surface CI- concentration (C5c),
for a reinforcement cover depth xr = 0.050 m.

To examine the benefits of ACE over a wider range of surface CI” concentrations, i.e., beyond just
seawater exposure, a broader set of simulations were carried out. Here, electroneutrality in the
solution at the surface was maintained by modifying the Na* concentration concurrently with that

of CI" (i.e., assuming NaCl as the CI" source) — and the thickness of the CAC top-layer was fixed
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at 0.025 m, while the total cover depth was 0.050 m. Once again, the effects of CI- binding and
NOs™ release were separated from that of ion-transport (i.e., diffusion) by setting the diffusion
coefficient of the CAC layers equivalent to that of the bulk OPC concrete. The resulting corrosion
delay factor is shown as a function of the surface CI- concentration (CSci); from 0.1 mol/L to 5
mol/L (Figure 4.10b). These concentrations span conditions from seawater, to exposure to deicing
salts, or standing seawater that is concentrated by evaporation. When surface CI- concentrations
rise beyond a limiting concentration, steel corrosion initiates very rapidly independent of the cover
layer composition. In the 0 mass % CN CAC mortar, the corrosion delay factor diminishes to <1
at large surface CI” concentrations indicating performance inferior to the OPC concrete. This is
due to the reduced OH" concentration within the CAC pore solution and the high exterior CI

concentration overwhelming the binding capacity of the system.

Similarly, CN-dosed systems demonstrate a maximum corrosion delay factor for CI" concentration
on the order of 0.5-to-1 mol/L, with a slight decrease as C5¢ is increased. However, even at 5 mol
CI'/L, representative of exposure to concentrated seawater, 623 the 30 % CN CAC layer delays
corrosion by 6.7 times relative to OPC concrete. In this case, NO3 release due to ACE is revealed
to be the critical parameter in delaying corrosion. When NO3" release is not considered in the 10
mass % CN CAC top-layer, the corrosion delay factor is halved, thus approaching that of the OPC
concrete at high CI" concentrations. This suggests that the provision of coatings capable of ACE is
an efficient approach to — under suitable exposure conditions — more than double the service life
of concrete infrastructure. It should be noted, however, that the conclusions of this study are
applicable to uncracked concrete, or concrete in which a surface penetrating crack does not

intersect or approach the steel reinforcement. However, due to the rapid kinetics of CI” uptake in
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CAC systems,?? ACE binding is expected to exert beneficial effects even when the cover is
cracked. Depending on the Cl™ exposure conditions, the ACE capacity of the CAC mortar top-
layers is estimated to reach saturation within 10 years to 20 years. However, “mill-and-fill”
operations could be used to periodically replace these layers, re-enhancing the ACE capacity of
such top-layers. These outcomes suggest new routes to mitigate steel corrosion in concrete

infrastructure.
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4.6 Summary and conclusions

Cl-induced corrosion of steel embedded in reinforced concrete is a major cause of premature
degradation of concrete infrastructure. AFm phases present in cementitious systems are able to
sequester and release anions in relation to their thermodynamic preference for interlayer site
occupation.’3+18 This bestows AFm compounds with an ability for anion capture and exchange
(ACE); a novel route to mitigate CI penetration and resulting corrosion. Indeed, CAC formulations
dosed with CN are shown to be capable of sequestering CI species, while releasing corrosion
inhibiting NO3™ species.' Precise input data of CI- binding and NOs™ exchange, and ion-diffusion
rates are input into a multi-species Nernst-Planck model to quantitatively describe the evolutions
of CI/OH"and CI"/NOs ratios in the pore solution. It is noted that across all potential combinations
of diffusion coefficients, the effects of Cl" binding and NOz™ exchange are crucial in delaying the
onset of steel corrosion — thereby enhancing service life. As an example, in the case of seawater
exposure, the provision of CAC + CN-based top-layers is estimated to increase the service life (or
conversely delay the onset of steel corrosion) by a factor ranging between 5 < dr < 10, where df is
the delay factor (unitless). These outcomes are independent of the threshold values selected for
corrosion risk indicators — i.e., commonly taken as CI/OH > 0.6 and CI/NO3” < 0.25 — as, in
general, ACE is beneficial in delaying, or preventing the onset of steel reinforcement corrosion.
The outcomes make a case for the use of functional ACE coatings that act as more than just a
physical barrier (e.g., a sealer, or a high-performance concrete topping that only reduces ion-
diffusion rates)?®2%° as an innovative means to mitigate steel corrosion related degradation of

concrete infrastructure.
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Chapter 5. Understanding CO2 mineralization kinetics and conversion limits of alkaline solid

particulates and composites

5.1 Introduction and background

Inorganic alkaline materials that undergo CO2> mineralization (carbonation) reactions have been
envisioned as a greener alternative for portland cement in concrete,?40-246 which accounts for
nearly 9 % of yearly global CO2 emissions.?4-24¢ |n contact with water, Ca/Mg-bearing reactants
dissolve, releasing Ca/Mg species that react with CO> to precipitate carbonate minerals (e.g.,
CaCO03).2*° The cementation that results from carbonate mineral precipitation enables fabrication
of concrete components such as blocks, beams and slabs —i.e., monolithic bodies with length scales
on the order of 0.01 - 1.0 m — that fulfill construction performance requirements.?>° Importantly,
CO2 mineralization is not poisoned by the presence of acid gas impurities (e.g., SOx and NOy), and
may therefore exploit various post-combustion (flue) gas streams (with CO2 concentration [CO]

~ 4 - 30 mol %) for direct CO2 conversion/utilization.?>!

Carbonation of minerals in contact with flue gases is thermodynamically favored at near-ambient
temperatures. However, achieving sufficiently rapid reaction Kinetics within cementing
components without prohibitively expensive gas conditioning (i.e., CO2 capture/enrichment and
pressurization) has remained a foundational challenge. This difficulty results in part from
insufficient understanding of how temperature T, relative humidity RH, and CO, concentration
[CO2] influence the carbonation reactions of Ca-bearing reactants at both the particulate and

component scales. For example, although RH is known to impact the achievable carbonation extent
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(i.e., the final conversion Xr) of portlandite particulates,?>2%>3 influential parameters limiting
reactant carbonation within cementing composite monoliths (i.e., shape-stabilized mixtures of
reactants, water, and inert mineral fillers) have not been thoroughly described. The conversion
limits and carbonation kinetics of cementing composites may be impacted by CO2 transport
(diffusion) limitations through interparticle pore networks, to a degree dependent on component’s
length scale and vapor diffusivity.?*> Such transport limitations may also alter the sensitivity of
carbonation kinetics to CO, concentration and temperature, which are critical control parameters

for CO2 mineralization processes.

Through detailed experimentation, this study aims to improve understanding of the influences of
processing conditions on CO> mineralization reactions within cementing composites. The
conversion limits and carbonation kinetics of alkaline solid reactants — in both the particulate and
component scale — are described in relation to RH, T, and [CO-]. Incorporation of reactants into
monolithic components is found to impose additional conversion limits resulting from the
occlusion of reactant surfaces and transport limitations through pore networks. The apparent
carbonation rate constants of reactant particulates and components are quantified in relation to
their surface area-to-volume ratio (SA/V, mm). The carbonation kinetics of monoliths are strongly
linked to the degree of pore saturation with water, which delays the initiation of carbonation to an
extent dependent upon the rate of moisture diffusion. Taken together, these findings inform the
design of processing routes to promote rapid CO> mineralization within monolithic cementing
components. Information of this nature is critical to enable the manufacture of low-carbon concrete
products strengthened by cementation agents that mineralize CO2 from flue gases, while retaining

fabrication cycles typical of pre-fabricated concrete products (e.g., = 24 h curing).
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5.2 Materials and methods

5.2.1 Materials and specimen preparation

Three particulate reactants were used for carbonation experiments: (i) a commercially available
portlandite (Ca(OH)2) powder (Mississippi Lime Co.), with a purity of 94.8 £ 0.5 mass %
determined by thermogravimetric analysis (TGA), and a balance of CaCOs, (ii) a calcium-rich coal
fly ash (FA; Class C, mcao = 28.01 mass % via X-ray fluorescence (XRF)), and (iii) a calcium-
poor fly ash (Class F, mcao = 4.02 mass % via XRF).2>* The theoretical carbonation potentials of
portlandite, calcium-rich FA, and calcium-poor FA were 0.56 gco2/gr, 0.29 gco2/gr, and 0.054
gco2/gr, respectively, based on their purity/oxide compositions.2>> Their densities (p) were 2340
kg/m?, 2720 kg/m?, and 2380 kg/m® (Accupyc Il 1340, Micromeritics), respectively. An ASTM
C778° compliant graded quartz sand (p = 2650 kg/m®) was used as an inert inclusion (i.e., fine

aggregate).

Carbonate binder composites featuring equivalent volume fractions of inclusion and binder
(reactants) (Vi/Vb = 1) were formulated on a mass basis using the component densities. Composites
with initial saturation Sw,j ranging from 0 (dry) to 1 (fully saturated) were formed by adjusting the
water-to-binder volume ratio Vw/Vp. The composite mixtures were homogenized by hand mixing
and loaded into a cylindrical steel pellet mold with a 51 mm diameter. The composite pellets were
dry-cast (i.e., compacted to exhibit shape stability) via hydraulic press, which applied 2 MPa

compaction pressure. The resulting pellets had a relative density (on/ps, the ratio of bulk density to
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skeletal density) of = 0.60. The pellet thickness was varied from 4.5 mm to 18 mm by altering the

quantity of material loaded into the mold.

5.2.2 Carbonation reactor and operating procedure

A custom-built reactor system was used to expose powder reactants and composite pellets to CO;
streams with varying temperature T, relative humidity RH, and CO. concentration [CO2].
Parallelized cylindrical reactors with an internal diameter of 100 mm and a length of 150 mm were
housed in a digitally-controlled oven (Quincy Lab, Inc.) for temperature control. Relative humidity
(RH) and temperature (T) were monitored within each reactor (HX71V-A, Omega; Type T
thermocouples, respectively) with a data acquisition system (cDAQ-9178, National Instruments;
LabVIEW 2014). Dry gas mixtures with varying [CO2] were prepared by mixing air and CO- at
prescribed flow rates using mass flow controllers (Alicat), providing an inlet flow rate of 2 slpm
per reactor. The dry gas mixtures were humidified by bubbling through gas washing bottles
containing deionized water, which were housed in a separate oven to achieve the desired RH.
Twelve samples of each particulate reactant (0.5 g each) were loaded into cylindrical sample cells
(10 mm diameter) within the reactors. After loading, the particulate specimens were equilibrated
for 30 min to T and RH setpoints using air, during which negligible carbonation was observed,
before initiating CO> flow. The dry-cast composite pellets were loaded into the reactors supported
by flat plates, with the bottom surface obscured to ensure dominantly one-dimensional CO>
transport from the top surface. Following 1, 3, 7, and 24 hours of CO> exposure, samples were

extracted for characterization. Triplicate powder samples distributed across the reactor length were
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taken at each time-point. Powder samples were extracted through the thickness of the composite

pellets using a drill press with a 4.76 mm diameter masonry bit.

5.2.3 Material characterization

Thermogravimetric analysis (TGA; STA 6000, Perkin Elmer) was used to assess the extent of
carbonation reactions (i.e., conversion level, X) in the powder reactants and composites. Around
50 mg of powder was heated from 35 °C to 975 °C at 15 °C/min in an aluminum oxide crucible,
under a 20 mL/min ultra-high purity N2 purge. The CO content of the solid was quantified by
assessing the mass loss associated with CaCO3z decomposition over the temperature range of
550 °C to 900 °C, normalized by the mass of dry solids, i.e., excluding the evaporable water which
was lost during heating to 120 °C. The conversion X was calculated as the fraction of the theoretical

carbonation potential achieved, accounting for reactant purity and the initial carbonate content.

A Bruker-D8 Advance diffractometer using Cu-Ka radiation (A = 1.54 A) was used to collect X-
ray diffraction (XRD) patterns of the reactant powders. Scans were performed in a 6-6
configuration from 5° to 70° 26, in continuous mode, with an integrated step scan of 0.021°. A
VANTEC-1 detector was used with a fixed divergence slit of 1.00°. The surfaces of the powder

samples were slightly textured and a rotating sample stage was used.

The surface morphology of the pristine and carbonated particulates was examined using a field

emission-scanning electron microscope (FEI NanoSEM 230). Secondary electron imaging was

performed in high-vacuum mode, with a spot size 4.0 and an accelerating voltage of 10 kV. The

128



powder samples were attached to sample stubs using double-sided conductive carbon tape, and

gold-coated to facilitate charge dissipation.
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5.3 Results and discussion

5.3.1 Carbonation conversion limits of particulates and monoliths

The time-dependent conversion profiles X(t) of three alkaline solid particulates: portlandite,
calcium-rich fly ash, and calcium-poor fly ash (FA), were evaluated in contact with gas streams of
varying [COz], T, and RH (Figure 5.1a). A kinetics model of the form X (t) = (X; - t)/(Xs/k + t)
[Eq. 5.1],2°¢ where X is the final conversion level (fraction) and k is the apparent rate constant of
carbonation (s1), was fitted to the conversion data by plotting the 1/X against 1/t (Figure 5.1a
inset).2>® This relation adequately described the shape of the observed X(t) profiles, including the
incomplete final conversion (i.e., Xt < 1).2572%8 The final conversion of each reactant increased
with RH (Figure 5.1b) in a sigmoidal manner, e.g., following X;(RH) = a;/[a, + exp(—as; -
RH)] [Eq. 5.2], where a1, a2, and az are fitting constants. Both FA remained effectively unreacted
below a threshold RH =~ 60 %, above which X increased, but remained substantially below the
carbonation potential. Temperature and CO> concentration had negligible influence on X: at all
RH. The poor conversion is attributed to limited FA dissolution in the absence of liquid water, as
X¢ > 0.3 may be realized when reaction conditions favor dissolution, e.g., direct aqueous
carbonation or carbonation of pastes (i.e., FA-water mixtures with water-to-solids mass ratios >
0.2).2°° Therefore, the low FA conversion limits herein likely indicate kinetic limitations resulting
from the Ilimited experimental timescale, rather than those associated with reaction
thermodynamics or physical barriers formed by reaction products. Nevertheless, adsorbed water
alone is insufficient to promote significant carbonation of FA particulates within the evaluated

conditions.
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Figure 5.1: (a) Representative time-dependent traces of portlandite particulate conversion X
(i.e., the fraction of the maximum stoichiometric CO, uptake)?*>> during CO2 exposure at T =
65 °C, [CO2] = 5 % and varying relative humidity (RH). Best-fit curves of the form given by
Eqg. 5.1 are shown.2>® Error bars representing the standard deviation of triplicate samples are
within the data points. The figure inset shows fitting of 1/X vs. 1000/t for each curve. (b) The
final conversion X of each reactant follows a sigmoidal relationship that increases with RH
and is independent of T and [CO2]. (c) SEM images (field width = 5 pm) and XRD patterns
(using Cu-Ka) of portlandite particulates after 24 h CO2 exposure at T = 65 °C and [CO2] =5
% at different RH. The principle diffraction peaks of aragonite (A), vaterite (V), calcite (C)
and portlandite (P) are indicated.!3” “Pristine” corresponds to the non-carbonated reactant.

Contrastingly, the conversion limits of portlandite particulates increased strongly with the RH of
the contacting gas stream, from a plateau of Xs~ 0.1 for RH < 20 %, to nearly complete conversion
for water-saturated gas (RH = 100 %). The limiting X: in dry CO2 mixtures was indicative of
surface passivation induced by direct gas-solid carbonation.?>3> As RH was increased, the adsorbed
water on particulate surfaces promoted a non-passivating dissolution-precipitation reaction
pathway. Similar trends have been previously observed, albeit with lower magnitudes of Xt at a

given RH.%2253 These differences may be attributed to the finer size gradation of portlandite
particles utilized herein (i.e., median diameter dso = 3.8 pum vs. 30 - 89 um),2>%253 as the higher

surface area-to-volume ratio of fine particulates lessens the degree of surface passivation induced

by a given quantity of reaction products. As with FA particulates, changes to [CO>] and T had no
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discernable effect on X: at a given RH within the studied ranges (5 % < [CO2] <65 % and 35 °C <
T <80 °C), suggesting that thermodynamic conversion limitations are insignificant to portlandite
carbonation within conditions relevant to direct flue gas exposure, i.e., sub-boiling temperature
and super-atmospheric CO. concentration. Although related to surface passivation by reaction
products, the changing conversion limit of portlandite carbonation was not induced by alterations
to the reaction products. XRD and SEM characterization revealed that calcite was the sole
(crystalline) product regardless of RH (Figure 5.1¢), T, and [CO2], as the conditions utilized herein
favored high calcite supersaturation.?*® These findings establish that RH robustly indicates the
conversion limits of common alkaline solid particulates — which scale with the availability of

calcium therein — regardless of T and [CO2] within flue gas relevant conditions.
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Figure 5.2: (a) Conversion-time curves of dry-cast portlandite composite monoliths with zero
initial saturation (Sw,i = 0) and varying thicknesses (L), in contacts with a gas stream of RH =
80 %, [CO2] =12 % at T = 65 °C. The conversion profile for portlandite particulates under
similar conditions are shown as a reference. (b) Conversion-time curves of initially saturated
(Sw,i = 1) dry-cast portlandite monoliths (L = 18 mm) during exposure to gas streams of
varying RH, at [CO2] =12 % at T = 65 °C. Curve fits are of the form of Eq. 5.3. (c) The 24 h
conversion X4 of portlandite monolith specimens with varying L and Sw,; as a function of RH.
CO2 exposure used gas streams with [CO2] =12 % at T = 65 °C. The observed trend X; (RH)
for portlandite particulates (solid gray curve) and the average portlandite conversion at RH =
80 % (dashed gray line) are also shown. The dashed line for monoliths with Sy, = 1 is a guide
for the eye.
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The carbonation of monolithic portlandite composites was assessed to elucidate scaling effects on
carbonation conversion limits — i.e., as reactant length increased from the particulate (~ um) to
component (~ cm) scale. Monolithic components feature reactant particulates, inert quartz sand
(filler), and pore networks that may be partially saturated with water, which influences carbonation
behavior. For example, dry portlandite monoliths, i.e., with initial pore water saturation Sy, = 0,
reacted readily (Figure 5.2a), but featured lower conversion levels than portlandite particulates
(Figure 5.2c). This reduction signals that incorporation of portlandite into monolithic components
induces additional conversion limitations beyond that which is intrinsic to particulate carbonation,
which may include (i) occlusion of reactant surfaces within the compacted monoliths, (ii) blocking
of pores by water that was adsorbed from the humid gas stream or released by the carbonation
reaction, or (iii) space-filling/pore blocking by reaction products. The monoliths with the greatest
thickness L unexpectedly demonstrated an increased final conversion level compared to those with
smaller thicknesses, despite their slower carbonation rate. This phenomenon may indicate a
dependence of monolith conversion limits upon the rate of carbonation therein. In contrast, initially
saturated monoliths (Sw,i = 1) demonstrated a time delay tq before the onset of carbonation (Figure
5.2b). The relation X(t) = (X; - (t —tq)) /(X¢/k + (t — t4)) [Eq. 5.3] was therefore used to
estimate the final conversion of monoliths with Syi > 0. The final conversion of saturated
monoliths exceeded 0.7 for RH < 50 % and dropped to nearly zero at RH = 80 % (Figure 5.2c),
revealing a conversion limitation imposed by the vanishingly slow diffusion of CO2 through water-
saturated pores (i.e., 10* x slower than in in air). At RH < 50 %, drying extracted sufficient pore
water to enhance vapor phase diffusion while provisioning internally higher RH during early CO>

exposure, which increased Xr beyond that of particulates at equivalent RH. These findings highlight
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the influences of relative humidity and pore saturation on the conversion limits of portlandite

monoliths.

5.3.2 Carbonation kinetics of particulates and monoliths

The influences of processing conditions on carbonation kinetics were subsequently investigated,
with a primary focus on contacting gas streams featuring RH ~ 80 %, as (i) comparison of rate
constants curves with varying Xg is not straightforward, and (ii) differences between conversion-
time curves are more distinguishable when Xs is near 1. The carbonation kinetics of portlandite
particulates featured a negligible dependence on CO, concentration within the studied range
(ICO2] =5 % to 65 %), as the inverse conversion-time profiles at varying [CO2] were effectively
described by linear fits with a single slope (m = 1/k) (Figure 5.3a). Therefore, within conditions
of sufficient gas flow and mixing, the carbonation kinetics of portlandite particulates may not be
significantly accelerated by increasing the CO2 concentration of the contacting flue gas stream,
e.g., by membrane enrichment. For gases with [CO2] = 5 %, the reaction rate constant was smaller
at early reaction times, i.e., described by bi-linear curves with ko > ki, regardless of reaction
temperature (Figure 5.3b). This increase in reaction rate constant was therefore attributed to the
delayed attainment of the concentration set-point within the reactor system — an artifact of the
imperfect gas mixing in the reactor volume. Despite this observation, both regimes demonstrated
near-equivalent temperature dependence, i.e., with activation energy Ea = 12 + 2 kJ/mol revealed
by Arrhenius analysis (Figure 5.3b inset). For gas streams with greater CO, concentration (e.g., 65
%), the inverse conversion-time trends were again bi-linear, but with ki > ko> (Figure 5.3c). This

decrease in reaction rate constant may be expected due to the increased surface coverage of
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reactants with carbonation products. Arrhenius analysis for [CO2] = 65 % revealed that initial
carbonation (k1) was effectively temperature insensitive (Ea = 3 kJ/mol), while the second regime
(k2) was more strongly temperature dependent (Ea = 22 kJ/mol). These results imply that the use
of heating to accelerate reaction kinetics is more effective within the secondary reaction regime,

and for gas streams with elevated CO> concentration.

1.0 PR N I N 6 ! I ! I ! 6 ! I ! I
| Portlandite particulates ol 1 - Particulates | | Particulates
[CO,1=5%
RH=80% [ 57
Ak 8 o
[CO,] [ 4 P .. — 4 T (°C) —
(%) L x 1~ L L X |-10 @35
; - 29 1000/T 3.3 .° = 2.9 1000/T 33 4 59
- a2 [ 3- S (K" Ae5 [

~
1
~

G ]1CO,1=65%
> RH=80% [

o

(-]

|

=
[

T

[3,}
L
2 In(k)
v

1

v
! >

In (k)

g
o
|

o
»
|
1/ X

[

T 025 | 1 N I 1 K er
r)— @65 2 k$k’;"// = 2 %,1,.»;:;_,2 =
I ! I !
0.1 0.2

Reactant Conversion, X
o
[
|

0

| 0 1000/t 0.3 | B
(s) &

00— T 1 . | 1]

T
0 5 10 15 20 25 0.0 0.1 0.2 0.3 0.0 . .
CO, Exposure Time, t (h) 1000/t (s™) 1000/t (s™)

(@) (b) (c)

Figure 5.3: (a) Conversion-time profiles of portlandite particulates during CO> exposure to
gas streams of varying COz concentration [CO.] at T = 65 °C and RH = 80 %. The figure inset
shows linearized (inverse) conversion curves used to fit Eq. 5.1 to the experimental conversion
data. (b and c) Inverse conversion-time curves representing portlandite particulate carbonation
and varying T for RH = 80 % and [CO2] = 5 % and 65 %, respectively. The figure insets show

Arrhenius plots of the apparent carbonation rate constants k (s*) against the inverse
temperature, which reveal the activation energy of portlandite particulate carbonation.
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Dry portlandite monoliths (Sw,i = 0) carbonated at RH = 80 % similarly demonstrated bi-linear
inverse conversion-time profiles with ko > ki (Figure 5.4a). In the smaller monoliths, the
conversion increased with rate constant ki, until reaching X = 0.5, at which point, conversion
followed a rate constant ko similar to that of particulate carbonation (red horizontal lines in Figure
5.4a inset). Smaller monoliths (L = 4.5 and 9.0 mm) showed this transition within =~ 3 h CO
exposure, while in the larger monolith, ko was not observed within the CO2 exposure duration. The

mechanism determining this break point is likely related to the requirement of moisture diffusion
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throughout the bulk of the monolith specimen, i.e., to achieve internal equilibration to RH =80 %
that is required to promote conversion to = 0.8. Once this internal RH is met, carbonation proceeds

at a rate similar to that of portlandite particulates.
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Figure 5.4: (a) The inverse conversion-time curves representing carbonation of dry portlandite
monoliths (Sw,i = 0) of varying thickness L at RH = 80 %, [CO2] = 12 %, and T =65 °C. The
figure inset plots the apparent carbonation rate constant k (s™*) from each regime against the
monoliths’ surface area-to-volume ratios (mm™). (b) The time delay to carbonation initiation tg
and the apparent carbonation rate constant k of initially saturated monoliths (Sw, = 1) with
varying thicknesses at RH = 80 %, [CO2] =12 %, and T = 65 °C.

In the case of initially saturated monoliths, however, it is expected that carbonation is limited by
the rate at which internal pore moisture dries out of the specimen by capillary transport and
diffusion. The time delay before carbonation ty was reduced as the RH was dropped, and for
monoliths with greater SA/V (Figure 5.4b). These findings were congruent with an expected
dependence on the rate of drying, which was increased when: (i) the driving force for drying (i.e.,
RH gradient) was greater, and (ii) the monoliths featured larger SA/V. Once carbonation was
initiated, the rate constant k was nearly independent of the external RH but increased with SA/V

(Figure 5.4b). Increasing temperature may alter these relations, as it would accelerate both drying
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(moisture diffusion) and portlandite carbonation, but with different activation energies. Further,
while [CO2] minimally influenced the conversion limits and Kinetics of portlandite particulates, it
may be more strongly influential in the carbonation of portlandite monoliths, in which CO;

diffusion rates are related to the concentration gradient across the specimen thickness.
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5.4 Summary and conclusions

This paper has elucidated the influences of processing conditions on the CO2 mineralization
(carbonation) reactions of alkaline solids, with special focus on the scaling of reaction conversion
limits and kinetics from the particulate to component length scales. The understanding engendered
herein informs the design of direct CO2 mineralization processes for the production of cementation
agents that may replace CO»-intensive portland cement. The final carbonation conversion of
alkaline solid particulates was found to be controlled solely by the relative humidity RH of the
contacting gas stream (i.e., independent of temperature T and CO> concentration [CO2]), and the
reactant’s calcium availability. At a fixed RH, the carbonation kinetics of portlandite were largely
insensitive to [CO2] (zeroth order) and weakly dependent on temperature (i.e., showing an
activation energy Ea = 3 - 22 kJ/mol). When formed into monolithic components (with length L
on the order of cm), conversion behavior with respect to RH was altered by the imposition of
additional conversion limitations related to the transport kinetics through pore networks and the
occlusion of reactant surface area within the monolith microstructures. The outcomes of this work
may aid in the development and validation of models describing the carbonation of portlandite-
enriched composite monoliths towards the use of flue gas streams to produce low-CO> concrete

components within practical fabrication cycles.
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Chapter 6. How microstructure and pore moisture affect strength gain in portlandite-

enriched composites that mineralize CO2

6.1 Introduction and background

Conventional concrete consists of a mixture of calcium silicate-dominant ordinary portland cement
(OPC; traditional cement), aggregates, water, and chemical/mineral additives. The reaction of
OPC with water (hydration) precipitates calcium silicate hydrate (C-S-H) compounds, which bind
proximate particles together and solidify the mixture.® Such cementation resulting from OPC
hydration strengthens concrete over time.?%® Due to the significant impact of OPC production on
global CO; emissions [N.B.: Nearly 9 % of global CO, emissions are attributed to OPC
production], there is a pressing need to innovate new cementation solutions with a greatly reduced

embodied CO intensity.2°%262

Cementation ensured by in situ carbonation is a promising alternative approach that relies upon
the reaction of CO_ with alkaline inorganic precursors to precipitate carbonate solids.?*%-242 In this
method based on the utilization of CO> waste streams, a shape-stabilized green body (e.g., block,
slab, beam) is exposed to CO», e.g., in the gas, liquid, or supercritical states. Here, green bodies
may be produced by either wet-casting (wherein a slurry is poured into a mold until it is self-
supporting) or dry-casting (in which components having very low water contents are mechanically
compacted until they are self-supporting). In situ CO2 mineralization then proceeds via a
dissolution-precipitation pathway,?* entailing the following steps for calcium-bearing reactants:

e The dissolution of the reactants releases Ca?* species within the pore liquid,
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e The dissolution and transport of CO: (i.e., as a gas/vapor or dissolved carbonate ions)
occurs from the outside environment through the green body’s pore network, and,

e The reaction of dissolved species precipitates carbonate minerals (e.g., CaCO3).
The embodied CO; intensity of the resulting carbonated binder is substantially reduced vis-a-vis
OPC depending on the nature of reactants used.?** This is attributed to: (i) the direct sequestration
of CO; from an emissions stream thereby fulfilling the premise of CO. utilization, and (ii) to the
CO- avoidance associated with the use of alternate binder components including industrial wastes
(e.g., coal fly ash) or alkaline solids that may be produced by a low-temperature pathway, e.g.,

portlandite (Ca(OH)y).24024

In green bodies composed using readily-dissolving reactants such as portlandite, CO, transport
through the body is often the rate limiting step in carbonation.?*2%3 In the absence of pressure
gradients, CO> transport occurs by diffusion, the rate of which is inversely proportional to the
microstructural resistance factor f(Sw, ¢).2%* The microstructural resistance to diffusion increases
as the total porosity, ¢, is reduced and as the volume fraction of pores that are saturated with liquid
water, Sw, is increased.?®® The total porosity of portlandite-enriched composites is a function of
their composition (e.g., water-to-binder mass ratio, aggregate content), method of forming (e.g.,
wet-cast vs. dry-cast, and degree of consolidation), and the extent of hydration and carbonation
reactions that may have occurred. On the other hand, Sw can be controlled by drying before (or
during) CO2 exposure. CO. diffusion is hindered by elevated pore saturation, as diffusion through
water is ~ 10* times slower than in air.2%¢ Thus, reducing Sw will accelerate carbonation kinetics.
However, dramatic reductions in Sy depress the relative humidity, RH, inside the pores, which can

hinder portlandite carbonation.?®? For example, Shih et al.?>® reported that a critical RH of 8 % was
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required to initiate Ca(OH). carbonation. Although the significance of RH has been observed in
the carbonation of particulates, its effect on the carbonation of portlandite-enriched monoliths

remains unclear.

The fabrication of carbonated wet-cast or dry-cast structural concrete components that fulfill
specific performance criteria requires a detailed understanding of the mechanisms of cementation
(strengthening) therein. Although it is known that carbonation, OPC hydration, and pozzolanic
reactions can adhere proximate surfaces and induce reductions in porosity,?®’ the contributions of
these reactions to strength gain, especially in carbonated composites, remain unclear. For example,
during CO2 exposure, these reactions occur concurrently, making it difficult to isolate the
contributions of each reaction to strength. Furthermore, C-S-H precipitation on reactant surfaces
and within pore spaces, prior to carbonation, may limit strengthening by hindering CO> diffusion
and reducing the availability of exposed reactant (portlandite) surfaces.?®® Finally, it is unknown
whether conventional relationships between the extent of hydration and strength hold true during
COz exposure, as processing conditions that may favor carbonation (e.g., decreasing Sw by drying)
may suppress OPC hydration>:?%° and pozzolanic reactions due to the consumption of portlandite.
To address these open questions, this study elucidates the influences of microstructure on the
carbonation kinetics of portlandite-enriched cementing composites (“mortars™). The premise of
using portlandite is straightforward for a multiplicity of reasons including:

Making use of existing facilities: Portlandite can be produced using limestone as a precursor using

existing OPC kilns and features a cost that is essentially similar to OPC,2™
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Lower processing temperature: Portlandite’s production, by the decarbonation of limestone
around 800 °C (at ambient pressure, in air), followed by the hydration of lime requires a processing
temperature that is nearly 700 °C lower than OPC production,?™

Straightforward carbonation: Unlike OPC and the other potential alkaline precursors, the
carbonation of portlandite is slightly, if at all, affected by reaction pressure, temperature and CO>
concentration and proceeds readily under exposure to dilute flue gases (< 15 % COz, v/v);*® i.e.,
so long as a threshold relative humidity (RH) around 8 % is exceeded,?2 and,

Highest CO. uptake: Due to its substantial calcium content per unit mass,?*° portlandite features
the among the highest potential CO, uptake per unit mass (59 mass %) of mineral reactants,?*? and
may be achieved. For example, although Mg(OH): has a higher potential CO> uptake (75 mass %),
it requires greatly elevated temperature and pressure to achieve similar carbonation Kinetics (rates)
as portlandite.?’

Taken together, the findings highlight that portlandite-enriched binders can serve as a viable

functional replacement for OPC-based cementation agents and offer new insights to design

concrete construction components that are cemented via in situ CO2 mineralization.
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6.2 Materials and methods

6.2.1 Materials and sample preparation

Portlandite-enriched binders were composed of: 42 mass % portlandite, 33 mass % ASTM C150-
compliant?’? ordinary portland cement (Type 11/V OPC) and 25 mass % ASTM C618-compliant?’
Class F fly ash (FA). OPC was incorporated to provide green strength and facilitate handling prior
to drying and carbonation, whereas FA served as a source of aluminosilicates to promote
pozzolanic reactions. A portlandite-free reference binder (i.e., 75 mass % OPC and 25 mass % FA)
was also formulated to isolate portlandite’s influences on reactions and strength evolution. The
portlandite (Mississippi Lime) used featured a purity of 94 % * 2 % (by mass) with the remainder
being composed of CaCOz as determined by thermogravimetric analysis (TGA). The median
particle diameters (dso) of portlandite, FA, and OPC were 3.8 um, 8.9 um, and 17.2 pm,
respectively, as determined using static light scattering (SLS; LS13-320, Beckman Coulter).
Further details on the chemical composition and particle size distributions of binder solids are

reported in the Supporting Information (SI).

The binders were combined with ASTM C3327* compliant silica sand (fine aggregate) to form
composites (“mortars”) as described in ASTM C305.2”° Wet-cast composites were formulated at
w/b = 0.45 (w/b = water-to-binder mass ratio) and a/b = 3.5 (a/b = aggregate-to-binder mass ratio).
Dry-cast composites had w/b = 0.25 and a/b = 7.95. The fine aggregate had a density of 2650
kg/m?® and a water absorption®’® of <1.0 mass %. A commercially-available polycarboxylate ether
(PCE) dispersant was added to enhance the fluidity of the wet-cast composites at a dosage of 0.8

% of the binder mass. The wet-cast composites were molded into cylinders (50 mm x 100 mm; d
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x h) and vibrated to remove entrapped air. Dry-cast composites were prepared by compaction
using a hydraulic press to form cylindrical specimens (75 mm x 40 mm; d x h) that featured a
surface area-to-volume ratio (SA/V, mm™) equivalent to the wet-cast specimens. The compaction
pressure was varied between 0.5 MPa and 22.0 MPa to achieve relative densities (p/ps, the ratio of
bulk density to skeletal density) ranging between 0.58-t0-0.88. Dry-cast portlandite composites
with w/b = 0.25 and a/b = 7.95 as well as neat portlandite pellets (10 mm x 8 mm; d x h) with
different water-to-solid (i.e., portlandite) mass ratios between 0 and 0.75 were also formed by

compaction for comparative analyses.

6.2.2 Drying and carbonation processing

The wet-cast composites were cured under sealed conditions for 6 hat T = 22 + 2 °C to achieve
shape stability and a compressive strength oc = 0.5 MPa. The specimens were then either dried to
different initial Sw prior to carbonation or carbonated immediately after forming. In contrast to the
wet-cast composites in which initial Sw was controlled by drying, Sw of the dry-cast composites was
altered by applying different compaction pressures. During drying and carbonation, the cylindrical
specimens were placed in custom-built reactors with an internal diameter of 100 mm and a length
of 150 mm (see schematic in Figure 6.7). The reactors were placed in an oven for temperature
regulation and the flow rate of the inlet gas was controlled by mass-flow controllers. Different
drying conditions were implemented by varying the: (i) air temperature (22 £ 0.5 °C, 45+ 0.5 °C,
and 65 £ 0.5 °C), (ii) air flow rate (0.5 slpm to 40 slpm; standard liters per minute), and, (iii) drying
duration (0 to 12 h). Thereafter, the dried specimens were contacted with simulated flue gas at a

flow rate of 0.5 slpm for up to 60 h at different isothermal temperatures (22 £ 0.5 °C, 45+ 0.5 °C,
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and 65 £ 0.5 °C). The simulated flue gas was prepared by mixing air and CO2 to mimic the exhaust
of a coal power plant.2’” The gas is composed of 12 + 0.2% CO- [v/v] as confirmed using gas

chromatography (GC; F0818, Inficon).

6.2.3 Experimental methods

Time-dependent CO> uptake was quantified using thermogravimetric analysis (TGA: STA 6000,
Perkin Elmer). The values reported are the average CO> uptake of three powdered samples taken
along the height of the cylindrical specimens. Around 30 mg of each powder was placed in pure
aluminum oxide crucibles and heated at a rate of 15 °C/min over a temperature range of 35 °C to
975 °C under UHP-N> gas purge at a flow rate of 20 mL/min. The CO. uptake was quantified by
assessing the mass loss associated with CaCO3z decomposition over the temperature range of
550 °C to 900 °C,?*° normalized by the total mass of solids in the binder (i.e., portlandite, fly ash,
and OPC). The non-evaporable water content (w,, mass %) was calculated as the mass loss over
the temperature range of 105 °C to 975 °C excluding the mass loss from the decomposition of

CaCOs and Ca(OH)2.278,279

The compressive strength of the composites was measured as per ASTM C39.2%° Appropriate
strength correction factors were applied in consideration of the specimens’ length-to-diameter
ratios?® to allow direct comparisons between the dry-cast and wet-cast specimens, which feature

somewhat different geometries.
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The total porosity and pore (moisture) saturation level of the composites before and after
carbonation were quantified using a vacuum saturation method.?®! Cross-sectional disks, 25 mm-
thick were sectioned from the middle of the cylindrical specimens using a low-speed saw.
Isopropanol (IPA) was used as the solvent to arrest hydration. The CO; diffusivity was estimated
from the total moisture diffusion coefficient, Diot (M%), (i.e., the sum of liquid water and water
vapor diffusion coefficients)?®* of the composites prior to CO2 exposure using Fick’s 2" law of

266

diffusion,=*° as elaborated in Section 6.5.3.
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6.3 Results and discussion

6.3.1 Influences of saturation on CO> uptake in portlandite-enriched binders

The carbonation kinetics of wet-cast composites pre-dried to different initial Sw (Figure 6.8) were
evaluated. Figure 6.1(a) displays the time-dependent CO; uptake of each specimen C(t) normalized
by the mass of reactants, i.e., portlandite, fly ash, and OPC. The measured data points were fitted
to an equation of the form C(t) = C(t,)[1 — exp((—kt)/C(t,) )] by least squares regression to
estimate the apparent carbonation rate constant (k, h't), and C(t), the ultimate CO, uptake, where
ty is taken as 60 h. Reducing Sw from 1.00 (complete saturation) to 0.13 for the wet-cast composites
increased both the carbonation rate constant and the ultimate CO; uptake by nearly 10x (Figure
6.1a). The same observation is true for dry-cast composites, demonstrating thenavignificance of
Sw as a controlling variable on carbonation kinetics across different forming methods and
microstructures. But, enhanced levels of CO- uptake were obtained for the dry-cast relative to wet-

cast composites at comparable Sw (Figure 6.1b), as further discussed below.

The carbonation of both the dry-cast and wet-cast composites was nearly fully suppressed when
Sw was reduced below a critical value, Swc =~ 0.10 (Figure 6.1c). Assuming that the water vapor
sorption isotherms of portlandite-enriched binders are functionally similar to those of typical
cementitious binders, Swc = 0.10 corresponds to an internal RH = 10 %.282 These findings broadly
agree with the minimum RHc¢ = 8 % previously suggested to ensure the carbonation of portlandite
particulates at near ambient temperature.?®® Below RHc, carbonation is hindered by the reduced

mobility and availability of water to support the dissolution of portlandite; thus, carbonation is
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expected to occur as a gas-solid reaction.?®>?%% This observation suggests that carbonation
suppression at low Sy results from a shift in the reaction mechanism, which is applicable across
processing and preparation conditions. Therefore, maintaining Sw > Swc IS an important
requirement for the carbonation of portlandite-enriched binders to enhance CO2 uptake and the

carbonation strengthening.
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Figure 6.1: The time-dependent CO> uptake within (a) wet-cast composites and (b) dry-cast
composites at varying initial saturation Sw. The data was fit by an equation of the form c(t) =
C(t)[1 — exp((—kt)/C(t,) )] to estimate the apparent carbonation rate constant k (h™). (c) The
CO- uptake after 60 h CO. exposure C(60 h) as a function of initial saturation Sy for wet-cast
composites, dry-cast composites, and portlandite compacts. In all cases, reducing Sw enhanced
CO; uptake for Sy > 0.10. Carbonation occurred in 12 % CO; [v/v] at 22 °C.

The differences in carbonation kinetics between wet-cast and dry-cast composites are on account
of the composites’ microstructural resistances to CO2 diffusion. Here, the CO> diffusivity was
indirectly estimated by the total moisture diffusivity, which was measured by one-dimensional
drying experiments.?%628% Although the mechanisms by which CO, and moisture (i.e., in the form
of liquid and vapor phases) diffuse through pore networks may somewhat differ, they are
proportional and controlled by the total porosity and saturation level of the pore structure.?®* The
total moisture diffusivities of the composites were estimated at the time immediately prior to the

initiation of carbonation. At equivalent Sw, the dry-cast composites showed a higher moisture
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diffusivity than wet-cast composites, due to their lower degree of OPC hydration (Figure 6.2a).
This reinforces the premise that microstructural resistance controls CO> diffusion and carbonation
reaction Kkinetics. The carbonation rate constant of wet-cast and dry-cast composites at varying Sw
shows a similar logarithmic scaling as a function of the total moisture diffusivity for Sw > 0.13
(Figure 6.2b). It should be noted, however, that the dry-cast composites showed rate constants that
are systematically higher than those of wet-cast composites for equivalent diffusivities. This
difference is postulated to result from the different extents of OPC hydration of the two composites,
as reflected in their non-evaporable water contents (Figure 6.2c). Indeed, the CO> uptake of both
wet-cast and dry-cast composites decreased at a similar rate with increasing non-evaporable water
content. The enhanced carbonation kinetics of the dry-cast composites is therefore consistent with
the elevated accessibility of portlandite surfaces therein, due to such surfaces being less occluded
by C-S-H precipitates which may impose transport barriers to CO2 contact and intrusion. This
indicates that if OPC hydration in wet-cast composites was limited to a degree similar to that of

the dry-cast composites (while ensuring shape stability) they may feature enhanced CO; uptake.
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Figure 6.2: (a) The total moisture diffusivity of dry-cast and wet-cast composites as a function
of their initial saturation Sw. The dashed line is a guide for the eye. (b) The apparent
carbonation rate constant as a function of the total moisture diffusivity across dry-cast and
wet-cast composites. (c) The 60-h CO> uptake as a function of the non-evaporable water
content wn/mopc of dry-cast and wet-cast composites following carbonation. The lower and
upper bounds of wn/morpc in (c) for each data point correspond to valuesatt=0hand t =60 h
of carbonation, respectively. The specimens with initial Sw < Sw, are excluded in (c).

6.3.2 Carbonation strengthening of portlandite-enriched binders

The compressive strengths of the portlandite-enriched composites increased over the course of
CO- exposure due to carbonation and OPC hydration (Figure 6.3a). Notably, despite their lower
extents of OPC hydration (i.e., wn/mopc), the carbonated composites featured strengths equivalent
to or greater than that of a sealed composite, in which OPC was permitted to hydrate without CO>
exposure. Strength slightly increased as the initial Sw was reduced, owing to the increased CO>
uptake (Figure 6.9). However this was so only as long as Sw > Sw,, because, in general, both
carbonation and hydration are suppressed at low RH. The critical pore saturation required to sustain
OPC hydration is substantially higher than that of carbonation reactions. For instance, the
hydration of alite (CasSiOs, the major phase in OPC) is suppressed when the RH drops below 80
%.1512%% The dry-cast composites showed a contrasting trend, whereby strength increased with Sw

(Figure 6.3b). However, this in part an artifact resulting from the reduction in total porosity that
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resulted from the increased levels of compaction that were used to elevate Sw. For example,

analytical analysis of particle packing?®

within the dry-cast composites reveals a 4x reduction in
the interparticle spacing as the relative density increased from 0.67 to 0.88. Not only does this
improve particle-to-particle contacts, but it also permits an effective cohesion in the material by a

smaller quantity of cementing agent (carbonate precipitates).

Unlike carbonated pastes composed only of fly ash,?** the strength-CO. uptake curves of
portlandite-enriched composites with different initial Sw cannot all be fitted by a single linear
relation, i.e., with a shared slope m = Aac/AC; MPa/(gco2/Qreactant) that remains constant over the
course of carbonation (see Figure 6.3). Rather, both wet-cast and dry-cast composites
demonstrated unique bi-linear trends wherein the secondary slope m: (i.e., betweent=6 hand t =
60 h) was steeper than the initial slope mq (i.e., between t = 0 h and t = 6 h); i.e., indicating an
increase in the strength gain per unit CO2 uptake at later ages after the cementing agent first
cohered the solid skeleton together. Interestingly, the later-age slope my increased exponentially
with the changes in the normalized non-evaporable water content A(wn/mopc) during carbonation
and eventually sketched a single curve for both wet-cast and dry cast mixtures (Figure 6.10a). As
such, extrapolation to A(wn/mopc) = 0 (i.e., when the OPC would remain unreacted during CO-
exposure) yields a y-intercept of 14.7 MPa per unit mass CO> uptake (gco2/Qreactants). This value
reflects the strength gain per unit mass of CO> uptake in the portlandite-enriched binder in the
absence of concurrent strengthening by OPC hydration. This level of strengthening is substantially
higher than the 3.2 MPa per unit mass of CO. uptake noted for fly ash reactant (gco2/Qsiy ash) — an
unsurprising outcome given the much higher mobility and availability of Ca-species and greater
carbonation reaction rate provisioned by portlandite.?** Similar analysis of the strength-wn/mopc

relation over the course of CO. exposure (Figure 6.10b) indicates that OPC hydration results in
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strength gain of = 0.38 MPa per fraction of OPC reacted (Wn/mopc). As such, assuming that the
binding effects of carbonation and OPC hydration are additive, for processing carried out at 22 °C,
the strength developed can be estimated by an equation of the form ¢.(t) =A-C(t) + B -
wy, (t)/mopc Where A = 14.7 MPa / (gco2/Qreactants) and B = 0.38 MPa / (wn/mopc) as determined

from the slopes of the strength-CO. uptake and strength-wn/mopc curves.

Note, the strength gain per degree of OPC hydration estimated above is similar to that observed
during sealed curing in the absence of CO. exposure (see Figure 6.9) and to that within portlandite-
free composites, indicating that carbonation, and the presence of portlandite as a reactant does not
appear to induce a change in the composition or binding performance of the reaction products that
are formed. It should be noted however, that the strength prediction equation noted above offers
better estimates for the dry-cast, as opposed to the wet-cast composites. This is on account of the
effects of drying (Figure 6.3c). For example, unlike drying at a low flow rate of 0.5 slpm (i.e.,
similar to that used for carbonation), increasing the flow rate to enhance drying depressed the rate
of strength gain per degree of OPC hydration. This may be attributed to the effects of
microcracking, and/or heterogeneity in microstructure with respect to the nature of hydration
products that may form resulting from the accelerated extraction of water, especially at higher
temperatures.?®628” Due to the inherently lower water content of the dry-cast composites, and the
reduced extent of OPC hydration that results — dry-cast composites are therefore less affected by
processing conditions prior to carbonation. Nevertheless, analysis of the carbonation strengthening
factor (Fcs, unitless), i.e., the ratio of the strength of carbonated to non-carbonated composites
revealed that dry-cast composites composed of neat-portlandite achieved F¢s = 3.75 (Figure 6.3d).
This was substantially higher than the strengthening factors achieved for wet-cast composites (Fcs

<2.5) and dry-cast composites (F¢s < 3.25) — and confirms that the strengthening offered by the in
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situ formation of carbonates is foundational in ensuring cohesion and strength development
(Figure 6.11). Interestingly, Fcs of dry-cast mixtures was inversely correlated to their relative
density (p/ps) indicating that the strengthening effect arising from compaction / particle interlock
reduces the relative influence of carbonation and the bridging action of cementing

precipitates,288.28°
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Figure 6.3: The evolution of compressive strength as a function of CO2 uptake for (a) wet-cast
composites at varying initial saturation levels induced by drying and (b) dry-cast composites at
varying initial saturation levels induced by compaction pressure. (¢c) The dependence of the
compressive strength on wn/mopc during drying before CO2 exposure across diverse drying
conditions. (d) The carbonation strengthening factor as a function of the ultimate CO> uptake
for wet-cast and dry-cast composites. In all cases, carbonation was carried out using 12 % CO>
[v/v] at 22 °C.
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Sw, can be additionally controlled, especially in dry-cast composites, by changing the temperature,
i.e., by imposing drying using a heated gas stream, prior to and during carbonation. As noted in
Figure 6.4, elevating the reaction temperature substantially enhanced both CO, uptake and
strength, resulting in the development of 6c =~ 25 MPa in 24 h. This is attributed to both the
facilitated CO> transport due to the removal of water by evaporation (increased carbonation
reaction rate), and the stimulation of OPC hydration and pozzolanic reactions (as indicated by
Wn/Mopc in Figure 6.4). However, in agreement with the results for drying-induced changes in Sw,
a temperature increase is beneficial to a limit — further increasing the temperature to 85 °C
diminished both CO» uptake and strength gain on account of the insufficiency of pore water to
support both CO> mineralization and OPC hydration reactions. This is attributed to: (a) the
exothermic nature of carbonation reactions wherein temperature rise (unless the heat is rapidly
dissipated) shifts the reaction equilibrium towards the reactants thereby resulting in a retardation
in reaction progress; following Le Chatelier’s principle, and (b) the rapid extraction of water, as a
result of which carbonation and hydration are both suppressed. These observations suggest that
using a partially humidified CO> (flue gas) stream could favor carbonation in composites having
low water contents (e.g., dry-cast composites) that are processed at higher temperatures. As an
example, the flue gas emitted from a coal-fired power plant features a temperature (T) and a water
vapor content of (W, v/v) on the order of 50 °C < T < 140 °C and 12 % < wy < 16 %.2%%! The
water present in flue gas could thus compensate for water loss due to evaporation at such

temperatures.

154



T 25 ' 1'50/' 0.35 _
12}
= ] Dry-fast O/ ° | £
—~ p/p,=0.88 , N 3
£ 20- —0.30 §
e 1% —g \ 2
2 TN 1% | e 8
”n WpMope: " A N 29 O
7] s
» 10 - . -0.20 5
s | \O/ TS
£ 5 A 0158
o © Strength S. <0.06 =
< 74 CO,Uptake el 3
S0 —T——T—— 71— 71—+ 0.10

0 20 40 60 80 100
Reaction Temperature, T (°C)

Figure 6.4: The evolution of 24-h compressive strength and CO; uptake as a function of the
reaction temperature for dry-cast composites. Herein, carbonation was carried out using 12 %
COz2 [viv].
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6.3.3 Long-term strength development of carbonated composites

The strength evolution of carbonated composites after following CO. processing is relevant
because the compressive strength of cementitious materials at 28 days currently serves as an
important specification / compliance attribute in structural design.?®? Therefore, wet-cast
portlandite-enriched composites with Sy = 0.65 were either: (a) cured in saturated limewater
(Ca(OH): solution) at 22 °C for up to 28 d or (b) carbonated for 12 h at 45 °C before curing in
saturated limewater was continued until 28 d. To better assess the effects of portlandite enrichment,
the strength evolutions of portlandite-free composites (i.e., where the binder was simply composed
of OPC and FA) were also examined. In portlandite-free composites, carbonation induced a small
increase in compressive strength and negligible CO2 uptake at early ages (= 3 % by mass of binder),
which is typical for early-age concrete carbonation.?®”2*® However, this early-age strength gain
diminished over time (Figure 6.5a) due to the coverage of reacting particle surfaces by carbonate
precipitates, which hinders hydration and pozzolanic reactions relative to non-carbonated
composites in the longer term, i.e., see reduced non-evaporable water contents as shown in Figure
6.5(b). This draws into question the approach of carbonating fresh OPC-based composites with
respect to late-age strengthening and durability.?63268.2%% Similar reductions in the reactivity of
OPC-based materials following carbonation have often been attributed to the formation of surficial
barriers on anhydrous and/or hydrated OPC phases (C-S-H and Ca(OH)2), and to the consumption

of Ca(OH). during carbonation (see Figure 6.5¢).263:294.2%
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Figure 6.5: The evolution of (a) compressive strength, (b) normalized non-evaporable water
content, and (c) normalized calcium hydroxide content in wet-cast portlandite-enriched (CH-
OPC-FA) and portlandite-free (OPC-FA) composites during drying, carbonation, and
limewater curing. The resuts of non-carbonated specimens with and without portlandite are
also shown for comparison. The carbonated specimens were dried at 45 °C for 12 h then
exposed to CO> for 12 h at 45 °C, whereas the non-carbonated specimens were dried at 45 °C
for 24 h before limewater curing. Carbonation was carried out using 12 % CO> [v/v]. As
indicated in (a), the portlandite-enriched (CH-OPC-FA) composites featured 4.3x higher CO-
uptake than portlandite-free (OPC-FA) composites. The “pink-shaded” and “blue-shaded”
regions indicate vapor-phase processing (drying and carbonation) and limewater curing
durations.
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In contrast, the portlandite-enriched composites exposed to CO- featured strengths that are higher
than that of the non-carbonated reference composite not only during CO2 exposure but also when
cured in limewater, manifesting a strength that is 7 MPa (= 40 %) higher after 28 days of aging
(Figure 6.5a). OPC hydration in the carbonated portlandite-enriched composites, interestingly, was
suppressed to only a minor degree relative to its non-carbonated reference (Figure 6.5b) and was
nearly equivalent to that of the hydrated portlandite-free binder. This nature of enhanced later-age
strength development of the portlandite-enriched composites suggests that surface localization of
carbonation products in the vicinity of the easier to carbonate portlandite grains results in reduced
surface obstructions on OPC (and other reactant) particulates in these composites.?*%2%¢ Moreover,

despite the significant consumption of portlandite during carbonation, the progress of pozzolanic
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reactions of carbonated portlandite-enriched binders proceeded unabated during curing, as
represented by the progressive increase in non-evaporable water content (Figure 6.5b) and the
corresponding reduction in portlandite contents (Figure 6.5c). It is furthermore observed that
despite substantial portlandite consumption in the carbonated portlandite-enriched composite,
residual portlandite remains that is not converted into CaCOsz. While this does suggest the potential
to extend the carbonation processing window (i.e., to consume more portlandite), it shows an
ability to explicitly control how much residual portlandite remains, e.g., to maintain a sufficient
pH buffer to allow for the formation of passivation films on reinforcing steel surfaces as
appropriate to hinder corrosion.?**?% Notably, the portlandite-enriched composite had an
equivalent 28-d strength to the carbonated portlandite-free composite, while containing less than
half of the OPC content and taking up 4.3x more CO.. Admittedly, this strength was around 83 %
that of the reference (non-carbonated) OPC-FA composite. However, the embodied CO; intensity
of the carbonated portlandite-enriched composite is — conservatively, i.e., in spite of incomplete
portlandite consumption — nearly 50 % lower when aspects of both CO2 avoidance and uptake are
taken into account. Furthermore, by applying a slightly higher temperature as typical for flue gas
exhaust, it is noted that portlandite-enriched dry-cast composites were able to deliver the same
strength as their wet-cast counterparts (Figure 6.4) — although in 24 h rather than 28 d, and once

again, with a greatly reduced embodied CO; footprint.
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6.4 Summary and conclusions

This paper has elucidated the potential of in situ CO2 mineralization and the formation of carbonate
precipitates as a pathway for: (a) ensuring the cementation of construction relevant composites,
and (b) as a means for enabling the utilization of dilute CO, waste streams at ambient pressure,
and near-ambient temperatures. The understanding gained offers new means to design low-CO-
cementation agents that can serve as a functional replacement to OPC, the COgz-intensive
cementation agent used by the construction sector for over a century. Special focus was paid to
elucidate the roles of microstructure and pore (moisture) saturation on affecting CO> transport into
3D-monoliths, and the consequent impacts on the rate and progress of carbonation reactions and
strength development. In general, while reducing pore saturation enhances carbonation, this is only
true so long as Swc > 0.10, below which the hindered dissolution of portlandite suppresses
carbonation. Unsurprisingly, dry-cast composites due to their lower water content, and the reduced
surface coverage produced on their reactant surfaces (e.g., due to OPC hydration) are more
effectively carbonated. Importantly, it is shown that the formation of carbonate precipitates is able
to effectively bind proximate surfaces mineral particle surfaces thereby resulting in the carbonated
dry-cast composites that achieve a compressive strength of ~ 25 MPa in 24 h. It is furthermore
shown that the formation of carbonate precipitates yields strengthening at the level of = 15 MPa
per unit CO2 uptake of reactants. This is substantially higher, e.g., than that noted by Wei et al.?*
in their studies of fly ash carbonation. The outcomes of this work offer guidelines regarding
process routes to develop portlandite-enriched cementation agents. This is significant as such novel
binders, on account of their CO» uptake and avoidance, feature a CO> intensity (global warming

potential, GWP) that is substantially lower than that of typical OPC-based binders, which are
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commonly diluted using fly ash. Evidently, the nature of processing conditions discussed herein
are well-suited for the precast manner of fabrication. This creates opportunities to utilize
portlandite-enriched binders to manufacture concrete masonry and precast concrete components

that can be used for both structural (“load bearing”) and non-structural construction.
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6.5 Supporting information

6.5.1 Materials

The bulk oxide compositions of the ordinary portland cement (OPC) and fly ash as determined

using X-ray fluorescence (XRF) are presented in Table 6.1. The densities of the portlandite, fly

ash, and OPC were measured using helium pycnometry (Accupyc Il 1340, Micromeritics) are:

2235 kg/m?, 2460 kg/m?, and 3140 kg/m?3, respectively. The particle size distributions (PSDs) of

the solids were measured using static light scattering (SLS; LS13-320, Beckman Coulter; see

Figure 6.6).

Table 6.1: The oxide composition (by mass) of the fly ash and OPC as determined by XRF.

. Mass (%)
Oxide Fly ash Type 1/11 OPC
Si0, 60.84 2121
Al,03 22.30 4.16
Fe;03 4.75 3.85
SOs 0.62 2.81
Ca0 6.38 65.50
Naz0 2.07 0.18
MgO 1.80 1.98
K20 1.23 0.32
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Figure 6.6: The particle size distributions of the solids as measured by static light scattering
(for binder materials) and sieve analysis (for sand). The median particle diameters (dso) were
3.8 um, 8.9 um, and 17.2 um for the portlandite, fly ash, and OPC, respectively.
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6.5.2 Drying and carbonation processing

A schematic of the drying/carbonation reactors and instrumentation is illustrated in Figure 6.7.

" 1) Valve
2) Regulator
3) Mass flow controller
29 3| 3 @ ) Fow meter o
14 @ @ K] I 6) Oven

| 7) Reactor chamber

————— — 8) Gas inlet and outlet channels
9) Mortar specimen

CO, 10) Relative humidity sensor

11) Thermocouple (Type T)

Figure 6.7: A schematic of the drying and carbonation apparatus showing the flow-through

reactors and related online instrumentation. The experiments were carried out at ambient
pressure (p ~ 1 bar).

6.5.3 Experimental methods

Moisture diffusion coefficient: The sides of the cylinders (50 mm x 25 mm for wet-cast and 75
mm x 25 mm for dry-cast; d x h) were sealed using a silicone sealant and aluminum tape to ensure
1-D diffusion. For this boundary condition, Fick’s 2" law can be expressed analytically using a

Taylor expansion of the Error function as follows:26¢

_ 2.2
M _ 1 _yn=w 8 exp( Dmt(zﬁjl) 7T t) (6.1)

where m¢ (g) is the mass loss at a given time, m., (Q) is the ultimate mass loss (i.e., at the infinite

time; at equilibrium), t (s) is time, and L (m) = 0.0125 m is half of the sample thickness.
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6.5.4 Kinetics of drying prior to carbonation

The effects of temperature and air flow rate on the drying kinetics of wet-cast composites
(“mortars”) and the reduction in the degree of liquid saturation, Sw, are shown in Figures 6.8(a-b).
Expectedly, higher temperatures or air flow rates accelerated drying and resulted in a prominent
decrease in Sw. Sw plateaued over time under all drying conditions, and more rapidly so at higher
temperatures. This plateau indicates a progressive transition in the size of pores from which water
is removed. Specifically, as the internal RH diminishes, water is first drawn out from larger and
percolated pores, and thereafter, in time from smaller sub-micron and disconnected pores.?®*
Figure 6.8(c) shows the effect of compaction pressure on increasing Sw for dry-cast composites

that is induced by decreasing their total porosity.
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Figure 6.8: The time-dependent evolution of water saturation level, Sw, for wet-cast
composites at different: (a) drying temperatures and (b) air flow rates. (c) The compaction-
dependent Sy for the dry-cast composites for varying compaction levels.
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6.5.5 Carbonation strengthening

Figure 6.9 displays the evolution of compressive strength as a function of the non-evaporable water
content, wn/mopc, for wet-cast composites across increasing carbonation durations. Significantly,
the compressive strengths developed in carbonated composites are equivalent or superior to the

sealed cured composites wherein, in the latter, strength development is simply ensured by the

hydration of OPC.
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Figure 6.9: The correlation between compressive strength development and non-evaporable
water content for wet-cast composites across increasing carbonation durations.

Figure 6.10(a) displays the dependence of slope of strength-CO> uptake relation on changes in
non-evaporable water contents (A(wn/mopc)) during carbonation for dry-cast and wet-cast

composites. Similarly, the variations in strength-wn/mopc relation with CO. uptake during

carbonation are indicated in Figure 6.10(b).
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Figure 6.10: The dependence of slope of (a) strength-CO> uptake relation on changes in non-
evaporable water contents (A(wn/mopc)) and (b) strength-wn/mopc relation on CO> uptake for
dry-cast and wet-cast composites. In all cases, carbonation was carried out using 12% CO>
[v/v] at 22 °C.

Figure 6.11 compares the microstructure and surface morphology of carbonated wet-cast and dry-
cast composites at varying degrees of hydration. The images were acquired using a field emission-
scanning electron microscope with an energy dispersive X-ray spectroscopy for elemental analysis
(SEM-EDS; FEI NanoSEM 230). Cross-sectional disks were taken from the cylinders and
immersed in IPA for 7 days to suppress OPC hydration.?®” The disks were then vacuum-dried in a
desiccator for 7 days, before small coupons were taken from the disks and impregnated with epoxy,
polished, and gold-coated. All SEM micrographs were acquired in secondary electron mode with

a spot size of 4.0 nm, at an accelerating voltage of 10 kV, and a working distance of = 5.5 mm.
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Figure 6.11: Representative SEM micrographs showing the surface morphology of carbonate
products for (a) wet-cast (wn/mopc = 11.5 %) and (b) dry-cast composites (wn/mopc = 4.8 %).
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Chapter 7. Concluding remarks

7.1 Summary of research contributions

This section highlights the specific contributions to the state of the art that were developed in the

course of this research:

The research described in Chapter 2 provided new experimental data describing the
modulus of elasticity of cementitious composites containing microencapsulated phase
change materials (PCMs), which was critical to understanding the influences of such soft
inclusions. An exhaustive evaluation of effective medium approximations (EMAS)
revealed that the EMAs of Hobbs and of Garboczi and Berryman (G-B) best-described the
effective moduli of elasticity of cementitious composites containing PCM across a wide
range of inclusion dosages. A design tool for the combined dosage of stiff and soft
inclusions to limit the deleterious impact of PCM inclusions on modulus of elasticity was
developed. The identification of more accurate EMAS offers structural engineers/designers
a means to estimate the influence of PCMs and other soft inclusions, on the modulus of

elasticity of multifunctional concretes.

Chapter 3 describes the basis for the formulation of binders based on calcium aluminate
cement chemistries and soluble salts (e.g., Ca(NOs)2), which bypass conventionally
problematic phase conversions and demonstrate improved potential for chloride
scavenging capacity. Based on the concept of thermodynamic selectivity, these

formulations were designed to stabilize NOz-AFm at the expense of metastable calcium
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aluminate hydrate phases, the conversion of which degrades performance. The robustness
of this process was rigorously via both thermodynamic modeling, and experimental
characterization, and demonstrated to yield improved mechanical performance. These
findings provoke a novel production route that may enhance the engineering properties of
calcium aluminate cement mortars/concretes, while offering side benefits related to

chloride capture.

Chapter 4 demonstrated the potential for cementitious cover layers rich in NOs-AFm to
mitigate the corrosion of reinforcing steel embedded in concrete infrastructure. Novel
experimental data are generated describing the physical properties, and anion capture and
exchange (ACE) behavior of such formulations in response to chloride-containing
solutions. The chloride binding capacity and associated nitrate release of such formulations
are predicted to be sufficient to impact chloride ingress. A multi-species Nernst-Planck
model was developed utilizing these experimental inputs, predicting service life increases
in excess of a factor of 5 for cases of seawater exposure. These outcomes provoke the use

of functional ACE coatings as a means to mitigate steel corrosion in concrete infrastructure.

Chapter 5 elucidated the influences of processing conditions on the CO2 mineralization
(carbonation) reactions of alkaline solids, with special focus on the scaling of reaction
conversion limits and kinetics from the particulate to component length scales. The final
carbonation conversion of alkaline solid particulates was found to be controlled solely by
the relative humidity RH of the contacting gas stream (i.e., independent of temperature T

and CO2 concentration [CO2]), whereas conversion in monolithic components was limited
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by the occlusion of reactant surfaces saturation of pores with liquid water. The carbonation
kinetics of monoliths were described evaluated in relation to pore saturation, relative
humidity, and surface area-to-volume ratio. The outcomes of this work inform the design

of CO2 mineralization processes that produce low-carbon concrete from flue gases.

Chapter 6 described the strengthening of cementitious composites containing portlandite
resulting from CO> mineralization reactions. A critical initial pore saturation Swc > 0.10,
was identified as a requirement for significant CO2 mineralization in dry gas streams. The
carbonation performance and strengthening of both dry-cast and wet-cast composites were
described in relation to microstructural diffusivity, porosity, and water saturation. The
strengthening contributions of carbonate precipitates and cement hydration products were
estimated. This study presents opportunities to utilize portlandite-enriched binders to

manufacture load-bearing concrete masonry and precast concrete components.
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7.2 Directions for future research

Based on the research advancements described herein, several directions for future research are

provoked towards each research thrust:

1. Improving building energy efficiency: The study herein presented a design rule for the dosage
of PCM microcapsules in cementitious composites without sacrificing composite modulus of
elasticity. Further experimental study verifying the performance of the design rule and best-
performing EMASs within concrete mixture formulations are of interest to further reduce risk in
mixture design. The influences of soft PCM particles on the mechanical performance of concretes
may be lessened relative to mortars, due to the increased impacts of aggregate interlock within
concrete mixtures. Fundamentally, assumptions regarding the properties and thickness of the
interfacial transition zone (1TZ) formed around inclusions of varying size and stiffness merit more
detailed investigation and validation. Study of this nature may improve understanding of the
mechanical performance of cementitious composites featuring functional inclusions that may be
beneficial in a wide variety of applications. Alternatively, PCM microcapsules featuring shells
with increased strength/stiffness may be developed as to mitigate their detrimental influences on
composite performance. Such designs must be balanced with considerations of thermal
performance (e.g., thermal conductivity and specific heat capacity) and feasibility of

encapsulation, to ensure their viability as functional inclusions within concrete.

2. Increasing infrastructural service lifetimes: Although finite element modeling predicted

service lifetime improvements associated with the use of chloride-scavenging cover layers,
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experimental study validating these modeling predictions would aid in the refinement of these
predictions, and identification of additional influential factors that may influence the performance
of these systems in practical chloride exposure. For example, while strong bonding between the
cover layer and bulk concrete is expected due to the favorable engineering properties of calcium
aluminate cements, aspects related of bonding and differential expansion induced by coefficient
of thermal expansion mismatch across the layers require further investigation. Detailed
assessments of engineering performance and cracking of these formulations under cyclical loading
are also required to enable their uses as bridge-deck covers. Furthermore, the cost effectiveness of
such cover layers must be evaluated in more detail in comparison to conventional corrosion-
mitigation strategies. These calculations may be informed by (validated) outputs of finite element
models and should consider costs associated with the cover-layer (i.e., related to the binder content,
calcium nitrate dosage, and thickness) against the incremental improvements in service life-time
thus engendered. Modeling should also consider the influences of periodic “mill-and-fill”
operations, which may be used to replace the cover layer and replenish its chloride binding
capacity. Such actions will further establish the attractiveness of chloride-scavenging cover layers

as corrosion mitigation measures.

3. Developing low-carbon cementing binders that mineralize CO2: The research herein
established the dependence of carbonation reactions and the resulting strengthening within
cementing composites on processing conditions and material compositions. Although carbonation
reaction kinetics and conversion limitations were noted to scale in relation to specimen surface
area-to-volume ratio, the carbonation performance of actual concrete geometries (e.g., concrete

masonry units) in properly scaled reactors must be directly evaluated. In such conditions, imperfect
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gas flow and mixing across the component’s surfaces, and within the bulk of the free reactor
volume may significantly decrease reaction rates. Better elucidating the influences of gas flow
patterns on carbonation is a critical step towards upscaling the CO2 mineralization process into
reactor systems that may be integrated with actual emissions sources to produce low-carbon
concrete products. Such understanding will define the control schemes necessary to successfully
achieve the design properties of the mineralized concretes (e.g., CO2 uptake per unit mass,
compressive strength, density, water absorption, and drying shrinkage) within the allotted CO-
exposure cycles. These actions towards mineralization process design will concurrently inform
more highly refined lifecycle and technoeconomic analysis of the carbonated concrete products /
fabrication process, which are required to improve mixture design and processing in relation to a
given CO> source. Efforts towards these ends are currently underway in support of a field

demonstration of the CO2 mineralization process.
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