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Ordinary portland cement (OPC) has been used as the primary binding material in concrete for
construction of buildings and other infrastructure over the last century due to its low-cost and the
widespread geographical abundance of its raw materials. The manufacture of OPC accounts for
approximately 3% of primary energy use and 9% of anthropogenic CO; emissions globally. Such
energy consumption and COz release is mainly attributed to the calcination and clinkering of raw
materials (i.e., limestone and clay) in the cement kiln at high temperatures. Therefore, there is great
need to reduce the CO> footprint of cement, and secure alternative solutions for cementation as
required for building and infrastructure construction. On the other hand, space conditioning
consumes nearly 20% of annual energy consumption in the United States, which is still increasing
with the increasing demand for thermal comfort in the context of climate change. The embedment

of phase change materials (PCMs) in concrete is an effective means to improve its thermal inertia
ii



for building envelope applications, and can thus improve the energy efficiency of buildings.

However, the viability of employing PCMs to enhance thermal performance of concrete depends

on the stability and durability of PCMs in the highly caustic cementitious environment, and the

durability of the PCM-added concrete. To address these limitations on sustainability and energy
efficiency of current cement-based building materials, this dissertation mainly examines:

e PCM survivability during fabrication of PCM-mortar composites with respect to damage
and/or rupture of the PCM microcapsules that may occur during mechanical mixing, as well
as chemical durability of PCM within cementitious matrices, and the potential interactions
between the PCM and the pore-fluid that result in enthalpy alteration,

e Cementitious matrix durability, with emphasis on assessing how dosage of PCMs alters water
absorption, drying shrinkage, and restrained shrinkage cracking behaviors of cementitious
composites containing PCMs, and

e The feasibility of developing sustainable building material through clinkering-free
cementation by fly ash carbonation, with emphasis on the effects of CO, concentration and
processing temperature on the progress of carbonation reaction, the development of
microstructure, and the strength evolution of the material.

The results of research on PCM embedded cementitious composites show that a reduction of

around 25% in the phase change enthalpy is observed, irrespective of PCM dosage and aging. Such

reduction in enthalpy is mainly caused by chemical interactions with dissolved sulfate ions.

Examination of the influence of PCM additions on water absorption and drying shrinkage of PCM-

mortar composites reveals that PCM microcapsules reduce the rate and extent of water sorption

due to their non-sorptive nature and diluting effect. PCM inclusions do not influence the drying
shrinkage of cementitious composites due to their inability to restrain the shrinkage of the cement



paste. Assessments of free and restrained shrinkage, elastic modulus, and tensile strength also
show that the addition of PCMs enhances the cracking resistance of cement paste because PCMs
as soft inclusions offer crack blunting and deflection, and improved stress relaxation. In an effort
to synergize the utilization of fly ash and CO: in fly ash, the study shows that Ca-rich fly ash paste
can readily react with dilute concentrations of CO2 in moist environments to produce cemented
solids with sufficient strength (35 MPa) for use in structural construction. Detailed results from
thermodynamic modeling, XRD analyses, and SEM observations suggest that fly ash carbonation
results in the formation of reaction products including calcite, hydrous silica, and C-S-H, which

collectively bond proximate particles into a cemented solid.
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Chapter 1 Introduction

1.1 Background

At a global production level of 4.2 billion tons, the production of ordinary portland cement (OPC)
accounts for approximately 3% of primary energy use and 9% of anthropogenic CO> emissions
[1]. Such CO:. release is attributed to factors including: (i) the combustion of fuel required for
clinkering the raw materials (i.e., limestone and clay) at 1450 °C [2], and (ii) the release of CO-
during the calcination of limestone in the cement kiln [3, 4]. As a result, around 0.9 tons of CO;
are emitted per ton of OPC produced [3-5]. Due to the fact that OPC is currently used as the
principle component in concrete formulations for construction of buildings and other
infrastructure, and the booming modernization and retrofitting of infrastructure all around the
world, the demand of energy consumption and CO2 emission in the construction sector is expected
to expand in the foreseeable future [6-8]. Therefore, there is great interest to reduce CO> footprint

in concrete and to seek alternatives to OPC and traditional cementation [3].

While considerable efforts have been made to replace OPC in the binder fraction of concrete by
supplementary cementitious materials (SCMs) such as fly ash, the extent of such utilization
remains limited [9, 10]. For example, in spite of supportive frameworks in the U.S., only around
45% of all fly ash produced annually is beneficially utilized to replace OPC in the concrete [9, 11].
such limited use is due to factors including: (i) the presence of impurities including air-pollution
control (APC) residues and unburnt carbon as a result of which some fly ashes are non-compliant
(e.g., as per ASTM C618 [12]) for use in traditional OPC concrete, due to durability concerns [13,

14], and, (ii) increasing cement replacement (i.e., fly ash dosage) levels to greater than 25 mass %



is often associated with extended setting times and slow strength gain resulting in reduced
constructability of the concrete [15, 16]. Clearly, there is an immediate need to valorize or
beneficially utilize (“upcycle”) vapor and solid wastes associated with coal power production.
However, given the tremendous scale of waste production, there is a need to secure upcycling
opportunities of some prominence; e.g., within the construction sector wherein large-scale
utilization of upcycled materials can be achieved. This condition could be satisfied if the “upcycled
solution” is able to serve as an alternative to OPC (and OPC-concrete) so long as it is able to fulfill
the functional and performance requirements of construction. Mineral carbonation (i.e., conversion
of vapor phase CO: into a carbonaceous mineral; e.g., CaCO3) has been proposed as a promising
route to sequester CO> in alkaline minerals [17-26]. In such a process, CO: is sequestered by
chemical reaction of CO> streams with light-metal oxides to form thermodynamically stable
carbonates; thus enabling permanent and safe storage of CO» [10, 17, 19, 27-30]. While numerous
studies have examined different alkaline waste streams to render cementation solutions — for
example, coal combustion residues [18, 31-33], municipal incinerator wastes [29, 34], and wastes
from iron and steel production [30, 35, 36] — the low production throughput, or severe operating
conditions (i.e., high temperature and elevated CO> pressure) [5, 20, 28, 34] have made typical

approaches difficult to implement at a practical scale [17].

On the other hand, concrete is a composite material that has relatively high thermal mass but low
thermal resistance due to its high thermal conductivity [7, 37-39]. As a result, heat can easily flow
into and out of buildings constructed by concrete envelopes subjected to changing outdoor air
temperature [40, 41]. To maintain thermal comfort in buildings, space heating and air conditioning

is constantly used in residential and commercial building operation, which consumes nearly 20%



of annual energy consumption in the United States [42]. Energy requirements for space heating
and cooling in buildings are expected to increase with increasing demand for thermal comfort,
especially in the context of climate change and global warming [43, 44]. Therefore, it is of great
interest to develop novel building envelops that are able to reduce the energy required for heating

and cooling and substantially improve building energy efficiency.

One strategy to minimize building loads involves using building envelope materials with thermal
energy storage capacities. Thermal energy storage can be generally classified as sensible heat
storage and latent heat storage according to the heat storage media [45-50]. As shown in Figure
1.1 [51], in sensible heat storage, heat is stored or released accompanied with temperature change
of the storage media, whereas in the latent heat storage the heat is stored or released as heat of
fusion/solidification during phase change processes of the storage media [46, 47, 52-57]. Phase
change materials (PCM) transitioning between solid and liquid states near room temperature have
been used to enhance the thermal storage capacity of traditional building materials [51, 57-64].
They store thermal energy in the form of latent heat when subjected to temperatures in excess of
their melting point. Reversibly, PCM can release the thermal energy previously stored when the
system temperature drops below their melting point. As such, using PCMs in the buildings can
meet the demand for thermal comfort and energy conservation purpose, and great research interest
is focused on the design and development of composite building materials integrated with PCMs

[61, 65-71].
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Figure 1.1: An illustration of the mechanism of PCMs in thermal energy storage [51]

Based on their components, PCMs can be divided into three groups: organic, inorganic, and
eutectics. The most commonly known inorganic PCMs are hydrated salts [55, 56]. Inorganic PCM
may have potential applications in some types of building elements because of their high
volumetric heat storage capacity, good thermal conductivity, low cost, ready availability and non-
flammable nature [56, 63]. However, they also show many unfavorable characteristics such as very
high volume change and supercooling during solid-liquid transition, which is a problematic issue
of inorganic PCMs because the liquid state can be cooled to below its freezing point whilst
remaining a liquid which makes the associated phase change ineffective [63]. Another concern of
the inorganic PCMs is their degradation and inoperative characteristic after repeated phase change
cycles [72]. Eutectics are mixtures of two or more PCM and can be any combination of organic
and inorganic constituents. Eutectics demonstrate several advantages such as sharp melting
temperature and high volumetric thermal storage density, but there is a lack of currently available
and reliable test data of thermo-physical properties of these materials, and their stability when used
in a highly alkaline environment such as cement paste is still questionable [55]. These
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disadvantages have led to the hydrated salts and eutectics not being considered as appropriate
materials to be incorporated into building materials. Organic PCMs are mainly based on paraffin
wax (hydrocarbons, which are a by-product of oil refining) and organic acids such as fatty acids
[59, 73, 74]. Most of the organic PCMs are chemically stable, safe and non-reactive. Also, they
have the ability to melt congruently without phase segregation and have self-nucleating properties
that are compatible with traditional construction materials without any significant problems of
supercooling [69, 75]. Organic PCMs are currently regarded as the most efficiently and commonly
used type in building envelops as they have relatively large latent heat of fusion, and their phase
change temperatures are often within the desired temperature range for building applications [51,

66, 70, 71, 76].

Methods of adding PCM into building materials generally fall into four categories: (i) direct
incorporation, (i) immersion, (iii) macroencapsulation, and (iv) microencapsulation [59]. Direct
incorporation consists of adding PCM to supporting materials, such as wallboard or concrete,
during the production process. The immersion method involves dipping a finished porous building
material into melted PCM. Major drawbacks of these two methods include the lack of a barrier to
protect the PCM against leakage during melting and against chemical reactions with the matrix
material [56]. To address this issue, macroencapsulation of PCM in containers such as bags, tubes,
or panels has been proposed before incorporating the encapsulated PCM into composite walls [60].
However, macroencapsulation suffers from a high temperature differential between the
encapsulated PCM core and the boundary, which often leads to incomplete melting or
solidification of the PCM [55, 56]. This can be addressed by containing PCM in microscopic

capsules with thin walls and diameter ranging from 1 umto 1 mm [71, 77]. The microencapsulated



PCM can easily be added to a building material such as concrete during production as long as the
shell material is compatible with the supporting material [66, 76, 77]. A typical SEM morphology

of microencapsulated PCMs is shown in Figure 1.2.
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Figure 1.2: Typical SEM images of microencapsulated PCMs.

Numerous studies have examined the ability of PCMs to reduce energy needs that are associated
with heating/cooling buildings [57, 61, 65, 67, 70, 74, 78]. A smaller body of research has
examined the ability of PCMs to mitigate early-age temperature rise in cementitious materials
caused by exothermic cement hydration, and the resultant risk of thermal cracking [51, 78, 79]. In
spite of extensive efforts, only a few studies have examined the durability of PCMs in the context
of their chemical durability in alkaline cementitious environments [51, 74]. During hydration,
cement particles dissolve, turning the pore solution into a caustic electrolyte [7, 80]. The pore
solution contains alkalis, SO4%, and Ca?* species, presenting a pH typically greater than 13 [81].

When microencapsulated PCMs are embedded in such caustic systems, chemical reactions



between the pore solution and the capsule shell could result in damaging alterations, which could
reduce the enthalpy of phase change [6, 80]. Thus, it is of great importance to investigate: (i)
chemical durability of microencapsulated PCMs within cementitious environments, and (ii) the

durability of the cementitious matrix containing PCM inclusions.

1.2 Objectives and scope

With the aforementioned considerations in mind, the overall goal of this dissertation is to elucidate
how PCM addition in cementitious composites will affect the thermal energy storage capability
and stability of microencapsulated PCMs, and how PCM addition will affect the durability of
cementitious composites. This is of great significance as it provides an estimate of how long the
thermal benefits of PCMs can last when they are embedded in cementitious environments. In
addition, the feasibility of developing cement-free building material through carbonation of fly ash
is investigated to explore sustainable alternative solutions for traditional cementation as required
for building and infrastructure construction in the future. The specific objectives of this study are
as follows:

e PCM survivability during fabrication of PCM-mortar composites with respect to damage
and/or rupture of the PCM microcapsules that may occur during mechanical mixing, as well
as chemical durability of PCM within cementitious matrices, and the potential interactions
between the PCM and the pore-fluid that result in enthalpy alteration,

e Cementitious matrix durability, with emphasis on assessing how dosage of PCMs alters water
absorption, drying shrinkage, and restrained shrinkage cracking behaviors of cementitious
composites containing PCMs, and

e The feasibility of developing sustainable building material through clinkering-free
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cementation by fly ash carbonation, with emphasis on the effects of CO, concentration and

processing temperature on the progress of carbonation reaction, the development of

microstructure, and the strength evolution of the material.
The dissertation is composed by 6 chapters, with the current chapter as an introduction explaining
the motivations for the research work. Chapter 2 experimentally investigates how the dosage of
microencapsulated PCMs influences the durability of cementitious materials. It is noted that while
PCMs remain unaffected in alkaline solutions, they experience a significant enthalpy reduction,
on the order of 25%, when exposed to sulfate-bearing environments. The mechanism of such
enthalpy reduction has been identified as hydrolysis of the melamine-formaldehyde PCM capsule
followed by its reaction with sulfate ions to form a melamine-sulfate supramolecular crystal. These
reactions result in shell rupture following which the paraffinic PCM core contacts sulfate ions,
resulting in enthalpy reduction. Analytical models have also been established based on
experimental results to predict water absorption and drying shrinkage behaviors of cementitious

composites containing microencapsulated PCMs.

Chapter 3 further explores the restrained shrinkage cracking behavior of cementitious composites
containing microencapsulated PCMs, and reveals that the restrained shrinkage cracking behavior
of cementitious composites is not a strength-controlled the addition of soft PCM inclusions does
not alter the cracking sensitivity of the material. Rather, PCM addition extends the time to failure

when cementitious composites are subjected to restrained shrinkage conditions.

Chapter 4 introduces a general method for retrieving deformation properties of microencapsulated

PCMs or other particulate inclusions in cementitious composites. The effective thermal



deformation coefficient of cementitious composites with either microencapsulated PCM or quartz
inclusions has been measured, which is used to retrieve the thermal deformation coefficients of the
inclusions themselves. The thermal deformation coefficient of PCM microcapsules is estimated to

be similar to that of the shell component due to partial filling of the microcapsules.

Chapter 5 has demonstrated an original means for clinkering free cementation by fly ash
carbonation. Specifically, it is shown that Ca-rich fly ashes that host substantial quantities of Ca
and Mg in the form of crystalline compounds, or in the glassy phases readily react with dilute
concentrations of CO2 in moist environments to produce cemented solids whose properties are
sufficient for use in structural construction. Indeed, Ca-rich fly ash paste with water-to-solid ratio
of 0.15 can take-up 9% CO, by mass of fly ash solids and achieve a compressive strength of 35
MPa following 7 days of exposure to CO> at 75 °C. The strength gain is linearly related to the
extent of carbonation (CO. uptake). Detailed results from thermodynamic modeling, XRD
analyses, and SEM observations suggest that fly ash carbonation results in the formation of a range
of reaction products, namely calcite, hydrous silica, and potentially some C-S-H which collectively
bond proximate particles into a cemented solid. Lastly, Chapter 6 summarizes the main

contributions of this dissertation and presents recommendations for future work.



Chapter 2 Durability of cementitious composites

containing microencapsulated PCMs

2.1 Background

The economic feasibility of employing cementitious composites containing microencapsulated
PCMs (i.e., PCM-mortar composites) ultimately depends on their ability to reduce energy
expenditure while embedded within a structural material [82]. That is, the PCM must retain its
enthalpy of phase change during the service life of the PCM-mortar composite. This requires (i)
physical durability of PCM capsules to prevent rupture during concrete mixing, (ii) form-stability
of PCMs under diurnal thermal cycling (i.e., to prevent leakage over time) [50, 83, 84], and (iii)
chemical stability of PCM microcapsules within the cement pore solution [85-87]. Additionally,
the PCM microcapsules must not exhibit deleterious effects on the durability of mortar composites,

which would reduce the service life of the material [88-90].

Many studies have demonstrated form-stability of microencapsulated PCMs following repeated
heating-cooling cycles [91-100]. However, little attention has been paid to characterize the
chemical stability of the PCMs upon embedment in cementitious environments [101-104]. During
hydration, cement particles dissolve and release ions into the environment, turning the cement pore
solution into a highly concentrated alkaline solution [7]. The pore solution is primarily composed
of potassium and sulfate ions and saturated with calcium hydroxide ions, resulting in a pH in excess
of 12.5 [80]. When microencapsulated PCMs are embedded in such caustic systems, chemical

reactions between the pore solution and the polymeric microcapsule shell may potentially alter the
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structure of the shell and lead to capsule rupture. This results in the release of the encapsulated
paraffin and may reduce the phase change enthalpy of the composite due to loss and chemical
degradation of paraffin in cementitious environment. Therefore, it is of great importance to
investigate the extent to which exposure to caustic cementitious environments affects
microencapsulated PCMs’ thermal storage capability. To this end, the present study systematically
investigates the stability of PCM phase change enthalpy following embedment within cementitious
environments, focusing on the effects of mixing and immersion within alkaline and sulfate-

containing solutions.

The durability of concrete subjected to aggressive environments depends largely on the water
transport through the pore system [105-109]. Three mechanisms can be used to describe water
transport in cementitious systems: permeability, diffusion, and absorption. Permeability is the
measure of the flow of water under a pressure gradient, while diffusion is the transport of ions due
to a concentration gradient [110]. Absorption can be described as the ability to take in water by
means of capillary suction [111]. All three mechanisms are heavily influenced by the volume and
connectivity of the concrete’s porosity [112]. As a large fraction of concrete in service is only
partly saturated, the initial ingress of water and dissolved salts is influenced by capillary
absorption. As such, the rate of water absorption due to capillary suction is an important factor for
quantifying the durability of cementitious systems [113-115]. The reverse process (i.e., drying)
also affects the durability of the concrete, since the resulting stresses developed in restrained
conditions result in drying shrinkage cracking, which allows further ingress of deleterious
chemical species [116-119]. Aggregates influence the water absorption of cementitious

composites by increasing the tortuosity of the porous network, and by reducing the volume fraction
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of sorptive cement paste [120]. Drying shrinkage is influenced by these parameters as well, but is
dominantly affected by the effective modulus of elasticity of the composite [121, 122]. While
numerous studies have shown that the embedment of PCMs significantly decreases the mechanical
properties (e.g., compressive strength, and modulus of elasticity) of cementitious composites [85,
86, 123], the influence of PCM inclusions on the water transport and durability of cementitious

materials has been far less investigated.

This chapter investigates the durability of cementitious composites containing microencapsulated
phase change materials (PCMs). First, the stability of the PCM’s enthalpy of phase change was
examined. A reduction of around 25% in the phase change enthalpy was observed, irrespective of
PCM dosage and aging. Significantly, this reduction in enthalpy was not caused by mechanical
damage that was induced during mixing, but rather by chemical interactions with dissolved SO42-
ions. Second, the influence of PCM additions on water absorption and drying shrinkage of PCM-
mortar composites were examined. PCM microcapsules reduced the rate and extent of water
sorption; the former was due to their non-sorptive nature which induces hindrances in moisture
movement, and the latter was due to dilution, i.e., a reduction in the volume of sorptive cement
paste. On the other hand, PCM inclusions did not influence the drying shrinkage of cementitious
composites, due to their inability to restrain the shrinkage of the cement paste. The results suggest
that PCMs exert no detrimental influences on, and, in specific cases, may even slightly improve

the durability behavior of cementitious composites.

2.2 Materials and methods
2.2.1 Materials
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Four different commercially available microencapsulated PCMs were used: MPCMG6D,
MPCM24D, MPCM43D (Microtek Laboratories) and Micronal DS 5008X (BASF Corporation).
The relevant onset melting temperatures (indicative of Tpc) were 4.1 °C, 19.6 °C, 41.2 °C, and
22.8 °C, respectively, as measured by differential scanning calorimetry (DSC). The Microtek
PCMs consisted of paraffin (alkane) cores that are encapsulated within melamine-formaldehyde
(MF) shells, while the BASF PCM consisted of a paraffin/alkane core that was encapsulated within
an acrylate polymer shell. In each case, variations in the phase change temperature are realized by
altering the “chain length”, i.e., the number of carbon atoms in an alkane of generic composition
(CnH2n+2, where ‘n’ is the number of carbon atoms). The PCMs were received in the form of dry

powders.

These four microencapsulated PCMs were selected for study since they encompass the range of
phase change temperatures relevant for use in cementitious composites. Specifically, Tpc near 0 °C
(e.g., MPCM6D) may be beneficial to mitigate freeze-thaw damage [124], Tpc close to room
temperature (e.g., MPCM24D and Micronal DS 5008X) may be beneficial in reducing HVAC-
related energy expenditures [37], and a higher Ty (e.g., MPCM43D) may be used to mitigate early-
age temperature rise caused by (exothermic) cement hydration. Each of the microencapsulated
PCMs has been characterized in detail, e.g., in terms of: (i) their particle size distributions using
static light scattering, (ii) their surface morphology using scanning electron microscopy (SEM),
and (iii) their enthalpy of phase change using DSC; before and after immersion in alkaline

solutions.

To more comprehensively assess chemical stability, MPCM24D was also immersed in sulfate-rich
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solutions, and examined morphologically using SEM and for compositional changes using X-ray
diffraction (XRD). Further, MPCM24D-mortar composites were examined in terms of both their
drying shrinkage and water sorption behavior. Broadly, all other PCMs are expected to show
similar behavior as MPCM24D based composites due to their similar shell/alkane-core

compositions.

An ASTM C150 [125] compliant Type I/l ordinary Portland cement (OPC) was mixed with
deionized (DI) water to prepare cement pastes and mortars in accordance with ASTM C192 [126].
The OPC had a nominal mass-based mineralogical composition of: 56.5% Ca3SiO5, 18.0%
Ca2SiO4, 11.4% CadAl2Fe2010, 6.3% Ca3Al206, 4.6% CaCO3, 1.2% CaSO4, 1.1%
CaS04-2H20, 0.5% CaS04-0.5H20, and 0.5% CaO. An ASTM C778 [127] compliant graded
quartz sand (denoted as quartz hereafter) was used as a stiff, non-sorptive aggregate within the

cement mortars.

Reference (“control”) plain pastes with water-to-cement ratio (w/c, mass basis) of 0.35, 0.45, and
0.55 were prepared for water absorption measurements. For all other tests, cementitious mortars
were prepared at a fixed w/c = 0.45 at various dosages of microencapsulated PCM and/or quartz
inclusions. The inclusions were dosed as a percentage of the total composite volume at three levels
(i.e., 10, 30 and 55 volume %). These mixtures are denoted by the volume percentage of the type
of inclusion present preceded by “P” and/or “Q” corresponding to the PCM and quartz inclusions,
respectively. To maintain workability (i.e., to enhance fluidity at high inclusion volume fractions),
a commercially available water-reducing admixture (WRA; MasterGlenium 7500, BASF

Corporation) was added. The WRA dosage for each mixture was as follows (% of cement mass):
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P10 — 0.5%, P30 — 2.0%, P20+Q10 — 1.0%, P10+Q20 — 0.5%, P20+Q35 — 1.5%, P10 + Q45 —

1.0%, and Q55 — 0.5%. All other formulations contained no WRA.

2.2.2 Static Light Scattering

A Beckman Coulter Static Light Scattering (SLS) Particle Analyzer (LS13-320) was used to
determine the particle size distributions (PSDs) of the OPC, PCM microcapsules, and graded
quartz sand used in the specimen preparation, as presented in Figure 2.1. Each material was first
dispersed into primary particles via ultrasonication in isopropanol that also served as the carrier
fluid. The densities of OPC, quartz, Micronal DS 5008X and Microtek microencapsulated PCMs
were taken as: 3150 kg/m3, 2650 kg/m3, 300 kg/m3, and 900 kg/m3, respectively. The complex
refractive indices of the OPC, PCMs, and quartz were taken as 1.70 + i 0.10 [128], 1.53 + i 0.00
[129], and 1.54 + i 0.00 [130], respectively. The maximum uncertainty in the PSDs was about 6%
based on 6 replicate measurements.
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2.2.3 Differential Scanning Calorimetry

The enthalpy of phase change (AHpc), and the phase change temperature (TPC) of the PCMs was
determined by differential scanning calorimetry (DSC 8500, Perkin Elmer). Prior to measurement,
temperature and heat flow calibrations were performed using indium and zinc standards. Samples
consisting of ~10 mg of microencapsulated PCMs or PCM-mortar composites were placed in
sealed aluminum pans and subjected to a temperature cycle ranging from -50-to-100 °C at a scan

rate of 10 °C/min. The data reported is the average of three replicate specimens.

2.2.4 X-Ray Diffraction

Qualitative X-ray diffraction analysis was performed on PCM microcapsules before and after
exposure to alkaline solutions. Samples were scanned from of 5-to-70° (20) using a Bruker-D8
Advance diffractometer in a -0 configuration with Cu-Ko radiation (A\=1.54 A) and a VANTEC-
1 detector. The diffractometer was run in continuous mode with an integrated step scan of 0.021°

(20). A fixed divergence slit of 1.00° was used during X-ray data acquisition.

2.2.5 Scanning Electron Microscopy

SEM observations were performed on pristine PCMs and on PCM capsules before and after
immersion in alkaline solutions for 6 hours. The microencapsulated PCMs were deposited on
carbon adhesive and then gold-coated. Secondary electron (SE) images were obtained with an

accelerating voltage of 10 kV and a beam current of 80 pA using an FEI Nova NanoSEM 230.

2.2.6 Water Absorption

A modified ASTM C1585 [113] procedure was used to characterize the rate and extent of water
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sorption in PCM-mortar composites. Cylindrical specimens (d x h, 10 cm x 20 cm) were cast, then
cured for 28 days in saturated limewater before being cut into 10 cm x 3.75 cm sections using a
diamond-tipped masonry saw. The cylindrical slices were conditioned at 50 °C in a desiccator at
relative humidity (RH) of 80% established using a saturated KBr solution for 3 days. Thereafter,
each sample was stored in a sealed container for another 15 days to allow moisture redistribution.
The sides and one face of the cylinder were sealed with aluminum tape, leaving only one open face
exposed to water at 23 °C. The mass of water absorbed through this face was recorded over a time
period of 8 days using a laboratory balance (ML1502E, Mettler Toledo) with a precision of + 0.01
g. The data reported is the average of three replicate specimens prepared from the same mixing

batch.

2.2.7 Drying Shrinkage

Unrestrained drying deformations of cementitious specimens were measured as per ASTM C157
[131]. Cement pastes and mortars were cast in prismatic molds (2.5 cm x 2.5 cm x 28.5cm, w x h
x 1), cured for 24 hours above water in a sealed container, prior to curing in saturated limewater
until an age of 28 days. The specimens were subsequently dried, sealed on two sides with
aluminum tape to ensure 1D moisture diffusion, and stored at 25.0 £ 0.2 °C and 50.0 + 0.2% RH
in an environmental chamber (KB024-DA, Darwin Chambers Company). Changes in the prismatic
samples’ lengths were recorded at 1, 3, 7, 14, 28, 56, and 90 days from the start of the drying
period. The data reported is the average of four replicate specimens prepared from the same mixing

batch.
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2.3 Results and discussion

2.3.1 Stability of PCMs’ phase change enthalpy in cementitious environments

Figure 2.2 displays DSC heat flow curves showing the melting and solidification behavior of
aforementioned four pristine microcapsules. The curves show small peaks attributed to impurities
blended into the paraffin (the active PCM ingredient) to control its phase change temperature [56].
The peak temperature during the melting (heating) process was about 27.8 °C, while the peak
temperature during the solidification (cooling) was about 16.6 °C for MPCM24D. The difference
between observed peak temperatures for melting and solidification is indicative of supercooling,
which is common in microencapsulated PCMs, due to the lack of heterogeneous nucleation sites
for solidification to initiate within the microcapsules [71]. The enthalpies of phase change were
169.2 kJ/kg, 161.2 kJ/kg, 204.9 kJ/kg, and 136.6 kJ/kg for pristine MPCM6D, MPCM24D,
MPCMA43D, and Micronal DS 5008X, respectively. The data reported is the average of three

replicates.

Figure 2.3(a) shows DSC heating curves for cement mortar specimens containing 0, 10, 20 and 30
volume % MPCM24D in the mixture. The temperature corresponding to the onset (24 + 1°C) of
phase change, and the temperature at the peak (27 = 1°C) were similar regardless of the PCM
dosage. No peaks were observed in the DSC curve of the plain cement paste, as expected. It is
worth pointing out that the cooling curves show behavior similar to that of the heating curves, and
the enthalpy of solidification is equal and opposite to that corresponding to melting. The
microencapsulated PCM mass fraction in the composite dictates its “expected” phase change

enthalpy 4Hcaic (in kJ/kg) expressed as,
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Mehy Eq. (2.1)
calc mp + mm
where, hstp is the measured latent heat of fusion of the core-shell PCM microcapsules (e.g., 161.2

AH,, =

kJ/kg for MPCM24D), while mp and my, are the masses of core-shell PCM microcapsules and the
cement paste in the composite, respectively. Figure 2.3(b) shows the correlation between the
measured phase change enthalpy of PCM-containing cementitious composites, 4Hexp, and that
calculated using Equation (2.1), AHcaic. A linear relation is noted between AHexy and AHcaic, but
with a slope of 0.75. As such, the incorporation of PCM microcapsules within the cementitious
paste results in a 25% enthalpy reduction, which was observed to be independent of both the PCM
dosage and the age of the cementitious composite. A similar enthalpy reduction was observed

previously when Micronal DS 5008 X PCM microcapsules were added to cement pastes [51].

PCM capsule survivability during mechanical mixing: Mechanical mixing of the PCM-mortar
composites, and the potential damage it causes to the PCM microcapsules, was investigated as the
cause of the enthalpy reduction observed in Figure 2.3(b). As a comparison to PCM mortars that
were fabricated by mixing the cement, microencapsulated PCM, and water in a planetary action
mixer as per ASTM C305 [132], an additional set of PCM-mortar composites was created within
a DSC pan (¢ =5 mm) by gently sprinkling onto an underlying paste layer, PCM particles, and
then covering these particles with additional cement paste, forming a “sandwich”, after which the

pan was crimped shut.
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Figure 2.2: Representative DSC curves illustrating the enthalpies of phase
change for pristine: (a) MPCM6D, (b) MPCM24D, (c) MPCM43D, and (d)
Micronal DS5008X. The average of freezing and melting enthalpies denotes

the “phase change enthalpy” noted herein.
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Figure 2.3: (a) Representative DSC curves for a PCM-mortar composites (w/c =
0.45) containing different volume fractions of MPCM24D. For clarity, only the
endothermic (melting) peaks are shown, as the enthalpy of phase change measured
during solidification is similar to that observed during melting. (b) The measured
enthalpy of phase change for PCM-mortar composites (w/c = 0.45) as a function of
the enthalpy that is expected based on the mass dosage of PCM in the composite
(Equation 2.1). Even when mechanical mixing is avoided (e.g., see data for PCM
“sandwiches”), an enthalpy reduction is noted, indicating that mixing and
mechanical damage caused to the PCM capsules is not the cause of enthalpy

reduction.

The resulting PCM sandwich specimens were cured for 3 days in a sealed condition prior to DSC
characterization. This preparation procedure was used to avoid any damage that may be induced
on the PCM microcapsules due to shear and frictional forces that may develop during mechanical
mixing. As such, this procedure enables discrimination of the effects of mechanical mixing from
those associated with the nature of the chemical environment. Figure 2.3(b) reveals the measured

enthalpy of phase change of these PCM sandwich composites falls on the same trend line as those

21



subjected to mechanical mixing, indicating that mechanical mixing is not the cause of the observed
enthalpy reduction. As such, this clarifies that a chemical rather than mechanical cause is at the

origin of the enthalpy reduction observed in PCM containing cementitious composites.
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Figure 2.4: The relative change in the enthalpy of phase change for (a)
MPCM24D, (b) Micronal DS 5008X, (c) MPCM6D, and (d) MPCM43D
following immersion in alkaline (similar to pore fluid) solutions for 28 days. The

highest uncertainty in each measured data point is on the order of £1%.
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Figure 2.5: (a) The change in the phase change enthalpy of MPCM24D following
immersion in gypsum solutions. (b) The XRD patterns of the MS supramolecular
structure and of MPCM24D before and after immersion in saturated gypsum
solutions for 28 days. SEM images of the MPCM24D microcapsules: (c) before
exposure, and, (d) after 3 days exposure to saturated calcium sulfate solution at

50 °C, wherein ruptured capsules are highlighted by the red circular traces.

2.3.2 Chemical stability of PCM within model cementitious environments
To evaluate the chemical stability of microencapsulated PCMs in alkaline conditions similar to

cement pore solutions, PCM microcapsules were immersed in solutions of the following
23



compositions: 0.02 M Ca(OH),, 0.5 M NaOH, 1 M NaOH, 2 M NaOH, and 3 M NaOH. Following
1, 3,7, and 28 days of immersion, the enthalpy of phase change and the onset temperature of phase

change of the PCM microcapsules were characterized via DSC.

Figure 2.4 shows the change in the enthalpy of phase change of four types of microcapsules as a
function of immersion time, relative to that in their pristine condition. Over 28 days of immersion,
the enthalpy of phase change of the microencapsulated PCMs decreased by < 2%. This suggests
that the PCM capsule is sufficiently stable in alkaline environments. These results were consistent
across PCMs of various transition temperatures. While these results indicate that negligible
enthalpy reduction occurred in alkaline solutions, regardless of the associated cation, these
simplified solutions did not contain the diversity of potentially deleterious ions present in the
cement pore solution. For example, gypsum (hydrated calcium sulfate, CaSO4=H20) is commonly
added to OPC to control the setting time. In this case, sulfate ions in the pore solution of cement
paste may play an important role in deteriorating the PCM microcapsules’ shell material, which
requires further examination [7]. It should be noted that cement pore solution achieves gypsum
saturation within the first few hours, and the concentration of sulfate ions progressively decreases

in time [7].

Figure 2.5(a) shows the relative change in enthalpy of phase change for MPCM24D microcapsules
exposed to CaSO4=H20 (gypsum) solutions having concentrations of 7.35 mM, and 17.65 mM, for
up to 28 days at 23 °C and 50 °C. The higher concentration, 17.65 mM corresponds to the solubility
limit of gypsum in water at 23 °C. Also, while the lower temperature corresponds to ambient

conditions, the higher temperature (50 °C) corresponds to that which may be achieved in modestly
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sized concrete sections due to the effects of self-insulation and the exothermic nature of cement +

water reactions.

An immediate decrease in the PCM’s enthalpy of phase change was observed (i.e., in <24 hours)
upon immersion in sulfate solutions, especially at slightly elevated temperature. For example, the
enthalpy reduction of MPCM24D immersed in saturated calcium sulfate solution at 50 °C after 28
days was around 23%. These findings suggested that sulfate ions play a significant role in inducing
the observed 25% enthalpy reduction following embedment of PCM in cementitious composites
(e.g., see Figure 2.3(b)). This is attributed to the fact that the shell material of the
microencapsulated PCMs was a melamine-formaldehyde (MF) resin that is synthesized by
crosslinking melamine with formaldehyde under alkaline conditions. Since the crosslinking
reactions are reversible, the crosslinks in MF’s structure may breakdown in aqueous environments
[133]. Following reversible breakdown, melamine co-crystallizes with sulfate ions to form a
melamine-sulfate (MS)-like supramolecular structure of molecular formula: [(CsH7Ns")2(SO4*
)]-:2H2O [134]. It is worth pointing out that the observed PCM enthalpy reduction occurred
immediately after exposure to sulfate ions — but after this initial reduction, no further change in

the enthalpy of phase change was observed.

Figure 2.5(b) shows XRD of MPCM24D samples before and following their immersion in
saturated gypsum solutions for 28 days, and those for the melamine-sulfate (MS) supramolecular
structure [134]. The X-ray patterns confirm the presence of supramolecular crystal compounds
following immersion of PCM microcapsules in a saturated sulfate solution. It is postulated that

hydrolysis of the MF crosslinks occurs within the shell of PCM microcapsules exposed to sulfate
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solutions. This process releases melamine, which then reacts with sulfate ions in solution to form
the MS supramolecule with a 3D microporous structure that is linked by intermolecular hydrogen-
bonds and aromatic n-n interactions [134]. These reactions deform and degrade the PCM’s shell
causing its rupture; after which the paraffinic core contacts the alkaline cementitious pore-fluid.
This is confirmed by the SEM images presented in Figures 2.5(c-d) which show capsule rupture
following exposure to gypsum solutions. The reduction in the enthalpy of phase change is thus
attributed to the contact of the PCM core material with the high pH cementitious environment. To
confirm this hypothesis, the paraffinic core material of MPCM24D was directly dispersed into
gypsum solutions and stirred at 50 °C over a 28-day exposure period. Before exposure, the
enthalpy of phase change of MPCM24D’s core material was 199.8 kJ/kg; which indicated that
following its encapsulation, the core accounted for 81 mass % of the MPCM24D microcapsules.
Upon exposure to saturated gypsum solutions, the enthalpy of phase change of the core material
decreased to 166.1 kJ/kg, a 17% reduction. Since the MF shell has no latent heat capacity, and the
enthalpy reduction of MPCM24D immersed in at 50 °C after 28 days was =~ 23% (e.g., see Figure
2.5a), it was estimated that around 30% of the core material has been released (degraded) from the
capsules. These results indicate that chemical reactions between the PCM core and SO42- are
primarily responsible for the observed enthalpy reduction (Figure 2.3b). This pathway of the

PCM’s enthalpy reduction resulting from chemical interactions is summarized in Figure 2.6.
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Figure 2.6: The proposed chemical interaction pathway which results in enthalpy
reduction (reduction) of the PCMs following exposure to caustic solutions containing

sulfate ions.

2.3.3 Moisture transport behavior of PCM-containing cementitious composites

The water absorption response of PCM-mortars was quantified as per ASTM C1585. This involved
measuring incremental mass change (increase) of the samples after 1 min, 5 min, 10 min, 20 min,
30 min, 60 min, 120 min, 180 min, 240 min, 300 min, 360 min, and then every day for up to 8
days following their contact with water. The origin of time was taken at the moment when the
specimen was first placed in contact with water. The cumulative volume of absorbed water per

unit area of inflow surface I (in mm), was calculated as,

Am,
| =—7- Eq. (2.2
A q.(22)
where Am; (g) is the cumulative change in specimen mass at time t (seconds), A (mm?) is the area
of the specimen exposed to water, and py is the density of water (0.001 g/mm? at 23 °C). As per
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Hall [135], single-phase flow by capillary sorption in an unsaturated porous media can be
expressed in the form of a diffusion equation — thus, from theory, | scales to t*2. But, in practice a
finite positive intercept, k (mm), is noted as a result of the filling of surface porosity on the inflow

surface [135]. As such, the sorptivity S can be determined from the slope of the best-fit line [136],

| =k + St'/? Eq. (2.3)
where S is the sorptivity of the material, i.e., the rate of absorption (in mm/h?) and t is the time
(in h). As per ASTM C1585, Equation (2.3) was fitted to the measured absorption data I(t) within
the first 6 hours, and between 1 and 8 days, to calculate the initial sorptivity (S1, in mm/h*?) and

secondary sorptivity (Sz, in mm/h*?), respectively.

Figure 2.7(a) shows representative water absorption data for a plain cement paste (w/c = 0.45)
[135]. Neithalath [137] proposed that water sorption data can be described by a combination of an
exponential term for sorption and a solution of Fick’s second law for diffusion to predict time-

dependent moisture ingress such that,

Am S LGl s 8 ~D,(2n+1)* 7’
| = =B|1—- 1 0 1— m
A { exp( B J}L Pu { nZ;‘(Zn +1)? 7° exp{ 412 Eqg. (2.4)

where B describes the penetration depth when capillary pores dominate initial sorption (mm), Co
is the concentration of moisture at the specimen’s surface (kg/m?%), Dm is the moisture diffusion
coefficient (m?/h) , and L is the length of the specimen (m). Experimental data of | estimated using
Equation (2), and S obtained via Equation (2.3) were used to fit Equation (2.4), thus revealing the
constants B, Co, and Dm. Figure 2.7(b) displays a representative fit of the Equation (2.4) for the
plain paste (w/c = 0.45) including the separated contributions of capillary sorption and of diffusion,

respectively. As expected, the contribution of capillary sorption to moisture intake was dominant
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at early times, and vanished over time, while the diffusion term represented long-term moisture
transport involving the smaller gel pores [138]. The fitting of Equation (2.4) to the experimental
water intake of the cement mortars (for w/c = 0.45) containing various dosages of PCM’s and/or
quartz inclusions were determined, as shown in Figure 2.8. Note that, based on Equation (2.4),

after an infinite amount of time, the cumulative water absorbed in the specimen is equal to

0.8 P U R R 0.8 - 1 1 1 1
: w/c=0.45 plain paste *® T 'wic=0.45 plain paste
4 3 4 O Experimental Data -
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Figure 2.7: (a) Water sorption as a function of the square root of time (h*/?) for a plain
cement (w/c = 0.45), and (b) Representative fits of the sorption-diffusion equation

(Eq. 2.4) to the plain cement paste’s water sorption response.
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Figure 2.8: Fits of the sorption-diffusion equation (Equation 2.4) to experimental water sorption

data of cement mortars containing various dosages of microencapsulated PCM and/or quartz

inclusions. The highest uncertainty in each measured data point is on the order of = 0.04 mm.

Figure 2.9(a) displays the initial S; and secondary S sorptivities measured for all mixtures (for
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wi/c = 0.45) as functions of inclusion volume fraction ¢r+q. It is noted that regardless of the nature
of inclusions present (i.e., PCM or quartz), both initial S; and secondary S, sorptivities decreased
linearly with increasing total inclusion volume fraction. This is because both quartz and PCM serve
as non-sorptive inclusions [120]. As the volume fraction of non-sorptive inclusions increases,
capillary flow is redirected around inclusion particles, increasing the tortuosity of the transport
path. As a result, moisture penetration rates diminish. Further, the initial sorptivity decreased faster
than the secondary sorptivity, indicating a greater relative importance of diffusive moisture
transport with increasing inclusion dosage. In addition, the effective moisture diffusion coefficient
Dnm (Figure 2.9b) decreased systematically with inclusion dosage since both PCM and quartz were
non-porous inclusions, far less permeable than the cement paste. In turn, the total amount of water
absorbed by the composites diminished with inclusion dosage due to the dilution of the content of

porous cement paste, which is the main water-sorbing component in the composite (see Figure

2.9¢).
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Figure 2.9: (a) Water sorptivity, (b) Moisture diffusion coefficients of cementitious composites
containing PCM and/or quartz inclusions, and (c) The cumulative amount of water absorbed by

cementitious composites containing PCM and/or quartz inclusions after infinite time.
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Figure 2.10: Powers model showing phase distributions for (a) plain paste with w/c=0.35, (b)
plain paste with w/c=0.45, (c) plain paste with w/c=0.55, (d) w/c=0.45 cementitious composite
containing 10% inclusions, (e) w/c=0.45 cementitious composite containing 30% inclusions, (f)

w/c=0.45 cementitious composite containing 55% inclusions

As water absorption appeared relatively insensitive to the type of inclusion, a model was sought
to capture both the effects of w/c and inclusion volume (i.e., reduction in paste content) on water
absorption. Simply, water absorption depends on the unsaturated and interconnected porosity of
the system, i.e., the volume available to be filled with water. The total porosity, composed of
capillary porosity (Vcw), the gel porosity (Vgw), and chemical shrinkage (V¢s) in a cement paste can

be determined by Powers’ model which estimates the volume relationships among constituents
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and porosity of the mixtures during the hydration process [114, 139] at a given degree of cement
reaction, here taken to be 80% after 28 days [140]. The calculated phase distributions for
cementitious composites with different w/c and volume fractions of inclusions as a function of

degree of hydration are shown in Figure 2.10.

Since both PCM and quartz were non-sorptive and non-reactive inclusions, and assuming that no
volume expansion occurs during wetting, the total porosity of the mixture can be calculated as a
function of w/c, degree of reaction («, unitless), and the inclusion dosage. Indeed, isothermal
calorimetry has indicated that PCM microcapsules and quartz inclusions exert no appreciable
effect on the degree of hydration [51]. As such, Figure 2.11 shows the maximum long-term water
uptake of a range of cementitious composites (i.e., both with, and without inclusions) as a function
of their total porosity calculated by Powers model. Across all compositions, an empirical
logarithmic expression described the relationship between the maximum water uptake Imax and the
total porosity Viot (i.e., the sum of the capillary and gel pores, and void spaces created by chemical
shrinkage):

l ., =0.50InV,, +1.36 Eq. (2.5)

tot
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porosity, Vit calculated using Powers model.

To ascertain the predictive power of this approach, water sorption experiments were carried out
on three additional mixtures having different w/c and volume fractions of PCM and quartz: (i) w/c
= 0.40 mortar containing 40 volume % PCM, (ii) w/c = 0.50 mortar containing 25 volume % PCM
and 25 volume % quartz, and (iii) w/c = 0.60 mortar containing 25 volume % quartz. The empirical
expression shown in Equation (2.5) was able to robustly capture the terminal amount of water
absorbed by these mixtures, simply from knowledge of the mixture proportions, and the degree of
reaction (see Figure 2.11). It should be noted that Equation (2.5) accounts for differences in
porosity (volume fraction) based only on the initial w/c of the cement paste. The addition of non-
sorptive inclusions dilutes the volume fraction of the porous cement paste, thereby reducing the
volume of porosity in the cementitious composite. Therefore, the present expression only accounts

for the effects of non-sorptive (or negligibly sorptive) inclusions. While Equation (2.5) could
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indeed be modified to represent the effects of porous aggregates, i.e., by taking aggregate porosity
into account in the porosity volume fraction parameter Vit — this approach was not implemented
here. As such, it is possible to estimate terminal water sorption from the porosity of the material.
Of course, the results indicate that PCMs diminish water sorption similar to other non-porous

inclusions, an effect that is caused on account of dilution of the cement paste content.

2.3.4 Unrestrained drying shrinkage of cementitious composites containing PCMs

Figure 2.12 shows the drying shrinkage strain (S, pe) of cementitious composites containing PCM
and/or quartz inclusions as a function of time, with a fixed w/c = 0.45. For both quartz mortars and
mixed mortars (i.e., those containing both quartz and PCM inclusions), increasing the quartz
volume fraction reduced drying shrinkage, since stiff inclusions restrain the shrinkage of the paste
[51]. The dosage of microencapsulated PCM inclusions resulted in no change in shrinkage, vis-a-
vis the plain cement paste. This is because the soft PCM inclusions, due to their compliant nature,
are unable to restrain the shrinkage of the cement paste upon drying. This is supported by the
observation that, when PCM and quartz inclusions were dosed together, the measured shrinkage

response was equal to that expected for a mixture containing only quartz inclusions.
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Figure 2.12: Shrinkage plotted against the drying time for samples containing different

volume fractions of PCM and/or quartz.

To better understand the trends in shrinkage, and the influence of the inclusion properties, the
model of Hobbs developed for two-component composites (i.e., matrix + inclusion) was applied

to predict the shrinkage of the composite [122, 141]. This model is expressed as,

2Ki (Sm _S)¢|

with K.

I TR, + (K K ) 1 T302) 4G

where Sj, Kj, Ej, and vj are the shrinkage strain, bulk modulus, modulus of elasticity, and Poisson’s
ratio of component j of volume fraction ¢;, respectively. Here, the subscripts m+i, m, and i refer to
the two-component composite, the matrix (cement paste), and the inclusions (PCM or quartz),
respectively. The shrinkage of PCM microcapsules was assumed to be near-equivalent to that of
the cement paste, and quartz was assumed to be non-shrinking, Therefore the shrinkage ratio of
quartz and PCM inclusions in relation to cement paste are taken as: So/Sm=0.01 and Sp/Sm = 0.99.

The bulk modulus of the cement paste was calculated: (i) from measured data of its modulus of
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elasticity Em = 9.58 GPa, 13.48 GPa, 15.65 GPa, and 16.75 GPa [123] at ages of 1, 3, 7, and 28
days, respectively and (ii) assuming its Poisson’s ratio to be om = 0.2 [142]. The modulus of
elasticity and Poisson’s ratio of the microencapsulated PCM and quartz inclusions were estimated
based on literature data as: Ep = 0.0557 GPa, vp = 0.499 [143], and Eq = 72 GPa, vq = 0.22 [144],
respectively. The Hobbs model assumes the following: (i) the cementitious composites consist of
only two phases (i.e., inclusion particles dispersed in a continuous cement paste matrix), (ii) the
inclusions and cement paste matrix are elastic, and (iii) the elastic properties of the components do

not change with shrinkage.

For three-component systems (i.e., PCM microcapsules + quartz + cement paste), a two-step
approach was applied to calculate the shrinkage strain via the Hobbs model. In this approach, the
PCM and cement paste were treated as a homogeneous matrix into which quartz inclusions were
embedded. The effective modulus of elasticity of the cement paste embedded with PCMs was

computed using Hobbs model (for modulus of elasticity) as [29],

(1—2um+P)[1- e JEm
E .= 1%
(1—2um)(1+¢PJ
1- ¢,

where Em+p is the effective modulus of elasticity of the paste + PCM composite, and Em and Ep

Eq. (2.7)

are the moduli of elasticity of the cement paste matrix and microencapsulated PCM, respectively.
The corresponding effective Poisson’s ratio of the composite, vm+p Was calculated based on the

Reuss-Voigt-Hill average [145] as,
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It should be noted that Hobbs model noted in Equation (2.7) was derived for a case of considerable
mismatch between the Poisson’s ratios of the components, and assumed that inclusions had a
negligible modulus of elasticity compared to that of the matrix (such that Ei = 0, and Si/Sm~ 1). As
such, instead of homogenizing quartz and cement paste as the matrix, quartz was treated as
inclusion and embedded into a matrix composed of PCM microcapsules and cement paste. The
effective modulus of elasticity Em+p and Poisson’s ratio vm+p 0f the homogenized PCM + cement
paste composite were used to calculate its effective bulk modulus (Km+p). This served as an input
in Equation (2.6) for Km while the quartz particles were treated as rigid inclusions. Based on these

guidelines, the drying shrinkage of a three-component composite, Sm+p+q, Was predicted as,

2EQ¢Q (- SQ )
Sinipi0 1-2v, Senep
—=1- Eqg. (2.9)
Sm+P EQ + Em+P + EQ _ Em+P )¢
1-2v, 1-2v,, 1-2v, 1-2v,, °

where Sm+p Was obtained as a function of Sm by Equation (2.6). Figure 2.13 shows the measured
and predicted shrinkage strains of PCM and/or quartz containing composites normalized by that
of plain paste shrinkage, Sm, after 28 days of drying. It is noted that Hobbs model can accurately
predict the shrinkage of composites containing both stiff, and/or compliant inclusions. The results
indicate that, broadly, PCMs do not restrain paste shrinkage, and fulfill a role similar to air-voids
(i.e., in the context of shrinkage) in the system. This is significant as while PCM microcapsules do
not reduce shrinkage, in spite of the effects of dilution (i.e., a reduction in paste content), when

dosed with quartz inclusions, the latter serve as a shrinkage restraining agent. Nevertheless, since
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PCMs are expected to be dosed as replacement of fine mineral aggregates, the overall shrinkage

that develops can be adjusted by the dosage of stiff inclusions present in the mixture.
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Figure 2.13: (a) A comparison of measured and modeled drying shrinkage data of
all cementitious mixtures after 28 days of drying, normalized by shrinkage of plain
paste with w/c = 0.45, (b) modeled drying shrinkage data plotted as a function of

experimental shrinkage data.

It is worth pointing out that in practical applications the effect of temperature cycling on the

expansion and shrinkage of the PCM capsules may be relevant. While it is well known that thermal

39



expansion and shrinkage of the PCM’s paraffin core is much higher than that of the MF shell,
typically, the PCM capsules are only partially filled with core material to account for the thermal
expansion mismatch of the core and shell components. In fact, the effective coefficient of thermal
expansion of the PCM microcapsules (core + shell) is similar to that of the encapsulation (shell)
material, as will be discussed in Chapter 4. Since the coefficient of thermal expansion of the shell
is on the same order as that of the cement paste matrix, this ensures that no damage would occur
at the interface between the cement paste and the microcapsules when temperature changes — more
so since the shell is around an order of magnitude less stiff than the cement paste matrix. As such,
the addition of microencapsulated PCMs is expected to exert no detrimental effect on volume

changes of cementitious composites.

2.4 Conclusion

This chapter has investigated how the dosage of microencapsulated PCMs influences the durability
of cementitious materials. It is noted that, while PCMs remain unaffected in alkaline solutions,
they experience a significant enthalpy reduction, on the order of 25%, when exposed to sulfate-
bearing environments. The mechanism of such enthalpy reduction was identified as hydrolysis of
the melamine-formaldehyde PCM capsule followed by its reaction with sulfate ions to form a
melamine-sulfate supramolecular crystal. These reactions result in shell rupture following which
the paraffinic PCM core too contacts sulfate ions, resulting in enthalpy reduction. With regards to
water sorption, PCMs serve as a non-sorptive inclusion similar to graded quartz sand. Therefore,
increasing the volume fraction of either inclusion reduced the volume of water sorbed, and the rate
of water sorption. These effects, especially the extent of terminal water sorption, can be estimated

for the case of non-sorptive inclusions using Powers” model. Furthermore, the drying shrinkage of
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cementitious composites was essentially unaltered by the presence of PCMs, as such compliant
inclusions are unable to offer any resistance to the cement paste’s shrinkage. On the other hand,
stiff quartz inclusions reduced shrinkage significantly — due to the effects of aggregate restraint.
The model of Hobbs is able to properly capture the effects of both, inclusion stiffness and volume
fraction, providing a means to estimate the shrinkage of cementitious composites containing such
inclusions. In general, it is noted that, while PCMs may themselves be detrimentally impacted in
sulfate-containing cementitious environments, they do not in any way detrimentally impact the

durability of cementitious composites in which they are embedded.
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Chapter 3 Restrained shrinkage cracking of
cementitious composites containing microencapsulated

PCM Inclusions

3.1 Background

Microencapsulated PCMs have been proposed as a means to: (i) reduce the risk of thermal cracking
in restrained concretes [37, 51, 123], and, (ii) reduce the energy consumption associated with
heating and cooling buildings [60, 61, 63, 69]. The success of PCMs in these applications is
ensured by their ability to absorb heat from their surroundings at temperatures in excess of their
phase change temperature, and release such heat at temperatures below their phase change
temperature. Such temperature-dependent absorption and release of heat is often achieved by an
organic phase change material (“core”), which for reasons of shape-stabilization, and to ensure its

chemical passivity, is enclosed within a polymer encasement (“shell”); e.g., see Figure 3.1(a).

Expectedly, on account of their soft nature (e.g., typically, the paraffin-based core and polymer
shell materials display an elastic modulus on the order of 50 MPa, and 600 MPa, respectively [143,
146]) — the dosage of PCMs into cementitious materials has been shown to result in reductions in
the effective compressive strength of the composite (e.g., see Figure 3.1b [123]). If such “strength
reductions” are considered in terms of their implications on cracking risk; from a strength of
materials perspective (i.e., cracking occurs when the strength of the material is exceeded) — it may

be suspected that PCM additions may result in concretes being at a higher risk of cracking.
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Therefore, despite their advantage of serving as a sink/source for early-age hydration, and
environmental heat — the dosage of PCMs into cementitious materials may be counterproductive

due to the strength loss, and amplified concrete cracking risk that results.
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Figure 3.1: (a) A scanning electron micrograph of “core-shell” microencapsulated phase

change materials (PCMs) wherein the core is the active phase change component (e.qg.,
often alkanes of composition CnH2n+2) and the shell is a polymer structure often
comprised of melamine-formaldehyde (MF), and, (b) The compressive strength, fc, of
cementitious mixtures containing quartz or microencapsulated PCM inclusions after 28

days of aging as a function of the inclusion volume fraction (VF) [123].

While the previous chapter has examined aspects of the durability of mature cementitious
composites containing PCMs — but not restrained cracking behavior — to definitively answer the
question “Does the addition of microencapsulated PCMs render cementitious materials more
sensitive to cracking?” a comprehensive assessment of the mechanical properties and cracking
sensitivity is undertaken to contrast the cracking behavior of formulations containing stiff (quartz)

inclusions and soft (PCM) inclusions. It is shown that PCM inclusions do not amplify the risk of
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cracking, but rather, reduce the risk of cracking vis-a-vis stiff inclusion systems. Similar to other
soft inclusions (e.g., elastomers, expanded polystyrene, etc. [147, 148]), this outcome is attributed
to crack blunting and deflection effects, and the improved stress relaxation [149-151] resulting

from PCM dosage, separate from any heat absorption and release related effects.

3.2 Materials and methods

3.2.1 Materials

An ASTM C150 [125] compliant Type I/1l ordinary portland cement (OPC) was mixed with
deionized (DI) water to prepare cement pastes and mortars as per ASTM C305 [132]. The OPC
used had a nominal composition (in terms of mass %) of: 56.5% C3S, 18.0% C2S, 11.4% C4AF
and 6.3% C3A. An ASTM C778 [127] compliant graded quartz sand was used as stiff inclusions.
The soft inclusions comprised a microencapsulated phase change material (MPCM-24D, Microtek
Laboratories Inc.) which consisted of a paraffinous core encapsulated within a MF shell. The PCM
was supplied in the form of a powder, and had a phase change temperature around 24°C and a
latent heat capacity around 162 kJ/kg (see Figure 2.2). The densities of the OPC, quartz, and

microencapsulated PCM were estimated as 3150 kg/m?, 2650 kg/m?, and 900 kg/m?, respectively.

All cementitious mixtures were prepared at a fixed w/c (water-to-cement ratio, mass basis) of w/c
= 0.45. The cementitious mixtures formulated consisted of neat cement paste, and mortars
containing 10 volume % and 20 volume % of quartz or PCM inclusions. Due to their small particle
size, it was difficult to formulate suitably fluid (“nearly pourable”) microencapsulated PCM-
containing mixtures at higher inclusion volume fractions without the addition of high-dosages of

superplasticizer which substantially alters early-age reaction kinetics. Therefore, higher inclusion
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dosages were not considered. Herein, each mortar contained only a single type of inclusion (i.e.,
either quartz sand or microencapsulated PCM), in order to distinguish their influences on
restrained cracking behavior. However, in the case of practical concrete proportioning which is
carried out on a volumetric basis — the aggregate content is specified as a volume percentage of
the overall volume. In circumstances such as these, where the ratio of coarse and fine aggregate in
the mixture is defined (fixed), it is expected that PCM inclusions would be dosed by replacing a
portion of the fine aggregate by PCM inclusions, volumetrically. Such dosage could be carried out

to ensure a particular level of heat absorption and release, or to reduce the cracking risk.

3.2.2 Experimental methods

3.2.2.1 Particle Size Distributions

The particle size distributions (PSDs, Figure 3.2) of the OPC, quartz, and PCM were measured
using Static Light Scattering (SLS) using a Beckman Coulter LS13-320 particle sizing apparatus
fitted with a 750 nm light-source. Each solid was dispersed into primary particles via
ultrasonication in isopropanol (IPA), which was also used as the carrier fluid. The complex
refractive indices of the OPC, quartz, and PCMs were taken as 1.70 + 0.10i, 1.53 + 0.00i, and 1.54
+ 0.00i, respectively (see Section 2.2.2). The maximum uncertainty in the PSDs was around 6%

based on six replicate measurements.
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Figure 3.2: The particle size distributions of the OPC, quartz, and
microencapsulated PCM particulates as measured using static light scattering

(SLS).

3.2.2.2 Splitting Tensile Strength

The splitting tensile strength (f;, MPa) of all specimens was measured as per ASTM C496 [152].
The strength measurements were carried out after 1, 3, 7, and 28 days of curing for cylindrical
specimens (diameter x height: 101.6 mm x 203.2 mm) maintained at 25 + 3 °C in saturated
limewater. A compressive force was applied along the length of the cylindrical specimen at a rate
of 10 kN/s until failure occurred. A thin plywood strip was used to uniformly distribute the load
along the length of the cylinder and the maximum load borne by the specimen was used to obtain
the splitting tensile strength. The tensile strength represents the average of three specimens cast

from the same mixing batch.

Static (Compressive) Elastic Modulus: The elastic (or Young’s) modulus (EC, GPa; N.B.: this
represents the chord modulus of elasticity [123]) of all specimens was measured as per ASTM
C469 [153]. The elastic modulus measurements were carried out after 1, 3, 7, and 28 days of curing

for cylindrical specimens (diameter x height: 101.2 mm x 203.2 mm) maintained at 25 + 3 °C in
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saturated limewater using a MTS 311.31 closed-loop servo-hydraulic instrument. A quick-setting
gypsum plaster “Hydrostone” was used for capping the specimens to ensure uniform compression
at the ends of each cylinder. The reported elastic modulus represents the average of three

specimens cast from the same mixing batch.

3.2.2.3 Unrestrained Shrinkage

Unrestrained deformations of cementitious specimens were measured as described in ASTM C157
[131]. Free shrinkage (ers) was measured using prismatic specimens (25.4 mm x 25.4 mm x 285
mm). After saturated curing for the first 24 hours, the prismatic specimens were demolded, double-
bagged in Ziploc© bags - to ensure partially sealed conditions, and limit water loss - and then
stored in an environmental chamber (Darwin KB024) at 25 £ 0.1 °C and 87 + 0.1 % RH for an
additional 6 days. The condition of partial sealing was implemented to mimic conditions of the
restrained ring setup — which could only be sealed by “double bagging” (see below). After 6
additional days of “partially sealed” (i.e., since the double bagging did not allow perfect sealing)
curing, the samples were properly sealed on 4 sides using two-layers of aluminum tape such that
only two (long) parallel faces remained unsealed to ensure symmetric (1D) drying — analogous to
the conditions of the restrained ring setup. After this time, the samples were stored at 50 + 0.1 %
RH and 75 £ 0.1 % RH (relative humidity) for an additional three days. Shrinkage and mass loss
were measured after 1, 3, 5, 7, 8, 9, and 10 days from the time of casting. The shrinkage and mass
loss data shown represent the average of four specimens cast from the same mixing batch. The
unrestrained shrinkage thus measured enabled calculation of the elastic stress that would develop
— following Hooke’s Law — which upon comparison with the measured residual stress allows

quantification of the extent of stress relaxation (see below) [154-157].
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3.2.2.4 Restrained Shrinkage

The dual ring test was used to assess the cracking tendency of the cementitious mixtures [51, 155-
158]. The apparatus consists of two rings (i.e., an inner ring and an outer ring) made of Invar 36
to minimize the influence of temperature on the results. The coefficient of thermal expansion of
the Invar 36 is around 2.5 pe/°C [51]. The inner Invar ring had an outer radius R, 0of 50.8 mm and
an inner radius Ry of 44.5 mm. The inner ring was instrumented with four strain gauges (CEA-00-
350Q; &) placed at 90° from each other at the mid-height on the inner circumference. The outer
invar ring had an outer radius Ro, 0f 82.6 mm and an inner radius Ro,i of 76.2 mm. The outer ring
was also instrumented with four strain gauges (CEA-00-350Q; eo) placed at 90° from each another
at the mid-height on the outer circumference. Both the inner and outer rings had a height of 25.4
mm. Strains were measured at 5 minute intervals, starting about 30 minutes after mixing until the
test was terminated. The instrumented rings were placed at the center of an acrylic base that was
coated with a form release agent to minimize bonding. The rings were also coated with a form
release agent to prevent restraint due to bonding with the cementitious mixtures. The elastic
modulus and Poisson’s ratio of the Invar rings were taken as Einv = 141 GPa, and viny = 0.28,

respectively [51].

The fresh cementitious mixture was cast between the two rings and vibrated to ensure consistent
filling. The setup was double-bagged in Ziploc© bags and then maintained in a programmable
environmental chamber (Darwin KB024) at 25 + 0.1 °C and 87 + 0.1 % RH to limit moisture loss
over the first 7 days. A PVC coversheet formed as an annulus was additionally used to seal the
top-surface of the rings to minimize the potential for drying. After 7 days of “partially sealed”

curing, the rings were placed on an elevated wire-mesh platform with their top and bottom surfaces
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exposed, and dried symmetrically at 50 £ 0.1 % RH or 75 = 0.1 % RH until cracking occurred.

Restrained shrinkage was monitored on duplicate ring specimens cast from the same mixing batch.

The analytical expressions required to assess the incremental elastic stress developed Agei, and the

maximum residual stress developed oy (at r = Ri,0) are noted in [51, 155-158]:
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Further details regarding the analytical expressions and their derivation can be found elsewhere

[117, 154, 158]. The ratio of the residual stress over the elastic stress at any given time yields the

stress relaxation ratio or (unitless), i.e.,

or (1) =0, (t)/0y (1) Eg. (3.3)

The stress relaxation ratio indicates the effects of viscoelastic (stress) relaxation as a result of

which the residual stress is substantially lower than the elastic stress (i.e., the stress developed

following Hooke’s law for the ring geometry). It should be noted that the stress relaxation ratio

was “zeroed” to 1 day since measurements of free shrinkage were initiated at this time.

3.3 Results and discussion

3.3.1 Strength behavior: Contrasting the effects of soft and stiff inclusions
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Figure 3.3(a) shows the measured splitting tensile strength (f;) for the neat cement paste, and
mortars containing PCM and quartz inclusions. Interestingly, all specimens show similar tensile
strengths independent of the presence of, and type of inclusions present. This indicates that the
splitting tensile strength of the mixtures is “paste controlled”. As such, for the inclusions present;
i.e., PCM (weaker than the paste matrix), and quartz (stronger than the paste matrix), in both cases
the failure of the paste, and hence its tenensile strength dictates the failure of the overall composite.
Often the splitting tensile strength of cementitious mixtures is assumed to be on the order of 10%
of the compressive strength (fc), e.g., see Figure 1(b) [7, 159]. While this rule-of-thumb remains
valid for both the neat cement paste, and quartz containing mixtures (e.g., herein, ft =~ 0.12f; at an
age of 28 days) — it is violated in the case of the PCM-containing mixtures wherein reductions in
the compressive strength do not correlate with reductions in the tensile strength. This is an
important observation which indicates that: (i) compressive-to-tensile strength correlations should
not be applied “as is” to mixtures containing soft inclusions, in general, and, (ii) while in the case
of compressive loading PCM inclusions act as a strength-reducing defect in the system — as
elaborated below, in the case of tensile loading, their high compliance, and low modulus ensures
that only the paste matrix transfers, and resists stresses (albeit for the range of PCM volume
fractions considered) — as a result of which the tensile strength of all formulations is similar to that

of the neat paste.

It should furthermore be noted that in the case of compressive loading, when the inclusions are
stiffer than the paste, assuming near-perfect bond between the inclusions and matrix, stresses
concentrate within the inclusions. For this reason, in the case of the quartz inclusions, the

compressive strength is similar across all dosages — as failure only occurs when the stress capacity
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of the paste is exceeded (i.e., since the paste is weaker than the quartz inclusions, see Figure 3.1b).
On the other hand, when the inclusions are compliant, stresses concentrate at the matrix (paste)-
inclusion interface — in increasing proportion as the stiffness contrast between the matrix and
inclusions enhances. Therefore, even if the interface regions (often referred to as the interfacial
transition zone, ITZ, in cementitious systems [160-162]) are considered to demonstrate similar
strengths independent of the type of inclusion present — in the event of compressive loading, PCM
inclusions induce strength reductions (see Figure 3.1b) on account of a risk of interfacial failure

that amplifies with an increase in soft (PCM) inclusion dosage [86, 87].

Coming back to the case of tensile loading, irrespective of the inclusion stiffness, failure initiates
at the apex of the inclusion followed by progressive debonding (i.e., due to dilatation) along the
matrix-inclusion interface. As a result, failure is interface-dominated independent of the nature of
inclusions present [163]; so long as the inclusions are broadly, similar in size. Therefore, for PCM
and quartz inclusions which are assumed to feature similar ITZ properties (i.e., similar to the neat
cement paste matrix; see similar strengths of inclusion-containing and inclusion-free mixtures in
Figure 3.3a) — the measured tensile strength is similar over the entire range of inclusion dosages
considered herein (see Figure 3.3a) [86]. It should be noted however, that the size of the ITZ
surrounding the quartz and PCM inclusions is substantially different, i.e., due to the differences in
their sizes; e.g., the quartz inclusions are > 10 times larger than the PCM inclusions (see Figure
3.1). Of course, this reasoning anticipates that all the inclusions, whether PCM or quartz, are
similarly dispersed within the paste matrix. Furthermore, even if the ITZ were slightly weaker at
some, but not all interfacial locations (i.e., for a given inclusion type, and volume fraction) this

would not result in noticeable strength alterations as this would require a percolated series of
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nearest neighbor inclusions — all of which feature similarly weak(er) interfacial zones.
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Figure 3.3: (a) The splitting tensile strength as a function of specimen age, (b) The static

(compressive) elastic modulus as a function of specimen age for the plain cement paste, and

quartz and PCM inclusion dosed mixtures, and, (c) The static (compressive) elastic modulus as

a function of inclusion dosage after 7 days of curing for quartz and PCM dosed mixtures.

Even in the case of the failure of neat cement paste, although there is no ITZ formed in absence of

inclusions, plain paste formulations are expected to feature initial flaws ranging in size from a few

microns to 100 um (i.e., the size of a large cement particle) [118]. These flaws which control

tensile (opening) failure, are expected to produce macroscopic behavior similar to that induced by

the weaker nature of the ITZ that forms when inclusions are present. Therefore, upon tensile

loading, whether inclusions are present or not, the cementitious systems shown in Figure 3.3(a)

show similar tensile resistance (strength). It should be noted however, the cement paste matrix that

surrounds PCM inclusions is likely to experience higher tensile stresses at the matrix-inclusion

interface as compared to the paste matrix surrounding quartz inclusions — for the same externally

applied strain level. This response emanates from the higher compliance of the PCM inclusions as
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compared to quartz inclusions. However, this effect is not very significant at low inclusion dosages
(i.e., < 20 volume %) in which the inclusions are reasonably well-dispersed, as their interfacial

zones, and the stresses that develop therein are not expected to percolate in the microstructure.

Figures 3.3(b-c) show the compressive elastic modulus Ec of the different cementitious mixtures
as a function of time and inclusion dosage. Expectedly, the addition of soft PCM inclusions was
found to reduce the elastic modulus, while the dosage of quartz inclusions that are stiffer and
stronger than the cement paste increases the elastic modulus. The resulting decrease (PCM) or
increase in modulus (quartz) scales as a function of the inclusion dosage in the system — as shown
in Figure 3(c) — and can be reliably estimated using the models of Hobbs [141] and Garboczi and
Berryman [164] as shown by Young et al. [165] and Falzone et al. [123]. It should be noted that
the data shown in Figures 3.3(b-c) is acquired in compression — as such, while the elastic modulus
of PCM-containing mixtures is noted to degrade with their increasing dosage, further work is
needed to quantify changes in the tensile modulus of such systems, and any changes therein as a
function of the stiffness of inclusions present due to complexities including interface debonding
(N.B.: For typical cementitious formulations, the tensile and compressive elastic modulus are often

within £ 30% of each other [166-169])

3.2 Unrestrained and restrained volume changes: Shrinkage and

cracking behavior

Figure 3.4 shows the shrinkage response of the plain and inclusion-containing cementitious
mixtures as a function of time for two drying regimes, i.e., partially sealed over the first 7 days,

followed by: (i) drying at 50% RH (Figure 4a), and, (ii) 75% RH (Figure 4b) over the subsequent
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3 days. Expectedly, both series of mixtures show a similar extent of free shrinkage and mass loss
over the first 7 days. After 7 days, expectedly, mixtures exposed to 50% RH lose more mass and
shrink at a higher rate than mixtures dried at 75% RH. It is important to note that while both the
quartz and PCM mixtures show a similar extent of mass loss (i.e., when normalized by the mass
of paste in the system) — in the case of shrinkage, quartz-containing mixtures shrink slightly less
than those containing PCM, or the plain paste mixture due to the restraint to paste shrinkage offered

by the stiff quartz inclusions [116].

The PCM inclusions on the other hand, due to their compliant nature are unable to restrain the
shrinkage of the paste — as a result, the plain and PCM-containing mixtures shrink equivalently; in
terms of their rate and extent of shrinkage. Such behavior was also observed by Egan et al. [116]
who noted that when the inclusions are impermeable (or less permeable than the cement paste) —
moisture loss, but not shrinkage, can be simply described by normalizing the mass loss data by the
mass fraction of cement paste in the composite. The shrinkage data shown in Figure 4 serves as an
input into Equation (3.1) to calculate the elastic stress developed (and hence infer the extent of

stress relaxation) in the PCM and quartz mixtures as a function of time.
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Figure 3.4: (a) Free shrinkage as a function of time for plain cement paste,
and quartz and PCM inclusion dosed mixtures. The rate of shrinkage in the
partially sealed and 50% RH drying periods is on the order of -100 ue/day
and -200 pe/day, respectively. The mass loss from 1-to-7 days, and from 7-
to-10 days is on the order of 0.35% and 2.15%, respectively (by mass of
cement paste), and, (b) Drying shrinkage as a function of time for plain
cement paste, and quartz and PCM inclusion dosed mixtures. The rate of
shrinkage in the sealed and 75% RH drying periods is on the order of -100
ue/day, and, -145 pe/day, respectively. The mass loss from 1-to-7 days, and
from 7-to-10 days is on the order of 0.35% and 1.80%, respectively (by mass

of cement paste). The solid black lines show the general trend of the dataset.

Figure 3.5(a-b) shows the residual stress developed in the plain paste, and PCM- and quartz-
containing specimens as a function of time. Residual stress development over the first 7 days, i.e.,
when the ring setup is double-bagged to ensure partially sealed conditions — is noted to scale in
the order: 10% quartz > neat paste > 10% PCM > 20% PCM. Given that these mixtures all show

similar levels of shrinkage over the first 7 days (in fact, the 10% quartz mixture shrinks slightly
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less than the other compositions; see Figure 3.4a) — the scaling in (tensile) residual stresses appears
to follow the magnitude of the elastic modulus of these materials; which also scales in the same
order (e.g., see Figure 3.3c). When the cementitious mixtures are exposed to drying — the rate of
stress development increases dramatically until the specimen cracks. It is important to note that
the rate of stress development is similar across all mixtures whether drying occurs at 50% RH or

75% RH (see Figure 3.5c¢).
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Figure 3.5: Residual stress development measured using the dual ring setup as a function of time
for plain cement paste, and quartz and PCM inclusion dosed mixtures. After 7 days of partially
sealed curing the specimens were dried symmetrically, i.e., from their top and bottom surfaces
at: (a) 50% RH, and, (b) 75% RH. The time at which the stress drops sharply indicates
macroscopic damage localization (cracking), when a single-crack formed in the ring samples.
(c) A comparison of residual stress development in the 10% PCM mixture upon drying at 50%
RH and 75% RH. The stress development curves show near-overlap with each other. The

measured stresses represent the average of duplicate ring specimens.

In fact, the stress curves for drying at different RHs trace the same envelope — with cracking
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occurring at a slightly lower stress level for mixtures dried at 50% RH — as compared to mixtures
dried at 75% RH (see also Figure 6a). This is because up on exposure to an ambient RH that is
lower than the internal RH, cementitious mixtures rapidly lose moisture. The rate of such moisture
loss depends upon the diffusion coefficient of moisture within the cement paste (on the order of
10-12 m?/s for a cement paste with w/c = 0.45 [137, 170]); as a result a steeper moisture gradient
manifests in a material dried at a lower RH, than a material dried at a higher RH [170]. The
presence of a steeper moisture and shrinkage gradient would result in a larger level of shrinkage-
induced microcracking in the paste dried at 50% RH as compared to that dried at 75% RH.
Therefore, due to the faster, and amplified accumulation of damage in the former (see Figure 3.5¢),
and a shorter time interval for stress relaxation (i.e., on account of a faster rate and extent of loading
upon drying), formulations dried at 50% RH experience accelerated macroscopic damage
localization (cracking) as compared to formulations dried at 75% RH. This suggests that cracking
in these materials manifests as a fracture (i.e., crack growth) controlled rather than a stress (i.e.,

strength of materials) controlled circumstance.

Significantly, all specimens including the PCM-containing specimens fail at similar stresses —
indicative of their similar strengths (see also Figure 3.3a). Nevertheless, it is important to note that
all the cementitious mixtures fail at tensile stresses substantially (around 50%) lower than the
tensile strength of the material around 7 days (see Figure 3.6a). This is postulated to be on the
account of the formation and sub-critical growth of microcracks in the ring specimens over the
first 7 days at sub-critical stresses (e.g., at 3 days, the residual stress developed is < 0.25ft across
all mixtures). As a result, when the ring specimens are exposed to aggressive drying beyond 7

days, the microcracks (flaws, defects) that are initially present rapidly grow until they coalesce.
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Thus, the materials fail at stress levels lower than their pristine tensile strength. Therefore, the
failure process is dictated by the evolution of incremental and accumulative damage resulting in
the degradation of the tensile capacity of the material as compared to a “pristine” cementitious
material that would typically fail only in the vicinity of a major flaw, or at a stress level similar to
or greater than its tensile strength (i.e., due to the inherent distribution and variability in the

material properties) [171-173].
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Figure 3.6: (a) The stress at failure, and, (b) the time to failure from when drying was initiated
at 7 days as a function of the inclusion volume fraction VF (volume %) for the plain cement
paste, and quartz- and PCM-containing specimens. The failure stress and the time to failure
represent the average of duplicate ring specimens, and, (c) The stress relaxation ratio (ow,

unitless) calculated for the plain cement paste, and quartz and PCM inclusion dosed mixtures.

Coming back to the time of cracking (i.e., from when drying at 50% RH or 75% RH is initiated
until the specimen fails), expectedly, the time to cracking is extended when drying is carried out
at 75% RH rather than 50% RH; due to the slower rate of damage accumulation, and the extended

time period available for stress relaxation. It is furthermore important to note that while all the
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cementitious formulations fail at similar stresses, PCM-containing cementitious materials show a
significantly extended time to cracking (e.g., see Figure 3.6b). For example, up on exposure at
both 50% RH and 75% RH, and for an inclusion dosage of 10 volume % PCM-containing mixtures
demonstrate a > 4.5x increase in the time to cracking as compared to quartz-containing mixtures.
Close examination of the stress relaxation ratio shown in Figure 3.6(c) reveals that the extent of
stress relaxation is broadly similar for the plain cement paste, and mixtures containing 10 volume
% of either quartz or microencapsulated PCM inclusions. However, the extent of stresses relaxed
is substantially enhanced in the mixture containing 20 volume % PCM. When considered in the
context of the time to cracking — this suggests that the addition of PCMs at low dosages ensures
benefits associated with crack deflection and blunting (i.e., which increases the crack tortuosity
and necessitates a higher driving force for crack propagation), such that in spite of the similar
levels of stress relaxation, an increase in time to cracking is observed (see Figure 3.6b) [174]. As
the PCM inclusion volume fraction is increased yet further — the improved compliance (enhanced
stress relaxation) offered by PCM-containing mixtures superimposes on top of the effects of crack
blunting and deflection such that the time to cracking enhances further — although only slightly so
as compared to the 10 volume % PCM formulations. It is important to note that other soft
inclusions with a compliance similar to that of the PCM microcapsules (e.g., elastomers, expanded
polystyrene) are expected to offer similar benefits in cementitious composites, i.e., in terms of
increasing the time to cracking [117, 149, 175]. However, if controlling early- or later-age
temperature rise and gradients is specifically desired, the latent heat storage offered by PCM

inclusions makes their use mandatory [51].

The beneficial effects of PCM additions were also observed by Fernandes et al. [51] who noted
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that the critical crack tip opening displacement (CTODc, in mm) of PCM-containing mixtures,
which accounts for interlock effects of the microstructural components, was higher than that of
formulations devoid of compliant PCM inclusions. Furthermore, the fracture toughness Kic of
PCM-dosed mortars was also found to be similar to or slightly higher than that of neat cement
paste; for PCM dosages of < 20 volume % [51]. Therefore, it appears as though a reduction in
material stiffness in the vicinity of a crack (i.e., due to the incorporation of compliant PCM
particulates) results in the material being able to undergo larger inelastic deformations in the
direction of crack-opening prior to the formation (coalescence) of a macro-crack, as a result of
which the CTOD. increases. Indeed, close examination of the strain energy release rates GR
determined via notched beam fracture tests indicated that, in the case of PCM containing mixtures,
the inelastic component of Gr is dominant — indicating that more energy is being dissipated via
inelastic deformations. This increase in inelastic deformations as compared to those of neat (or
quartz-containing) cementitious mixtures is thought to induce crack blunting and deflection which
enhance the tortuosity of the crack-path; resulting in a heightened resistance to crack propagation.
Taken together, these results indicate that the extension in the time to cracking provided by the
addition of PCM inclusions is in large part due to the effects of crack blunting and deflection (i.e.,
which results in a lower rate of microcrack accumulation, coalescence, and propagation), and to a
smaller extent on account of an improved ability for stress relaxation (i.e., higher compliance).
These results substantiate the premise that the dosage of soft inclusions does not amplify the risk
of cracking — rather, dosage of compliant microscale inclusions is noted to valuably enhance the
cracking-resistance of cementitious composites. The outcomes of this research provide useful
inputs for modeling of the influences of soft inclusions on the cracking behavior of matrix-

inclusion composites. First, it demonstrates that the often assumed scaling relation (X:Y, where X
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often takes a value of 1, and y often takes a value of 10 [159]) that the tensile strength (X) reduces
in fixed proportion with the compressive strength (Y) of cementitious is invalid when soft
inclusions may be present. As a result, rather than remaining fixed, the ratio (X:Y) can take values
ranging from 1:12 to 1:4.5 as the dosage of soft (PCM) inclusions elevates from 0 volume % to 20
volume % in cementitious composites. Second, the coupled effects of viscoelasticity, and crack
blunting/deflection on reducing cracking risks have been quantified by the stress relaxation ratio
(or), which can be used as a critical input for modelling the cracking behavior of cementitious

composites containing soft inclusions.

3.4 Conclusion

By carefully combining measurements of (indirect) tensile strength, and restrained and
unrestrained shrinkage, this chapter has comprehensively examined the influences of compliant,
microscale PCM inclusions on the cracking resistance of cementitious composites. Significantly,
it is noted that in spite of inducing substantial reductions in the compressive strength of
cementitious composites, the dosage of PCM inclusions induces no change in the tensile capacity
(strength) of the material; compared with neat cementitious mixtures, or those containing
inclusions stiffer than the paste matrix. This is because tensile failure is an interface-controlled
process — which being similar across all formulations, for the volume fractions considered —
ensures that the tensile strength remains unchanged and independent of the type of inclusions
present. Furthermore, PCM-containing specimens show a substantial delay in their time to
cracking (e.g., by > 4.5x for the inclusion dosages considered) as compared to neat, or quartz-
containing cementitious mixtures. Such extensions in the time to cracking were attributed

dominantly to the effects of crack-blunting and deflection induced by the PCM inclusions; and to
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a lesser extent on account of enhanced stress relaxation. Taken together, these results indicate that
in contrast to the (intuitive) expectation of an amplified cracking risk — the addition of compliant,
microscale PCM (and other soft) inclusions in fact reduces the risk of and time to cracking in

cementitious composites.
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Chapter 4 Determination of thermal deformation
properties of microencapsulated phase change

materials in cementitious composites

4.1 Background

PCM particulates with a median diameter on the order of 10 to 20 um are often produced by an
interfacial polymerization process wherein a polymer shell (e.g., of melamine-formaldehyde) is
used to encapsulate a core material (e.g., alkanes such as paraffin wax). To provide stress relief
over multiple phase change cycles, typically, the PCM microcapsules are only partially filled. As
a result, they contain some internal porosity [56]. Due to the presence of this internal porosity, and
their small size, it is challenging to characterize the material properties of these core-shell
structures. This is especially so in the context of thermal deformation behavior when both the core
and the shell would expand (or contract), albeit to different extents. This is an issue in applications
such as concrete pavements, where it is important to know the thermal deformation coefficients of
inclusions that are embedded in the cementitious matrix so as to quantify their influences on the
volume stability of the overall solid. This chapter aims to assess the influences of PCM
microcapsules on the effective thermal deformation coefficient of cementitious composites by
effective medium approximation (EMA) and measurements of linear thermal deformation of
prismatic composite specimens. By identifying an EMA capable of accurately estimating the
effective thermal deformation coefficient of multicomponent composites consisting of a matrix
and core-shell inclusions, a general approach is highlighted for retrieving the thermal deformation

properties of core-shell microcapsules or other particulate inclusions embedded in a continuous
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matrix, and for designing cementitious composites containing microencapsulated PCMs.

4.2 Materials and methods

4.2.1 Materials

An ASTM C150 [125] compliant Type I/l ordinary portland cement (OPC) was mixed with
deionized (DI) water to prepare cement pastes (matrix only) and mortars (matrix + inclusions) in
accordance with ASTM C192 [126]. The OPC had a nominal mass-based mineralogical
composition of: 56.5% CasSiOs, 18.0% CazSiO4, 11.4% CasAl2Fe2010, 6.3% CazAl2Oe, 4.6%
CaCOs3, and 1.1% CaS042H,0. ASTM C778 [127] compliant graded quartz sand and
microencapsulated PCM inclusions (MPCM24D, Microtek Laboratories) were used as inclusions
within the cement mortars. The microencapsulated PCMs consisted of a paraffin core encapsulated
within a melamine-formaldehyde (MF) shell. The microencapsulated PCMs were received in the
form of dry powders. The corresponding peak melting temperature and enthalpy of phase change
of microencapsulated PCMs were 27.8°C and 161.2 + 0.5 kJ/kg representing the average value

over three melting and solidification cycles.

Cementitious mortars were prepared with various volume fractions (i.e., dosages) of
microencapsulated PCM and/or quartz inclusions at a water-to-cement ratio (w/c, mass basis) of
0.45. For mortars containing microencapsulated PCM inclusions only, the inclusions were dosed
for three different volume fractions, namely, 5, 10 and 20 vol.%. For mortars containing quartz
inclusions only, the quartz dosages were 10, 20, and 50 vol.%. For mortars containing mixed
inclusions, the total inclusion volume fraction was fixed at 50 vol.%, where the microencapsulated

PCM inclusions comprised 10, 15, or 20 vol.%. The microencapsulated PCMs were mixed with
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the anhydrous OPC by hand prior to the addition of DI water to ensure random and uniform
distribution in the mortar. To enhance the fluidity of the fresh mixtures, a commercially available
water-reducing admixture (MasterGlenium 7500, BASF Corporation) was added at a dosage on
the order of 0-to-1.5 wt.% by mass of cement, depending on the type and dosage of inclusions

present.

4.2.2 Experimental methods

Thermal deformation coefficient measurements were carried out using prismatic specimens with
various mixture proportions, as described above. The specimens were cast in 2.54 cm x 2.54 cm x
28.50 cm molds in accordance with ASTM C157 [131] and cured under 100% relative humidity
for the first 24 h at 25°C. Following demolding after 24 h, the specimens were sealed with
aluminum tape and cured in sealed bags at 25°C for 28 days. Then, the length of each specimen
was measured at 25°C and the specimens were transferred to an environmental chamber (KB024-
DA, Darwin Chambers Company) at 45°C, and stored for 2 h until they reached thermal
equilibrium. The fractional length change (i.e., the linear thermal strain) AL/LO due to temperature
change AT =45°C — 25°C was measured with a length comparator. Then, the thermal deformation
coefficient of the specimens was calculated according to,

AL
Qefr = LoAT (Eq. 4.1)

In addition, elastic thermal strain within the specimens was verified by also calculating aeff based
on a temperature change from 5°C to 45°C and verifying that the measured aeff was independent
of the imposed temperature change. It was also confirmed that the specimens recovered their initial
length when returned to their initial temperature of 25°C. Such elastic stress-strain behavior

implies that the thermal deformation coefficient of cementitious composites would remain constant
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across the range of diurnal temperature variations that would
be experienced by a concrete pavement. However, when the concrete's temperature falls below 0°
C, its thermomechanical behavior is complicated by melting and freezing of water within its pores

and thus cannot be treated as simple elastic deformation.

4.2.3 Effective medium approximation

This study has considered three simple effective medium approximations that can be applied to
predict the effective thermal deformation coefficient aeff of composites consisting of two or more
constituents, and has found that an EMA derived by Schapery [176] which gave upper and lower
bounds for the effective thermal deformation coefficient oeff Of composites with N components
based on energy conservation considerations gives the best predictions. In this case, aeff was

expressed as an average of upper and lower bounds such that

11
- K_(Z KL Keff
= +
oy =a+( 7 ) T 1 +*Aa (Eq. 4.2)
K. K

Here, the overline denotes a volume-weighted average over the constituents, i.e. [176],

_ N
¢K,, and Ka=>4Ka, (Eq. 4.3)
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In addition, K¢ is given by,
. ¢n -1
K. = (ZK_) (Eq. 4.4)
n=1 n

and the effective bulk modulus Kef can be estimated as the average of K. and K, i.e.,

K +K
K = L2 (Eq. 4.5)
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Finally, the deviation A« in ¢, from the average was expressed as [176],

(i_i)m(i_i)m
_ Ke Ky Kes K 1 1w 2 (K_a)z Ka “\27U2
Aa = 1 1 [(K_L_E)(Ka T )—(?—a)] (Eq. 4.6)
K. K

Note that the aforementioned EMA was developed for a linearly elastic composite featuring
isotropic constituent materials with arbitrary geometry. The effective thermal deformation
coefficient predicted depends only on the volume fractions and thermomechanical properties of
the constituent materials but is independent of their spatial distribution. They can also be extended
to a composite made of any number of constituents. As such, the EMA is easily applied to
cementitious and other composite materials with more than one type inclusion, including both fine
aggregates (e.g., quartz sand) and soft inclusions (e.g., microencapsulated PCM) as well as coarse
aggregates that would be present in a typical concrete pavement. In addition, several other EMAS
have been developed specifically for two-component composites, with further details can be found
in [177]. This study presents a general method to retrieve the thermal deformation coefficient of
particulate inclusions that are difficult to measure directly by combining Schapery’s model with
measured effective thermal deformation coefficient. Here, the thermal deformation coefficient of
the inclusions were retrieved by least-square fitting the experimentally measured effective thermal

deformation coefficient for M different inclusion volume fractions ¢ to Schapery’s model by

minimizing the sum-of-squares error given by,

5 = i[aeﬁ ,exp ((Z%)_aeff,Schapery (¢| )]2 (Eq 47)
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Figure 4.1: Effective thermal deformation coefficient o eff of cement pastes with crushed
limestone inclusions as a function of limestone volume fraction ¢ Is ranging from 0 to 0.6
measured by Walker et al. [178] and predicted by Schapery's model using the retrieved value of

o1s = 4.3 pe/°C.

4.3 Results and discussion

The suggested method for retrieving the inclusion thermal deformation coefficient was validated
by demonstrating its use on experimental data presented by Walker et al. [178] for cement pastes
with crushed limestone inclusions with volume fraction ¢ Is ranging from 0 to 0.6. Additionally,
the authors directly measured the thermal deformation coefficient of the cement paste alone as am
= 9.72 ne/°C, and that of the limestone as ais = 4.4 pe/°C by sawing specimens from the parent
stone [178]. Here, the elastic modulus and Poisson's ratio of the limestone were taken as 31 GPa
and 0.25, respectively [179]. Fig. 6 plots the experimentally measured effective thermal
deformation coefficient a eff as a function of limestone volume fraction ¢is [178]. The error bars
correspond to an uncertainty of + 5%. Fig. 6 also shows the best fit obtained with the Schapery
model, corresponding to a retrieved value of as = 4.3 ue/°C. This value of a Is agrees very well

with that measured directly by the authors, thus demonstrating that our suggested approach can be
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used to obtain accurate estimates of inclusion thermal expansion coefficients.
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Figure 4.2: Experimentally measured thermal deformation coefficient a eff of cement pastes
containing (a) microencapsulated PCM with ¢¢+s ranging from 0 to 0.25, (b) quartz sand with ¢q
ranging from 0 to 0.6, or (c) both microencapsulated PCM and quartz sand with ¢@¢+s ranging

from 0 to 0.25 and ¢q + ¢c+s= 0.5.

4.3.1 Thermal deformation coefficient of PCM microcapsules

Figure 4.2(a) shows the experimentally measured effective deformation coefficient a eff of cement
paste with microencapsulated PCM specimens as a function of microencapsulated PCM volume
fraction ¢c+s ranging from 0 to 0.3. The error bars correspond to one standard deviation or 68%
confidence interval of three measurements. Figure 4.2(a) also shows that a eff slightly increased
with increasing ¢c+s, confirming that the thermal deformation coefficient of the PCM
microcapsules was indeed larger than that of the cementitious matrix. The latter was measured to
be om = 14.1 pe/°C, corresponding to ¢¢+s = 0. The thermal deformation coefficient ac+sof the PCM
microcapsules was retrieved by least-square fitting the experimental measurements of a eff with

Schapery's model, as outlined previously. In this case, the retrieved value of ac+s was 42 pe/°C.
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Interestingly, this value was similar to the thermal deformation coefficient of the MF shell, reported

in the literature as as = 50 pe/°C [180].

The PCM microencapsulation process is often carried out at elevated temperatures around 100 °C
[181]. During subsequent cooling, the paraffinous core contracts more than the shell, i.e., ac > >
as, leaving some empty space in the PCM microcapsules at room temperature. Then, upon
subsequent heating, the thermal deformation coefficient ac of the core material has negligible
impact on the thermal deformation coefficient ac+s of the core-shell microcapsule, as the core is
allowed to expand freely without exerting any stress on the shell. Therefore, the thermal
deformation coefficient of the PCM microcapsule ac+s is expected to be similar to that of the shell

material for temperatures below 100 °C.

4.3.2 Thermal deformation coefficient of quartz sand inclusions

Figure 4.2(b) plots the experimentally measured effective thermal deformation coefficient o eff of
cement mortar (i.e., cement paste with quartz sand inclusions) as a function of quartz inclusion
volume fraction ¢ g ranging from 0 to 0.5. In this case, the low thermal deformation coefficient of
the quartz sand caused oe#to decrease with increasing quartz volume fraction ¢q. Here again, the
thermal deformation coefficient of the quartz inclusions oq was determined by least-square fitting
the experimental measurements to the Schapery model. The elastic modulus Eq and Poisson's ratio
vq Of quartz were taken, from the literature, as 73 GPa and 0.17, respectively [182]. Here, the
resulting value of aq was 3.9 nue/°C. Note that a wide range of thermal deformation coefficient
values for quartz are reported in the literature, ranging from 0.5 pe/°C for silica (amorphous) [183]

to 9.3 pne/°C for quartzite [184].
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Figure 4.3: Required quartz sand volume fraction ¢q to ensure that the ratio oe#om of a PCM-
mortar composite remains equal to 1.25, 1, or 0.75, plotted as a function of microencapsulated

PCM volume fraction ¢c+s ranging from 0 to 0.3.

4.2.3 Mixed inclusion measurements

Figure 4.2(c) plots the experimentally measured effective thermal deformation coefficient a eff of
microencapsulated PCM-mortar composite specimens with both PCM and quartz sand inclusions
as a function of PCM volume fraction ¢c+s ranging from 0 to 0.5. Here, the total inclusion volume
fraction was kept constant for all specimens such that ¢q + ¢c+s =0.5. In particular, note that o eff
for a specimen with ¢c+s =0.2 and ¢q =0.3 was measured to be 14.0 pe/°C while that of the
cementitious matrix was measured earlier as om = 14.1 pe/°C. Thus, the effect of adding 20 vol.%
microencapsulated PCM was “offset” by the addition of 30 vol.% quartz. Finally, Figure 4.2(c)
shows the predictions of a eff by Schapery's model using the values of ac+s and aq retrieved from
previous experiments (Figure 4.2a—b). Excellent agreement was found between oe# predicted by
the Schapery model and measured experimentally. These results demonstrate the ability of
Schapery's model to account for the combined, independent effects of both inclusions on the

effective thermal deformation coefficient of the mortars.
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4.2.4 Design rule for thermal deformation equivalence in PCM-mortar composites

As shown in Figure 4.2, the addition of PCM microcapsules tends to increase the effective thermal
deformation coefficient of the composite while the addition of quartz sand tends to decrease it.
Therefore, one could “compensate” for the increase in aes caused by the addition of PCM
microcapsules by adding an appropriate amount of quartz sand to maintain the ratio aes/om below
some threshold. Figure 4.3 plots the required quartz sand volume fraction ¢q corresponding to a
ratio aes /lom equal to 1.25, 1, or 0.75, as a function of microencapsulated PCM volume fraction
dc+s ranging from 0 to 0.3. Here, Schapery's model was used with the retrieved values of ac+s and
aq to determine ¢q for each aes /om and ¢c+s. Note that for a desired ratio aes /lam < 0.75, PCM
volume fractions above ~0.25 are not feasible as they require a minimum total inclusion volume
fraction ¢c+s + ¢q Of 0.85 or higher. Also, for an allowable ratio of aes/am = 1.25, no quartz sand

is required for PCM volume fraction ¢¢+s below 0.125.

4.3 Conclusion

This chapter examined the effect of microencapsulated PCMs and other particulate inclusions on
the thermal deformation behavior of cementitious composites, and presented a convenient
approach to estimate the thermal deformation coefficient of inclusions based on measured effective
properties. The effective thermal deformation coefficient of cementitious microencapsulated PCM-
composites was measured experimentally for cement paste and cement mortar with various volume
fractions of quartz sand and microencapsulated PCM. The experimental measurements were used
in conjunction with Schapery's model to retrieve the thermal deformation coefficient of PCM

microcapsules and of quartz sand grains. The thermal deformation coefficient of the PCM
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microcapsules was found to be near that of the shell material, due to the fact that the capsules
might not be completely filled with PCM, thus leaving space inside for the PCM core to expand.
Schapery's model was shown to predict accurately the effective thermal deformation coefficient of
cementitious composite samples with a mixture of microencapsulated PCM and quartz sand
inclusions based on the previously retrieved properties. Finally, a design rule was suggested for
determining the amount of quartz sand required to offset the effect of the PCM microcapsules in
increasing the thermal deformation coefficient of PCM-mortar composites. These results could be
useful in modeling the thermal deformation behavior of pavement sections featuring

microencapsulated PCMs for crack resistance.
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Chapter S Clinkering-free cementation by fly ash

carbonation

5.1 Background

Over the last century, for reasons of its low-cost and the widespread geographical abundance of
its raw materials, ordinary portland cement (OPC) concrete has been used as the primary material
for the construction of buildings and other infrastructure [4]. However, the production of OPC is
a highly energy- and CO--intensive process. For example, at a production level of 4.2 billion tons
annually [1] (equivalent to > 30 billion tons of concrete produced), OPC production accounts for
approximately 3% of primary energy use and results in 9% of anthropogenic CO2 emissions,
globally [3]. Such COz release is attributed to factors including: (i) the combustion of fuel required
for clinkering the raw materials (i.e., limestone and clay) at 1450 °C, and, (ii) the release of CO-
during the calcination of limestone in the cement kiln. As a result, around 0.9 tons of CO. are
emitted per ton of OPC produced. Therefore, there is great need to reduce the CO; footprint of
cement, and secure alternative solutions for ‘cementation’ as required for building and

infrastructure construction.

Furthermore, there exist unique challenges associated with the production of electricity using coal
(or natural gas) as the fuel source. For example, coal power is not only associated with significant
CO2 emissions (i.e., 30% of anthropogenic CO2 emissions worldwide [185]), but also results in
the accumulation of significant quantities of solid wastes such as fly ash (600 million tons
annually; worldwide [10]). While considerable efforts have been made to replace OPC in the

binder fraction of concrete by supplementary cementitious materials (SCMs) such as fly ash, the
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extent of such utilization remains limited. For example, in the U.S., only around 45% of all fly ash
produced annually is beneficially utilized to replace OPC in the concrete [11]. In spite of
supportive frameworks [13], such limited use is due to factors including: (i) the presence of
impurities including air-pollution control (APC) residues and unburnt carbon as a result of which
some fly ashes are non-compliant (e.g., as per ASTM C618 [12]) for use in traditional OPC
concrete, due to durability concerns [14], and, (ii) increasing cement replacement (i.e., fly ash
dosage) levels to greater than 25 mass % is often associated with extended setting times and slow

strength gain resulting in reduced constructability of the concrete [16].

Clearly, there is an immediate need to valorize or beneficially utilize (“upcycle”) vapor and solid
wastes associated with coal power production. However, given the tremendous scale of waste
production, there is a need to secure upcycling opportunities of some prominence; e.g., within the
construction sector wherein large-scale utilization of upcycled materials can be achieved. This
condition could be satisfied if the “upcycled solution” is able to serve as an alternative to OPC
(and OPC-concrete) so long as it is able to fulfill the functional and performance requirements of
construction. Mineral carbonation (i.e., conversion of vapor phase CO; into a carbonaceous
mineral; e.g., CaCO3) has been proposed as a promising route to sequester CO> in alkaline minerals
[17, 18]. In such a process, CO: is sequestered by chemical reaction of CO. streams with light-
metal oxides to form thermodynamically stable carbonates; thus enabling permanent and safe
storage of CO2 [19]. While numerous studies have examined different alkaline waste streams to
render cementation solutions — for example, coal combustion residues [31], municipal incinerator
wastes [34], and wastes from iron and steel production [35] — the low production throughput, or

severe operating conditions (i.e., high temperature and elevated CO> pressure) have made typical
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approaches difficult to implement at a practical scale. Therefore, to synergize the utilization of two
abundant by-products from coal-fired power plants (i.e., fly ash and CO in flue gas), this study
demonstrates clinkering-free cementation via fly ash carbonation. It is shown that Ca-rich fly ashes
react readily with CO> under moist conditions, at atmospheric pressure and at sub-boiling
temperatures. The influences of Ca availability in the fly ash, CO> concentration, and processing
temperature on reaction Kinetics and strength gain are discussed. Taken together, the outcomes
create new opportunities for simultaneous valorization of solid wastes and CO-, in an integrated

process.

Table 5.1: The simple oxide composition of the fly ashes and OPC as determined using X-ray

fluorescence (XRF).

_ _ Mass (%)

Simple Oxide Ca-rich Fly Ash Ca-poor Fly Ash Type I/11 OPC

SiO» 35.44 53.97 20.57

Al>;O3 17.40 20.45 5.19

Fe203 7.15 5.62 3.44

SOs 2.34 0.52 2.63

Ca0 26.45 12.71 65.99

Na20 1.90 0.57 0.17

MgO 5.73 2.84 1.37

K20 0.53 1.11 0.31

P20s 0.95 0.30 0.08

TiO> 1.19 1.29 0.26

Density (kg/m?®) 2760 2470 3150

Specific surface area 4292.6 616.8 442.6

(SSA, m?/kg)
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Table 5.2: The mineralogical composition of the fly ashes and OPC as determined using
quantitative X-ray diffraction (XRD) and Rietveld refinement.
Composition Mass (%)
Ca-rich Fly Ash Ca-poor Fly Ash Type I/11 OPC
Lime (CaO) 1.16 - 0.5
Periclase (MgO) 3.81 0.30 -
Quartz (SiO») 10.06 16.64 -
Calcite (CaCOg) 0 0 4.60
Mullite (AlsSi>O13) 0.86 5.08 -
Anhydrite (CaSOg) 2.80 0.97 1.2
Gypsum(CaSO42H>0) - - 1.1
Magnetite (FesOa) 1.66 1.76 -
Merwinite
(CasMg(SiOa).) 0.98 ) ]
Gehlenite
(Ca2Al:SiO7) 445 ) ]
CaxSiO4 (C2S) 4.93 - 18.00
CasApFe 010 (C4AF) - - 11.40
CasA20s (C3A) 8.03 - 6.30
CasSiOs (C3S) - - 56.50
Amorphous 55.26 75.25 -

5.2. Materials and methods

5.2.1 Materials

A Class C (Ca-rich) fly ash and a Class F (Ca-poor) fly ash compliant with ASTM C618 [12] were
used. An ASTM C150 [125] compliant Type /1l ordinary Portland cement (OPC) was used as a
cementation reference. The bulk oxide compositions of the fly ashes and OPC as determined by
X-ray fluorescence (XRF) are shown in Table 5.1. The crystalline compositions of the Ca-rich and
Ca-poor fly ashes as determined using X-ray diffraction (XRD) are shown in Table 5.2. It should
be noted that these two fly ashes were used since they represent typical Ca-rich and Ca-poor
variants in the U.S., and since Ca content is expected to strongly influence the extent of CO> uptake

and strength development of carbonated fly ash formulations.
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5.2.2 Experimental methods

5.2.2.1. Particle size distribution and specific surface area

The particle size distribution (PSD) of OPC was measured using static light scattering (SLS) using
a Beckman Coulter LS13-320 particle sizing apparatus fitted with a 750 nm light source. The solid
was dispersed into primary particles via ultrasonication in isopropanol (IPA), which was also used
as the carrier fluid. The complex refractive index of OPC was taken as 1.70 + 0.10i [186]. The
highest uncertainty in the PSDs was around 6% based on six replicate measurements. From the
PSD, the specific surface area (SSA, units of m2/kg) of OPC was calculated by factoring in its
density of 3150 kg/m® whereas the SSAs of the fly ashes were determined by N2-BET
measurements, as previously reported (see Table 1) [187]. The surface area of the Ca-rich (Class
C) fly ash is significantly overestimated by N adsorption due to the presence of unburnt carbon
[187]. However, based on kinetic analysis of reaction rates in OPC + fly ash + water systems, it
can be inferred that the reactive surface areas of both the Ca-rich and Ca-poor fly ashes are similar
to each other, and that of OPC. Further discussion regarding the surface areas of these materials

can be found elsewhere [187].

5.2.2.2 Carbonation processing

Fly ash particulates were mixed with deionized (DI) water in a planetary mixer to prepare dense
suspensions — i.e., pastes having w/s = 0.20 (w/s, water-to-solids ratio, mass basis) which offered
sufficient fluidity such that they could be poured — following ASTM C192 [126]. The pastes were
cast into molds to prepare cubic specimens with a dimension of 50 mm on each side. Following 2

hours of curing in the molds at temperature, T =45 + 0.2°C and relative humidity, RH = 50 + 1%,
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the specimens were demolded after which on account of evaporation they featured a reduced water
content, i.e., w/s = 0.15, but were able to hold form; that is, they were “shape stabilized". At this

time, the cubes were placed in a carbonation reactor, a schematic of which is shown in Figure 5.1.

Gas-phase CO» at atmospheric pressure with a purity of 99.5% (“pure CO2”) was used for
carbonation. On the other hand, 99% pure N2 at atmospheric pressure was used as a control vapor
that simulated ambient air (i.e., with a CO abundance of around 400 ppm [188]). In addition, a
simulated flue gas was created by mixing the pure N2 and pure CO- streams to yield a vapor with
12% CO- (v/v) as confirmed using an Inficon FO818 gas chromatography (GC) instrument. Prior
to contacting the samples, all vapor streams were bubbled into an open, water-filled container to
produce a condensing environment in the reactor (i.e., as shown in Figure 5.1). Each of the vapors

were contacted with the cubical samples at temperatures of 45 £ 0.2°C, 60 + 0.2°C, and 75 £ 0.2°C.

lf ______ B
% I
| Reactor | l —t
Regulator | | | Exhaust
Q 9 | \ J ]
@ @ | Water Sample :
L __ _Owen _ _

. Flowmeter .

CO, No

Figure 5.1: A schematic of the carbonation reactor showing the vapor streams, sample
placement, and monitoring and control units (e.g., flow-meters, pressure regulators,

temperature/relative humidity [T/RH] meters, and gas chromatograph (GC)).
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5.2.2.3 Compressive strength

The compressive strengths of the fly ash cubes (i.e., both control samples, and those exposed to
CO.) were measured at 1 day intervals following ASTM C109 [189] for up to 10 days. All strength
data reported herein are the average of three replicate specimens cast from the same mixing batch.
For comparison, the compressive strengths of neat OPC pastes prepared at w/s = 0.30, 0.40, 0.50,
and 0.60 were measured after 1, 3, 7, and 28 days of immersion and curing in a Ca(OH),-saturated

solution (“limewater”) at 23 + 1°C.

5.2.2.4 CO> uptake by fly ash formulations

CO: uptake due to carbonation of the fly ashes was quantified by two methods: (i) a mass-gain
method, and, (ii) thermogravimetric analysis (TGA). The mass-gain method was used to estimate
the average CO> uptake of the bulk cubic specimen from the mass gain of three replicate cubes

following CO; contact as given by Equation (5.1),

me—m;
w=——- Eq. (5.1
e g.(5.1)

where, w (g/g) is the CO. uptake of a given cube, m¢ (g) is the mass of the specimen following
CO- contact over a period of time t (days), m; (g) is the initial mass of the specimen, and ma () is
the mass of dry fly ash contained in the specimen (i.e., estimated from the mixture proportions). It
should be noted that carbonation is an exothermic reaction; thus it could result in the evaporation
of water from the sample. However, since herein, curing was carried out in a near-condensing
atmosphere, mass measurements before and after carbonation revealed no mass loss due to
(moisture) evaporation. The ratio of CO> uptake at time t to that assessed at the end of the

experiment (i.e., CO2 uptake fraction, a) is given by Equation (5.2),
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ms—m;
Q= ——= Eq. (5.2)
myg—m;

where, ms (g) is the final mass of a given cubical specimen following 10 days of CO, exposure.

TGA was used to determine the extent of CO> uptake at different depths in the fly ash cubes, from
the surface to the center in 5 mm increments. To accomplish so, cubes were sectioned
longitudinally using a hand saw. Then, samples were taken from the newly exposed surface along
a mid-line using a drill at a sampling resolution of around £ 1 mm. The dust and debris obtained
during drilling, at defined locations along the center-line, were collected and pulverized for thermal
analysis in a PerkinElmer STA 6000 simultaneous thermal analyzer (TGA/DTG/DTA) provided
with a Pyris data acquisition interface. Herein, ~ 30 mg of the powdered sample that passed a 53
pm sieve was heated under UHP-N2 gas purge at a flow rate of 20 mL/min and heating rate of 10
°C/min in pure aluminum oxide crucibles over a temperature range of 35-t0-980 °C. The mass loss
(TG) and differential weight loss (DTG) patterns acquired were used to quantify the CO> uptake
by assessing the mass loss associated with calcium carbonate decomposition in the temperature
range 550 °C < T <900 °C [3]. The mass-based method of assessing the extent of carbonation and
the spatially resolved TGA method indicate, on average, similar levels of carbonation, as noted
below. In addition, to visually check for carbonation in the fly ash paste, and the depth at which it
reaches over time, the commonly used phenolphthalein test was carried out [190, 191].
Specifically, fly ash cubes after carbonation for different times were cut at the middle cross-
section, and 1% phenolphthalein (C20H1404) solution was sprayed on the exposed surface to see if

there is any change in color.
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5.2.2.5 X-ray diffraction (XRD)

To qualitatively examine the effects of carbonation, the mineralogical compositions of fly ash
mixtures before and after CO2 exposure were assessed using X-ray diffraction. Here, entire fly ash
cubes were crushed and ground into fine powders, which were scanned from 5-t0-70° (20) using
a Bruker-D8 Advance diffractometer in a 0-0 configuration with Cu-Ka radiation (A=1.54 A) fitted
with a VANTEC-1 detector. Representative powder samples were examined to obtain averaged
data over the whole cube. The diffractometer was run in continuous mode with an integrated step
scan of 0.021° (20). A fixed divergence slit of 1.00° was used during X-ray data acquisition. To
minimize artifacts resulting from preferred orientation and to acquire statistically relevant data, the

(powder) sample surface was slightly textured and a rotating sample stage was used.

5.2.2.6 Scanning electron microscopy (SEM)

The morphology and microstructure of the non-carbonated and carbonated fly ash mixtures were
examined using a field emission scanning electron microscope provisioned with an energy
dispersive X-ray spectroscopy detector (SEM-EDS; FEI NanoSEM 230). First, hardened samples
were sectioned using a hand saw. Then, these freshly exposed sections were taped onto a
conductive carbon adhesive and then gold-coated to facilitate electron conduction and minimize
charge accumulation on the (otherwise) non-conducting surfaces. Secondary electron (SE) images

were acquired at an accelerating voltage of 10 kV and a beam current of 80 pA.

5.2.3 Thermodynamic simulations of phase equilibria and CO» uptake
To better understand the effects of carbonation on the mineralogy and mechanical property

development of carbonated fly ashes, thermodynamic calculations were carried out using GEM-
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Selektor, version 2.3 (GEMS, see Kulik et al. [192-194]). GEMS is a broad-purpose geochemical
modeling code which uses Gibbs energy minimization criteria to compute equilibrium phase
assemblages and ionic speciation in a complex chemical system from its total bulk elemental
composition. 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, with additional data for the
cement hydrates sourced from elsewhere [192, 193]. The Truesdell-Jones modification of the

extended Debye-Huckel equation (see Eg. 5.3) was used to account for the effects of solution non-

ideality:
- Azjgx/T ij
logy. =————+bl +log, , — Eqg. (5.3)
I 14Ba VIl 10 X,
where, ’1'is the activity coefficient of jth ion (unitless); z;j is the charge of jth ion, g; is the ion-

size parameter (i.e., effective hydrated diameter of jth ion, A), A (kg¥?2-mol*2) and B (kg*2-mol-
Y2.m™1) are pressure, p- and T-dependent Debye-Hiickel electrostatic parameters [192], b is a semi-
empirical parameter that describes short-range interactions between charged aqueous species in an
electrolyte, I is the molal ionic strength of the solution (mol/kg), Xjw is the molar quantity of water,
and X is the total molar amount of the aqueous phase. It should be noted that this solution phase
model is suitable for I < 2.0 mol/kg beyond which, its accuracy is reduced [195]. In the simulations,
Ca-rich and Ca-poor fly ashes were reacted with water in the presence of a vapor phase consisting
of: (a) air (= 400 ppm CO), (b) 12 % CO2 (88 % N2, v/v), and, (c) 100 % CO: (v/v), respectively.
The calculations were carried out at T = 75 °C and p = 1 bar. The solid phase balance was
calculated as a function of degree of reaction of the fly ash, until either the pore solution is

exhausted (i.e., constraints on water availability) or the fly ash is fully reacted.
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5.3. Results and discussion

5.3.1. Carbonation strengthening

Figure 5.2(a) shows the compressive strength development as a function of time for Class C (Ca-
rich) and Class F (Ca-poor) fly ash pastes carbonated in pure CO; at 75 °C. The Ca-rich fly ash
formulations show rapid strength gain following exposure to CO>, especially during the first 6
days. For example, after only 3 days of CO, exposure, the carbonated formulation achieves a
strength of 25 MPa, whereas a strength on the order of 35 MPa is produced after 7 days of CO:
exposure. On the other hand, as also seen in Figure 5.2(a), when the Ca-rich formulation was
exposed to N> at the same temperature, RH, and gas flow rate (i.e., serving as a “control” system),
a strength of only 15 MPa develops after 7 days, due to limited reaction of a small quantity of
readily soluble Ca-compounds with any available silica, water, and ambient CO2. As such, the
level of strength developed in the control system is less than half of that of the carbonated (Ca-
rich) fly ash formulation. As a reference, more than 65% of all concretes produced globally (i.e.,
primarily using OPC as the cementitious reactant) feature a compressive strength of 30 MPa or
less. The extent of strength development noted in the carbonated system is significant as it suggests
that carbonated binders can fulfill code-based (strength) criteria relevant to structural construction

(i.e.,> 30 MPa as per ACI 318 [159]).
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Figure 5.2: The evolution of compressive strengths of: (a) Ca-rich and Ca-poor fly ash pastes
following CO exposure at 75 °C, and the control samples (i.e., exposed to pure N2) for
comparison, as a function of (carbonation) time, (b) hydrated OPC pastes at different ages after
curing in saturated limewater at 23°C, as a function of w/s. The dashed black line shows the
compressive strength of a Ca-rich fly ash formulation following its exposure to CO2 at 75 °C for
7 days, (c) Ca-rich fly ash pastes carbonated at different temperatures following exposure to
99.5 % CO> (v/v), and simulated flue gas (12 % CO», v/v), as a function of time, and, (d) Ca-
enriched (i.e., with added Ca(OH)>, or dissolved Ca(NOs)2) Ca-poor (i.e., Class F) fly ash pastes
following CO; exposure at 75 °C, as a function of time. The compressive strengths of the pristine

Ca-poor fly ash with and without carbonation are also shown for comparison.
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To provide a point of reference, the compressive strengths of neat-OPC formulations were
measured across a range of w/s. For example, Figure 5.2(b) shows that the compressive strength
of a Ca-rich fly ash formulation following exposure to CO, for 7 days at 75°C — around 35 MPa —
is equivalent to that of an OPC formulation prepared at w/s ~ 0.50 and cured in saturated limewater
at 23 °C over the same time period. It is important to note, however, that the fly ash formulations
show a significantly reduced rate of strength gain after 7 days — likely due to the consumption of
readily available species (Ca, Mg) that can form carbonate compounds. On the other hand, OPC
systems show a strength increase on the order of 30% from 7 days to 28 days (i.e., a common aging

period that is noted in building codes [159]) of maturation across all wi/s.

Furthermore, Figure 5.2(a) also indicates that, unlike the “carbonation strengthening” seen in Ca-
rich fly ash formulations, Ca-poor fly ash systems showed a strength of <7 MPa even after 10
days of carbonation, a gain of only <2 MPa following CO> exposure vis-a-Vvis a system cured in a
N2 atmosphere. This suggests that, in general, Ca-poor fly ashes feature little potential for CO>
mineralization or strength gain following CO2 exposure because the [Ca, Mg] available therein is
either insufficient or not easily available for reaction (e.g., see Figure 5.4). This suggests that
carbonation strengthening is dominantly on account of the presence of reactive, alkaline
compounds, i.e., Ca- and Mg-bearing compounds (e.g., CaO, MgO, etc.), and Ca present in the fly
ash glass (see Tables 5.1 and 5.2), that can react with CO». It should also be noted that Ca-rich fly
ashes contain cementitious phases such as Ca>SiOs, Ca2Al;SiO7, and CasAl.0s (See Table 5.2),
which upon hydration (and carbonation) form cementitious compounds such as the calcium-
silicate-hydrates (C-S-H), or in a COz enriched atmosphere, calcite and hydrous silica (e.g., see

Figures 5.3-5.4). As a result, when such Ca-rich fly ash reacts with CO> in a moist, super-ambient
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(i.e., but sub-boiling) environment, carbonate compounds such as calcite (CaCO3) and magnesite
(MgCQO:s) are formed as shown in Figures 5.3-5.4.This is not observed in the Ca-poor fly ash due
to both its much lower total [Ca+Mg] content and their lower reactivity [196] (e.g., see Figures
5.3-5.4, which shows little if any formation of carbonate minerals following CO. exposure in the
Ca-poor fly ash formulation). It should be noted that while the extents of reaction of the fly ashes
(i.e., Ca-rich or Ca-poor) were not explicitly assessed, it is expected that their degree of reaction
is <25 % for the short reaction times and over the temperature conditions of relevance to this study

[197].

In general, upon contact with water, the reactive crystalline compounds (e.g., CaO, CazAl2Os, etc.)
present in a Ca-rich fly ash are expected to rapidly dissolve in the first few minutes. As the pH
systematically increases, with continuing dissolution, alkaline species including Na, K, Ca are
expected to be released progressively from the glassy compounds [198]. This is expected to result
in the development of a silica-rich rim on the surfaces of fly ash particles [199]. Pending the
presence of sufficient solubilized Ca, and in the presence of dissolved COg, calcite is expected to
form rapidly on the surfaces of leached (and other) particles, thereby helping proximate particles
to adhere to each other as the mechanism of carbonation strengthening [200] (e.g., see Figures 5.3-
5.5). This is additionally helped by the liberation of Ca, and Si from the anhydrous fly ash, whose
reaction with water results in the formation of hydrated calcium silicates (see Figures 5.3-5.4),
calcite and hydrous silica. This is significant as the hydrated calcium silicates and calcite are

known to feature a mutual affinity for attachment and growth [22, 23, 26].
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Figure 5.3: The GEMS-calculated solid phase balances as a function of the extent of

fly ash reaction for Ca-rich and Ca-poor fly ash in the presence of a gas-phase

consisting of: (a, d) air, (b, €) 12 % CO- (i.e., simulated flue gas environment), and (c,

f) 100 % CO2 at T =75 °C and p = 1 bar for w/s = 0.20. Here, 1/2FH3 = Fe(OH)3,

1/2AHs = Al(OH)s, and C-S-H= calcium silicate hydrate. The solid phase balance is

calculated until the pore solution is exhausted, or the fly ash reactant is completely

consumed.

Of course, up on extended exposure to CO-, the hydrated calcium silicates would decompose to

form calcite, and hydrous silica (as shown in Figure 5.3) which have themselves been noted to

offer cementation [201]. Similar mechanisms of carbonation strengthening have been noted

following the reaction of low-rank, synthetic calcium silicates with CO, [202-204]. The systematic
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formation of mineral carbonates in this fashion induces: (i) cementation, e.g., in a manner
analogous to that observed in mollusks, and sea-shells, that binds proximate particles to each other
via a carbonate network, or carbonate formation which ensures the cementation of sandstones [205,
206], and, (i) an increase in the total volume of solids formed which results in a densification of
microstructure, while ensuring CO> uptake (e.g., see Vance et al. [5] and Figure 5.3 for scenarios

wherein reaction with CO> results in an increase in solid volume).
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Figure 5.4: Representative XRD patterns of Ca-rich and Ca-poor fly ash formulations
before and after exposure to CO> at 75 °C for 10 days. The Ca-poor fly ash shows no

change in the nature of compounds present following exposure to CO».

Coming back to ascertaining the ability of flue gas from coal-fired power plants, as is, to carbonate
fly ash, the Ca-rich fly ash was carbonated in a 12% CO_ atmosphere (v/v) at 75°C. As noted in
Figure 5.2(c) and Figure 5.3(b, €), CO present in flue gas at relevant concentrations can readily
carbonate fly ash and ensure strength gain, albeit at a slightly reduced rate vis-a-vis pure CO-
exposure. This reduced rate of strength gain (and carbonation) is on account of the lower

abundance of dissolved CO: in the vapor phase, and hence in the liquid water following Henry’s
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law [206]. However, it should be noted that after 10 days of exposure to simulated flue gas, the
strength of the Ca-rich fly ash formulation was equivalent to those cured in a pure-CO> atmosphere
(Figure 5.2c). This is significant, as it demonstrates a pathway for clinkering-free cementation by
synergistic use of both fly ash and untreated flue gas of dilute CO> concentrations sourced from

coal-fired power plants.

To better assess the potential for valorization of diverse industrial waste streams of CO, the effects
of reaction temperature on carbonation and strength gain were further examined. As an example,
flue gas emitted from coal-fired power plants features an exit temperature (Tg) on the order of
50°C < TE < 140°C to minimize fouling and corrosion, and to provide a buoyant force to assist in
the evacuation of flue gas through the stack [207]. Since heat secured from the flue gas is the
primary means of thermal activation of reactions, the carbonation of Ca-rich fly ash formulations
and their rate of strength gain were examined across a range of temperatures as shown in Figure
5.2(c). Expectedly, the rate of strength gain increases with temperature. This is on account of two
factors: (i) elevated temperatures facilitate the dissolution of the fly ash solids, and the leaching of
the fly ash glass, and, (ii) elevated temperatures favor the drying of the fly ash formulation, thereby
easing the transport of CO> into the pore structure which facilitates carbonation. It should however
be noted that the solubility of CO> in water decreases rapidly at temperatures in excess of 60°C.
While in a closed system this may suppress the rate of carbonation, the continuous supply of CO>
provisioned herein, in a condensing atmosphere ensures that no retardation in carbonation kinetics
is observed despite an increase in temperature. It should also be noted that carbonation reactions
are exothermic. Therefore, increasing the reaction temperature is expected to retard reaction

kinetics (i.e., following Le Chatelier’s principle); unless heat were to be carried away from the
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carbonating material. Of course, such exothermic heat release would further decrease the solubility
of COz in water by enhancing the local temperature in the vicinity of the reaction zone. As such,
several processes including the dissolution of the fly ash solids, leaching of the fly ash glass, and
the transport of solubilized CO> through the vapor phase and water present in the pore structure

influence the rate of fly ash carbonation.

To more precisely isolate the role of Ca content of the fly ash, further experiments were carried
out wherein Ca(OH). or Ca(NOz3). were added to the Ca-poor fly ash in order to produce equivalent
bulk Ca contents to the Ca-rich fly ash. Here, it should be noted that while Ca(OH)> was added as
a solid that was homogenized with the fly ash, Ca(NOs)2 was solubilized in the mixing water. The
results shown in Figure 5.2(d) highlight that although the Ca(OH).- and Ca(NOs)2-enriched Ca-
poor fly ash experienced substantial strength increases (=35 %) following carbonation as compared
to the pristine Ca-poor fly ash, the strengths were still far lower than that of the Ca-rich fly ash
(see Figure 5.2a). Nevertheless, the enhancement in strength observed in the Ca-poor formulations
is postulated to be on the account of both: (a) the pozzolanic reaction between the added Ca source
and silica liberated from the fly ash resulting in the formation of calcium silicate hydrates (C-S-
H), and, (b) the formation of calcite and (hydrous) silica gel by the carbonation-decomposition of
C-S-H, and by direct reaction of solubilized Ca with aqueous carbonate species [208]. The
carbonation of C-S-H has been observed to result in the release of free water and the formation of
a silica gel with reduced water content [208-210], as is also predicted by simulations (see Figure
5.3). However, such water release (i.e., an increase in the porosity) does not appear to be the cause
of the reduced strengths obtained in the Ca-poor fly ash formulations. Rather, it appears as though

the presence of reactive Ca intrinsic to the fly ash (glass), and the formation of a silica-rich surface
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layer to which CaCOgz can robustly adhere results in higher strength development in Ca-rich fly
ash formations. Given the inability of Ca-poor fly ashes to offer substantial carbonation-induced
strength gain, the remainder of the study focuses on better assessing the effects of CO, exposure

on Ca-rich fly ash formulations.

Indeed, the electron micrographs shown in Figure 5.5 offer additional insights into morphology
and microstructure development in Ca-rich fly ash formulations following exposure to N2 and CO»
at 75 °C for 10 days. First, it is noted that the uncarbonated fly ash formulations show a loosely
packed microstructure with substantial porosity (Figure 5.5a). Close examination of a fly ash
particle shows a “smooth” surface (e.g., see Figure 5.5b), although alkaline species might have
been leached from the particle’s surface. In contrast, Figures 5.5(c-d) reveal the formation of a
range of crystals that resemble “blocks and peanut-like aggregates” on the surfaces of Ca-rich fly
ash particles — post-carbonation. XRD (Figure 5.4) and SEM-EDS analyses of these structures
confirm their composition as that of calcium carbonate (calcite: CaCQOz). These observations are
in agreement with those of Fernandez-Diaz at al. [211] and Vance et al. [5], who reported such
altered morphologies of calcite crystals. Nevertheless, the role of calcite and silica gel that forms
in these systems is significant in that such gels serve to reduce the porosity, and effectively bind
the otherwise loosely packed fly ash particles (Figure 5.5a), thereby ensuring “carbonation
strengthening”. Expectedly, Ca-poor fly ash particles do not show the formation of carbonation
products on their surfaces, in spite of CO exposure (see Figure 5.5e). Furthermore, the addition
of supplemental portlandite to Ca-poor systems results in only a marginal level of carbonation
product formation on fly ash particle surfaces (see Figure 5.5f). These observations highlight the

critical role of not only the Ca (and Mg)-content, but also potentially their spatial distribution on
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microstructure and strength development in carbonated fly ash systems.

(f)

Figure 5.5: Representative SEM micrographs of: (a) a Ca-rich fly ash formulation following

exposure to N2 at 75 °C for 10 days; a magnified image highlighting the surface of a fly ash
particle is shown in (b), (c) a Ca-rich fly ash formulation following exposure to pure CO> at
75 °C for 10 days; a magnified image highlighting the surface of a carbonated fly ash particle
wherein carbonation products in the form of calcite are clearly visible on the particle surface is
shown in (d), (e) a Ca-poor fly ash formulation following exposure to pure CO- at 75 °C for 10
days, and (f) Ca(OH).-enriched Ca-poor fly ash formulation following exposure to pure CO> at

75 °C for 10 days wherein the limited formation of calcite is noted on particle surfaces.

5.3.2. Carbonation kinetics
Figure 5.6(a) shows CO. uptake by the Ca-rich fly ash formulation as determined by thermal

analysis (i.e., by tracking the decomposition of CaCOs3) as a function of time across a range of
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curing temperatures. Expectedly, both the rate and extent of CO> uptake, at a given time, increase
with temperature. Although the terminal CO uptake (i.e., which is a function of chemical
composition) is expected to be similar across all conditions, this was not observed over the course
of these experiments — likely due to kinetic limitations on dissolution, and the subsequent
carbonation of the fly ash solids. Nevertheless, a linear correlation between compressive strength
evolution and the CO> uptake of a given mixture is noted (see Figure 5.6b) — for both Ca-rich and
Ca-poor fly ash formulations. Significantly, a strength gain on the order of 3.2 MPa per unit mass
of fly ash carbonated is realized. It should be noted that the Ca-rich fly ash composition examined
herein — in theory — has the potential to take-up around 27.1 mass % CO. assuming that all the
CaO and MgO therein would carbonate (e.g., see XRF composition in Table 5.1). Based on the
correlation noted in Figure 5.6(b), realizing the highest possible maximum carbonation level —i.e.,
at thermodynamic equilibrium would produce a terminal strength on the order of 86 MPa
independent of the prevailing reaction conditions (i.e., CO. concentration, and temperature). It
should be noted however that achieving this terminal level of CO> uptake is unlikely due to the
time-dependent: (i) formation of carbonate films of increasing thickness which hinders access to
the reactants, and, (ii) formation of a dense microstructure that hinders the transport of CO> through

the liquid phase to reactive sites.

Broadly, mineral carbonation, i.e., the formation of calcite and/or magnesite, takes the form of
irreversible heterogeneous solid-liquid-gas reactions [212-215]. In the case of Ca-rich fly ashes, it
includes the processes of dissolution and hydration of the Ca-rich compounds including f-
Ca,Si04, Ca-rich glasses, CaO, Mg(OH)2, Ca(OH)., etc., and the subsequent precipitation of

CaCOz and MgCOs from aqueous solution; e.g., see Table 5.2, Figure 5.3 and the following
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reactions:

€0;(g) + H,0(1) © H,C03(aq) & H*(aq) + HCO3 (aq)

HCO03 (aq) < H*(aq) + C0% (aq)

X0(s) + H,0(l) » X(0H),(s) » X?>*(aq) + 20H (aq),where X = Ca,Mg

X,5i04(s) + 4H* (aq) - 2X?**(aq) + Si0,(s) + 2H,0(1)

X?*(aq) + C0% (aq) » XCO;3(s)
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Figure 5.6: (a) The CO2 uptake (normalized by the mass of Ca-rich fly ash in the

formulation) as a function of time for samples exposed to pure CO; at different isothermal

temperatures. The amount of CO, uptake was estimated using the mass-based method.

(b) The compressive strength of the Ca-rich and Ca-poor fly ash samples as a function of

their CO, uptake following exposure to pure CO; at different temperatures for 10 days.

The data reveals a strength gain rate of 3.2 MPa per unit mass of fly ash that has reacted

(carbonated). CO. uptake was estimated using the mass-based method. (¢) The CO:

uptake of a Ca-rich fly ash formulation as a function of depth. The macroscopic sample

consisted of a cube (50 mm x 50 mm x 50 mm) that was exposed to pure CO; at 75°C for

10 days. Herein, CO, uptake was assessed by thermal analysis (TGA).
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Simultaneous to the dissolution and hydration of the solids, vapor phase CO> will dissolve in water,
as dictated by its equilibrium solubility (i.e., as described by Henry’s law [206]) at the relevant pH
and temperature [29]. As ionized species from the reactants and dissolved CO2 accumulate in the
liquid phase, up on achieving supersaturation — often described by the ratio of the ion activity
product to the solubility product for a given compound, e.g., calcite — precipitation occurs thereby
reducing the supersaturation level. Ca- or Mg-bearing compounds in the fly ash would continue to
dissolve as the solution remains under-saturated with respect to these phases due to the
precipitation of carbonates, ensuring calcite and/or magnesite formation until the readily available
quantity of these reactant compounds is exhausted and the system reaches equilibrium. It should
be noted that in fly ash mixtures, wherein the abundance of alkaline compounds is substantial, i.e.,
a large Ca/alkaline-buffer exists, the dissolution of gas-phase CO> whose dissolution would

otherwise acidify the pore solution has little if any impact on altering the solution pH.

It should furthermore be noted that, in the case of the fly ash cubes tested for compressive strength
(i.e., following ASTM C109), or in the case of fly ash particulates (e.g., see Figure 5.5, and
associated thin-section analysis; not shown), in general, carbonation reactions proceed inward
from the surface to the interior and the surface reacts faster than the bulk (e.g., see Figure 5.6¢)
[216]. The kinetics of such reactions can be analyzed by assessing how the rate of conversion of
the reactants is affected by process variables [217]. For example, as noted above in Figure 5.6(a),
it is seen that carbonation occurs rapidly at short reaction times, and its rate progressively decreases
with increasing reaction time. This nature of rapid early-reaction, followed by an asymptotic
reduction in the reaction rate at later times has also been confirmed by carbonation depth test using

1% phenolphthalein solution, an organic compound widely used as a pH indicator, as shown in
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Figure 5.7.

(b)

(d) (e) ()
Figure 5.7: Middle cross-sections of fly ash cubes spayed with 1% phenolphthalein solution
without carbonation (a); and after carbonation at 75 °C for 1 day (b), 2 days (c), 3 days (d), 5

days (e) and 10 days (f), the cubes have a size of 50 mm x 50 mm x 50 mm.

When no CO> was applied, almost the whole section of the sample turned red (Figure 5.7(a)),
indicating a pH > 10. After carbonation at 75 °C for 1 day, Figure 5.7(b) displays that the cross-
section remained red upon phenolphthalein spraying, however, there was no red color appearing
on the surface of the cube when sprayed with phenolphthalein solution, which suggests the surface

of the cube has been completely carbonated. Exposure to CO, for 1 more day reveals a fast

97



carbonation process, as the regions near the surface on the cut cross-section did not turn red
corresponding to a carbonation product layer from surface nucleation and growth, as shown in
Figure 5.7(c). However, further extension of CO> curing time did not show clear further decrease
in the red-color region on the cross section, instead, the red color at the core area slowly faded
away, as shown in Figure 5.7(d-e). These results qualitatively confirmed that formation of a
carbonation product layer on the surface of the sample resisted the diffusion of CO., which slowed

down the carbonation process at later ages.

The mechanism of such phenomenon has been previously attributed to: (i) the nucleation and
growth of carbonate crystals which occurs at early reaction times, and whose rate of formation is
a function of the surface area of the reactant [218], and, (ii) a diffusion- (transport-) limited process
which requires CO> species to transport to microstructure hindered sites wherein carbonation
occurs [29]. Such kinetics can be described by a generalized reaction-diffusion model as shown in

Equation (5.9) [215]:

[1—(1—a)]" = kt Eq. (5.9)
where, a is the CO> uptake ratio (g of CO> uptake per g of reactant, i.e., fly ash), tis the time (days,
d), k (d-1) is the apparent reaction rate constant, and n is an index related to the rate-determining
step. For example, n = 1 represents the commonly used “contracting volume model” for rapid
initial nucleation and growth of products from the reactants from an outer surface of a spherical
shape [215]. When n = 2, Equation (5.9) reduces to Jander’s model for diffusion-controlled
reactions [215], wherein the reaction rate is determined by the transport of reactants through the
product layer to the reaction interface. It should be noted that herein, the presence of liquid water

serves to catalyze carbonation reactions, by offering a high pH medium that can host mobile CO3*
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ions.

Figure 5.8(a) shows fits of Equation (5.9) to the experimental carbonation data taken from Figure
5.6(a) for different carbonation temperatures. A clear change in slope is noted just prior to a
reaction interval of 2 days. Across all temperatures, initially the slopes (m, unitless) of all the
curves, wherein m = 1/n, are on the order of: m = 1 + 0.2, while after 2 days, m = 0.5 £ 0.1. The
slight deviation of the slopes from their ideal values (n = 1 and 2) is postulated to be on account
of the wide-size distributions of the fly ash particles and the irregular coverage of particles offered
by the carbonation products, e.g., as shown in Figure 5.5. And indeed, typical reaction models
were developed assuming monodisperse, spherical reactant particles [213, 218]. The rate constants
obtained from the fittings shown in Figure 5.8(a) were used to calculate the apparent activation
energy of the two steps of carbonation reactions, i.e., a topochemical reaction step, followed by a
diffusion-limited step as shown in Figure 5.8(b). This analysis reveals: (i) Ea1 = 8.9 kJ/mole for
surface nucleation reactions indicative of a small dependence of reaction rate on temperature,
similar to that observed by Vance et al. for the carbonation of portlandite [5], and, (ii) Ea2=24.1
kJ/mole for diffusion-controlled reaction; a value similar to that observed by Fernandez et al. [24],
and Sun et al. [34] for the carbonation of MgO, and CaO respectively. The fact that the activation
energy for surface nucleation reaction is much lower than that for diffusion-controlled reaction
suggests that the carbonation reaction is dominated by nucleation and growth of carbonation
products initially. However, as carbonation reaction progresses, the precipitation of carbonation
products results in the formation of a barrier layer on the fly ash particles (see Figure 5.5) — that
binds the particles together and simultaneously increases the resistance to the transport of CO»

species to carbonation sites. As a result, the transport step assumes rate control in the later stages
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of carbonation reactions.
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Figure 5.8: (a) Kinetic analysis of carbonation reactions occurring in Ca-rich fly ash
formulations reacting at different temperatures in pure CO> over a period of 10 days. The data
were fitted using the (surface) reaction-diffusion model shown in Equation (9), and, (b) An
Arrhenius diagram for determining the apparent activation energies of: (i) surface nucleation

and growth (n = 1), and, (ii) diffusion of reactant species through a surficial layer (n = 2).

5.4. Conclusion

This chapter has demonstrated an original means for clinkering free cementation by fly ash
carbonation. Specifically, it is shown that Ca-rich fly ashes that host substantial quantities of Ca-
(and Mg-) in the form of crystalline compounds, or in the glassy phases readily react with dilute
concentrations of CO2 in moist environments, at ambient pressure, and at sub-boiling temperatures
to produce cemented solids whose properties are sufficient for use in structural construction.
Indeed, Ca-rich fly ash solids, following CO, exposure achieve a strength of around 35 MPa after

7 days or so, and take-up 9% CO2 by mass of reactants. Detailed results from thermodynamic
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modeling, XRD analyses, and SEM observations suggest that fly ash carbonation results in the
formation of a range of reaction products, namely calcite, hydrous silica, and potentially some C-
S-H which collectively bond proximate particles into a cemented solid. Careful analysis of kinetic
(rate) data using a reaction-diffusion model highlights two rate-controlling reaction steps: (a)
where the surface area of the reactants, and the nucleation and growth of carbonate crystals there
upon is dominant at early reaction times (Ea,1 = 8.9 kJ/mole), and, (b) a later-age process which
involves the diffusion of CO: species through thickening surficial barriers to reactant sites (Ea2 =
24.1 kd/mole). It is noted that due to their reduced content of accessible [Ca, Mg] species, Ca-poor
fly ashes feature limited potential vis-a-vis Ca-rich fly ashes for CO uptake, and carbonation
strengthening. Although the provision of extrinsic Ca sources to Ca-poor fly ashes can somewhat
offset this lack, our observations suggest that the amount (mass abundance), reactivity, and spatial
distribution of [Ca, Mg] are all important in determining a fly ash solid’s suitability for CO> uptake
and carbonation strengthening. Furthermore, it is noted that strength gain is linearly related to the
extent of carbonation (CO2 uptake). This suggests a straightforward means to estimate strength
gain if the extent of carbonation may be known, or vice-versa. These observations are significant
in that they demonstrate a new route for producing cemented solids by an innovative clinkering

free, carbonation based pathway.

5.5. Implications on solid and flue gas CO> waste valorization in coal-fired power plants

Electricity generation from coal and natural gas combustion results in the production of substantial
quantities of combustion residues and CO> emissions. For example, in the United States alone,
coal combustion (for electricity production) resulted in the production of nearly 120 million tons

of coal-combustion residuals (CCRs) [219, 220], and 1.2 billion tons of CO2 emissions in 2016
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[221]. While some CCRs find use in other industries (e.g., FGD gypsum, fly ash, etc.), the majority
of CCRs continue to be land-filled. For example, in the U.S., only around 45-55 mass % of the
annual production of fly ash is beneficially utilized — e.g., to replace cement in the binder fraction
in traditional concrete — while the rest is disposed in landfills. Such underutilization stems from
the presence of impurities in the fly ash including unburnt carbon and calcium sulfate that forms
due to the sulfation of lime that is injected for air pollution control (APC) — which compromises
the durability of traditional concrete. The materials examined herein, i.e., fly ashes that are
cemented by carbonation, are not expected to be affected by the presence of such impurities — as
a result, a wide range of Ca-rich fly ash sources — including those containing impurities, and mined
from historical reservoirs (i.e., “ash ponds”) are expected to be usable for carbonation-based fly
ash cementation. When coupled with the fact that fly ash carbonation can be effected at sub-boiling
temperatures, using dilute, untreated (flue-gas) CO> streams, the outcomes of this work create a
pathway for the simultaneous utilization of both solid- and vapor-borne wastes created during coal
combustion. Such routes for waste, and especially CO> valorization create value-addition pathways
that can be achieved without a need for carbon capture (i.e., or more correctly CO> concentration
enhancement), thereby offering a line-of-sight to economic viability in commercial markets [222]
(N.B.: based on current best-available technologies (BATs) CO- capture using an amine stripper
is expected to induce a financial burden of $ 60-t0-90 per ton of CO; in addition to inducing
parasitic energy losses for solvent regeneration [223, 224]). Importantly, the simplicity of this
carbonation process ensures that it well-suited for co-location (“bolt-on, stack-tap” integration) at
large point-source CO> emission sites including petrochemical facilities, coal/natural gas fired
power plants, and cement plants. In each case, emitted flue gas can be used to provide both waste

heat to hasten chemical reactions, and CO to ensure mineralization without imposing any
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additional needs for emissions control. The proposed approach is significant since — within a
traditional lifecycle analysis (LCA) framework wherein there is no embodied CO2 impact
associated with reactants such as coal combustion wastes, or emitted CO2, and wherein processing
energy (heat) is secured from the flue gas stream — fly ash carbonation, by virtue of active CO-
uptake, and CO- avoidance (i.e., by diminishing the production and use of OPC) has the potential
to yield COz negative pathways for cementation, and hence construction. New approaches of this
nature are critical to create commercially viable routes for CO utilization, and thereby accelerate

the development and maturation of a viable carbon-to-value (CTV) economy [225].
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Chapter 6 Summary, conclusions, and future work

6.1 Summary

This study was focused on (i) the evaluation of durability of cementitious composites containing
microencapsulated PCMs, and (ii) the feasibility of developing cement-free sustainable building
materials for building and infrastructure construction by synergizing the utilization of industrial
wastes of fly ash and flue gas from coal-fired power plants. The following section provides a

summary of this work.

Microencapsulated PCMs were subjected to simulated cementitious environments to study their
survivability and phase change enthalpy stability in highly alkaline and caustic cement paste
environments. It has been revealed that: (i) while PCMs remained unaffected in alkaline solutions,
they experienced a significant enthalpy reduction, on the order of 25%, when exposed to sulfate-
bearing environments. (ii) The mechanism of PCM enthalpy reduction in cementitious
environments was hydrolysis of the melamine-formaldehyde shell of the PCM microcapsule,

followed by shell rupture and paraffinic PCM core in contact with sulfate ions.

Water absorption and drying shrinkage measurements were performed on cementitious composite
specimens containing various volume fractions of microencapsulated PCMs. It has been revealed
that: (i) PCMs served as a non-sorptive inclusion similar to graded quartz sand in the composites,
therefore, increasing the volume fraction of either inclusion reduced the volume of water sorbed,
and the rate of water sorption. (ii) The water absorption behavior of cementitious composites

containing PCMs can be described by a sorption-diffusion model to predict time-dependent
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moisture ingress. (iii) The extent of terminal water sorption of cementitious composites containing
non-sorptive inclusions, can be estimated using Powers’ model. (iv) The drying shrinkage of
cementitious composites was essentially unaltered by the presence of PCMs, as such, compliant
inclusions were unable to offer any resistance to the cement paste’s shrinkage. (v) The model of
Hobbs is able to properly capture the effects of both inclusion stiffness and volume fraction,
providing a means to estimate the shrinkage of cementitious composites containing such

inclusions.

Measurements of tensile strength, restrained shrinkage, free shrinkage, and elastic modulus were
performed on cementitious composites containing various volume fractions of microencapsulated
PCMs to examine the influences of soft PCM inclusions on the cracking resistance of cementitious
composites. It has been shown that: (i) in spite of inducing substantial reductions in the
compressive strength of cementitious composite, PCM addition (up to 20% volume fraction) did
not change the tensile strength of the composite. (ii) Cementitious composites containing
microencapsulated PCMs showed substantial delay in their time to cracking when subjected to
restrained shrinkage conditions, which was attributed to the effects of crack blunting and deflection

resultant from PCM inclusions and enhanced stress relaxation.

Thermal deformation coefficient measurements were performed on prismatic cementitious
composites containing various volume fractions of microencapsulated PCM inclusions in order to
use experimental data to retrieve deformation properties of microencapsulated PCMs in
cementitious composites. It has been found that: (i) Predictions from the effective medium

approximation developed by Schapery [176] was found to be capable of retrieving the thermal
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deformation coefficient of PCM microcapsules and of quartz sand grains. (ii) The thermal
deformation coefficient of the PCM microcapsules was found to be near that of the shell material,
due to the fact that the capsules might not be completely filled with PCM, thus leaving space inside
for the PCM core to expand. (iii) Schapery's model was shown to predict accurately the effective
thermal deformation coefficient of cementitious composite samples with a mixture of
microencapsulated PCM and quartz sand inclusions based on the previously retrieved properties.
(iv) A design rule can be used to determine the amount of quartz sand required to offset the effect
of the PCM microcapsules in increasing the thermal deformation coefficient of PCM-mortar

composites.

Carbonation of fly ash paste was performed to explore clinkering free cementation for sustainable
building and infrastructure construction. It has been shown that: (i) Ca-rich fly ash can readily
react with dilute concentrations of CO in moist environments to produce cemented solids with
compressive strength as high as 35 MPa and CO. uptake of 9% at 75 °C. (ii) The strength gain is
linearly related to the extent of CO> uptake, due to the formation of a range of reaction products
(e.g., calcite, hydrous silica, and C-S-H) during fly ash carbonation, which collectively bond

proximate particles into a cemented solid.

6.2 Conclusions

This study systematically investigated the influences of adding microencapsulated PCMs in
cementitious composite on the stability of PCMs and the durability of the composite, it also
established a viable means to develop sustainable carbon-negative building materials by fly ash

carbonation. The aforementioned summary reveals that while PCMs may themselves be
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detrimentally impacted in sulfate-containing cementitious environments, they do not detrimentally
impact the durability of cementitious composites in which they are embedded. In fact, the addition
of soft PCM inclusions in cementitious composites can extend the time to cracking when the
specimens are subjected to restrained shrinking condition. In other words, PCM microcapsules
embedded in cementitious composites are not only capable of regulating temperature of
construction components by their ability to store and release heat in response to environmental
temperature changes by undergoing reversible phase transitions, they also have the ability to
reduce cracking risk by extending the time to cracking in cementitious composites. To counteract
the phase change enthalpy loss due to gradual breakdown of the encapsulation shell in cementitious
environments in Chapter 2, new shell materials and technologies are needed for better
encapsulation and protection of the paraffinic core. Chapter 3 suggested that addition of soft
(compliant) inclusions can enhance the cracking resistance of cementitious composites. This
observations, and the presented data (i.e., restrained volume change, composite stiffness, tensile
strength) provide foundational inputs to guide modelling efforts that seek to assess and quantify
cracking risks of cementitious composites containing soft inclusions. Similarly, the results of
thermal deformation properties of microencapsulated PCMs presented in Chapter 4 could be useful
in modeling the thermal deformation behavior of pavement sections featuring microencapsulated
PCMs for thermally induced crack resistance. Chapter 5 demonstrated the feasibility of using
carbonation process to produce prefabricated sections for sustainable construction, which is well
suited for efficient integration of manufacturing of upcycled concrete product into large point-

source CO2 emission sites including coal/natural gas fired power plants and cement plants.
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6.3 Future work

The following sections present recommendations for future efforts to (i) further investigate and
improve the stability and durability of cementitious composites containing microencapsulated
PCM inclusions in concrete elements as energy efficient building envelops and crack-resistant
pavement sections, and (ii) develop sustainable cementation solutions through mineral carbonation

of industrial wastes.

6.3.1 Microencapsulation of PCMs with new shell materials for enhanced stability and durability
in cementitious composites

The embedment of PCMs has been demonstrated as a means to improve thermal performance of
building envelops and to mitigate thermal cracking in restrained concrete elements such as
pavement and bridge decks. However, Chapter 2 revealed that PCMs experienced approximately
25% enthalpy reduction when incorporated in cementitious environments due to gradual
hydrolysis of the melamine-formaldehyde (MF) shell of the PCM microcapsule, followed by shell
rupture and paraffinic PCM core in contact with sulfate ions. For PCMs encapsulated with other
polymeric (e.g., acrylic) shell than MF, a similar reduction in phase change enthalpy was also
observed previously when they are embedded in cement paste [51]. However, when PCM
microcapsules with both MF and acrylic shells were immersed in sulfate solutions, only those with
MF shells showed enthalpy reduction [186]. The reason why PCM capsules with more stable
(acrylic) shells would also experience enthalpy reduction in cementitious environments remain
unclear and should be interesting to look into. The loss of thermal energy storage capacity of
microencapsulated PCMs also suggests a significant disadvantage of current encapsulation

material and technology as it makes the thermal benefits of PCMs less effective. Furthermore, the
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gradual release of formaldehyde during breakdown of the melamine-formaldehyde shell poses a
serious environmental and health problem for PCM-embedded buildings and infrastructure [226].
In addition, there are still other disadvantages associated with polymer-encapsulated PCMs such
as flammability and low thermal conductivity, the latter often results in slow heat transfer rate
when PCMs are expected to give prompt responses during thermal storage and regulation
processes [227]. It is well known that inorganic materials usually have great thermal and chemical
stability, and good flame retardant property. Therefore, some of the most interesting directions for
further research around this area are (i) the chemical reactions and mechanism of enthalpy
reduction associated with PCM encapsulated with polymers other than MF when they are
incorporated in cementitious composites, (ii) the kinetics and of formaldehyde release during MF
breakdown in cementitious composites and the diffusion behavior of formaldehyde from the
composite material to indoor air, (iii) the identification and feasibility of stable inorganic materials
for encapsulation of paraffin-based PCMs, and (iv) the thermo-mechanical properties and stability
of PCMs capsulated by inorganic materials and their influences on the durability of the

cementitious composites in which they are embedded, just to mention a few.

6.3.2 Sustainable cementation by carbonation of industrial wastes

Chapter 5 investigated the feasibility of clinkering free cementation via carbonation of fly ash,
which is an abundant by-product from coal combustion in coal-fired power plants. It should be
noted that other abundantly available alkaline waste minerals such as residues from municipal
waste combustion [34], and steel production (slags) [30, 35] are also good candidates for
carbonation to provide sustainable cementation while sequestering CO> from flue gas. It was

found in Chapter 5 that fly ash paste could achieve a strength as high as 35 MPa. The fly ash used
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in the study was a Ca-rich Class C fly ash (with CaO simple oxide content of 26.5%), and the
carbonation process was as long as 7 days. Ca-poor fly ash, however, exhibited very limited
strength gain upon carbonation, even when Ca-sources were added in to produce Ca contents
equivalent to the Ca-rich fly ash. To more efficiently expedite the carbonation process for
enhanced strength gain and better take advantage of alkaline industrial solid wastes with lower Ca
content for cementation purpose, further research attention should be placed in the following

aspects.

It was postulated in the current study that reactive crystalline compounds (e.g., CaO, CazAl.Og,
etc.) present in a Ca-rich fly ash are expected to rapidly dissolve upon contact with water. As the
pH systematically increases, with continuing dissolution, alkaline species including Na, K, Ca are
expected to be released progressively from the glassy compounds for CO> mineralization.
However, for other industrial wastes such as crystallized iron slags, Ca and Mg species are
expected to dissolve and release very slowly from the crystals under natural conditions [228]. In
this case scenario, the crystalized slags can be grounded into fine granules to obtain high surface
areas and associated interface effects, and a leaching process can be followed to extract metal ions
from the granulated slags to facilitate release of Ca and Mg species. These ions can be further
concentrated through capacitive concentrator linked to leaching solutions to further precipitate
portlandite [229-231]. The resultant portlandite slurry and leached slag granules can be then mixed
together for carbonation strengthening and cementation. Alternatively, Ca and Ma species in slags
can be released by an electrolytic process [27], in which acidity generated by electrolysis of
wastewater could directly dissolve industrial waste particles in the anode and liberate metal ions,

which balance the hydroxide ions produced at the cathode to form metal hydroxide.
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